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  Pref ace   

 As the Human Genome Project completed the sequencing of the human genome, 
analysis of this robust resource has identifi ed and classifi ed one of the largest gene 
families, the protein kinases. These proteins are characterized by their ability to 
transfer phosphate from adenosine triphosphate to specifi c amino acids on recipient 
proteins. Collectively, 518 protein kinases have been identifi ed and are broken down 
into distinct families and subfamilies based on sequence similarity and ultimate func-
tion within the cell. Multicellular organisms have evolved complex cellular commu-
nication pathways, many of which are controlled by protein kinases, to enable 
individual cells to communicate in specifi c ways. A defi nitive example is provided 
by the diverse group of cell surface receptors, including a group called receptor tyro-
sine kinases (RTKs). Receptor tyrosine kinases are endowed with an intrinsic ability 
to phosphorylate tyrosine residues on substrate proteins, serving as important signals 
for the maintenance of cellular homeostasis or changes in cellular function. 
Accordingly, RTKs regulate a diverse array of cellular functions, including cellular 
proliferation, survival, differentiation, migration, and metabolism, and they perform 
these functions in response to activation by specifi c polypeptide ligands. 

 Early classifi cation of the family identifi ed 58 human RTKs that fall into 20 sub-
families, based on the ligands they bind, their sequence homology, and their struc-
tures. However, on the basis of in-depth functional analyses, it becomes increasingly 
accepted that the lemur group of three tyrosine kinases (LMTKs) phosphorylate 
serine/threonine residues, thus altering the enumeration of the RTK family to 19 
subfamilies and 55 RTKs. 

 The architecture of all RTKs is highly conserved from the nematode 
 Caenorhabditis elegans , with an extracellular ligand binding domain, a single trans-
membrane α helix, an intracellular tyrosine kinase domain, and a tyrosine-rich 
C-terminal tail. RTKs are activated upon binding to ligands present in the extracel-
lular milieu, leading to receptor homo- or heterodimerization, kinase domain activa-
tion, and subsequent phosphorylation of tyrosine residues located within the 
cytoplasmic tail. Phosphorylated tyrosines serve as docking sites for a variety of 
intracellular adaptors and effector enzymes that transmit signals to the cytoplasm 
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and nucleus, resulting in changes in cell function or fate. Termination of RTK acti-
vation is tightly controlled through the activation of a variety of tyrosine phospha-
tases, receptor-mediated endocytosis, and subsequent receptor degradation. Indeed, 
the importance of many RTKs in mammalian development has been displayed 
through the study of genetically altered mice, resulting in either severe developmen-
tal abnormalities or embryonic lethality. Collectively, RTK activation of signaling 
networks provides an essential mechanism by which cells communicate to regulate 
a multitude of different cellular responses. Since RTKs regulate both developmental 
and regulatory cellular processes, it is not surprising that abnormalities in RTK 
structure or activity can result in human diseases. Several diseases result from RTK 
mutations, constitutive activation, and/or overexpression. Examples include cancer, 
diabetes, infl ammation, arteriosclerosis, angiogenesis, autoimmune disorders, and 
skeletal diseases. Due to this causal relationship, therapeutic targeting of specifi c 
RTKs is clinically approved for treatment of several human diseases. 

 In this comprehensive book entitled  “The Receptor Tyrosine Kinases: Family 
and Subfamilies , ”  we have attempted to create an all-inclusive text for graduate 
students, postdoctoral fellows, medical students, practicing doctors, and active 
researchers who are interested in the incredible fi eld of RTK biology. In this attempt, 
we have made every effort to highlight the information in an organized fashion and 
show uniformity between each chapter. We have divided this book into 19 chapters, 
one chapter dedicated to each subfamily of RTK. Within    each chapter, we have 
organized distinct information, including a brief introduction to the family and the 
role of this family of RTKs in development and physiology, as well as human dis-
ease. Note that each chapter ends with some information on the respective gene and 
protein structure, ligands, activation and signaling, attenuation of signaling, and 
unique features of the 55 RTKs. 

 We take this opportunity to thank the many contributors for their remarkably 
extensive work. It is our hope that this book will provide students, researchers, and 
clinicians with a better understanding of the incredibly important RTK family.  

  Madison, WI, USA     Deric     L.     Wheeler   
 Rehovot, Israel     Yosef     Yarden    
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    Chapter 1   
 The ALK Receptor Family 

             Ruth     H.     Palmer      and     Bengt     Hallberg    

1.1             Introduction to the ALK/LTK RTK Kinase Family 

    The leukocyte tyrosine kinase (LTK) and anaplastic lymphoma kinase (ALK) 
 receptor tyrosine kinases (RTKs) defi ne a subgroup of the insulin receptor superfam-
ily. Leukocyte tyrosine kinase (LTK) was initially discovered by screening a mouse 
pre-B-lymphocyte library with the avian  v-ros  gene [ 1 ]. Subsequent work revealed 
the presence of an LTK extracellular domain [ 2 ], but it required signifi cant further 
cloning efforts to clearly defi ne the structure of this RTK. Cloning of the full-length 
LTK receptor revealed an intracellular PTK domain accompanied by a 347-amino- 
acid extracellular domain, which is relatively small when compared with other mem-
bers of the receptor kinase superfamily. The LTK cDNA was subsequently shown to 
encode a glycosylated receptor harbouring in vitro kinase activity (Fig.  1.1 ) [ 3 ,  4 ].  

 Several years later a novel kinase showing similarities to LTK was described as 
a novel tyrosine phosphoprotein in anaplastic large cell lymphoma (ALCL) cell 
lines [ 5 ,  6 ]. Subsequent cloning of the ALCL translocation breakpoint between 
chromosomes (2;5)(p23;q35) revealed the identity of this chimeric protein as a 
fusion between NPM (nucleophosmin) and the intracellular kinase domain contain-
ing portion of a novel receptor tyrosine kinase (RTK). This novel kinase was named 
anaplastic lymphoma kinase (ALK) after the disease from which the breakpoint was 
fi rst cloned [ 5 ]. Three years later the cloning of full-length ALK was reported, iden-
tifying a novel RTK with a unique extracellular domain composition among the 
RTKs [ 7 ,  8 ]. The  ALK  locus encodes for a classical RTK containing an extracellular 
ligand-binding domain, a transmembrane domain and an intracellular tyrosine 
kinase domain. 

        R.  H.   Palmer      (*) •    B.   Hallberg      (*)
  Institution of Biomedicine, Department of Medical Biochemistry and Cell Biology , 
 Sahlgrenska Academy, Göteborg University ,   405 30   Göteborg ,  Sweden   
 e-mail: Ruth.Palmer@gu.se; Bengt.Hallberg@gu.se  
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 Both ALK and LTK make up a subfamily within the insulin receptor superfamily 
based upon kinase domain similarities. Their extracellular domains are unique 
among the RTKs, containing in the case of both: a glycine-rich region, and in the 
case of ALK also containing: an LDLa domain [ 9 ,  10 ] and MAM domains (named 
after meprins, A-5 protein and receptor protein-tyrosine phosphatase mu). The 
MAM domain of about 160 amino acids is found in transmembrane proteins such as 
the meprins and receptor protein-tyrosine phosphatases, where they have been sug-
gested to function in cell/cell interactions (Fig.  1.1 ) [ 11 – 13 ]. In simpler organisms 
such as  Caenorhabditis elegans  ( C. elegans ) [ 14 ] and  Drosophila melanogaster  
[ 15 ] one ALK/LTK family member exists; however, in zebrafi sh [ 16 ] and mammals 
duplication of a common ancestral gene appears to have resulted in the presence of 
both LTK and ALK. In this chapter we will focus on our present knowledge con-
cerning the ALK/LTK family of RTKs.  

1.2     The Role of the ALK/LTK Receptor Tyrosine Family 
in Embryonic Development and Adult Physiology 

 Despite intense efforts, the physiological role of ALK/LTK receptor family in 
humans remains rather enigmatic. From a human genetics standpoint one study has 
shown an association of polymorphisms in ALK with schizophrenia in a Japanese 
population [ 17 ]. Systemic lupus erythematosus patients, also from a Japanese popu-
lation study, displayed LTK polymorphism with a signifi cantly higher frequency 
compared with the healthy controls [ 18 ]. Transgenic LTK mice, in which the LTK 
gene was placed under the control of cytomegalovirus enhancer and the beta-actin 
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  Fig. 1.1    Domain structure of ALK and LTK. ALK and LTK are classical receptor tyrosine kinases 
(RTK), which contain an N-terminal extracellular domain, transmembrane domain and a C-terminal 
intracellular domain.    Both receptors contain a signal peptide (aa 1–26); ALK contains two MAM 
domains (amino acids 264–427 and 480–626) and one LDLa domain (amino acids 453–471). Both 
receptors contain a glycine-rich region (residues 816–940 in ALK and residues 63–334 in LTK). 
Both harbour a transmembrane segment which is followed by the intracellular kinase domain 
(   ALK, amino acids 1116–1383 and LTK, amino acids 510–777, LTK). ALK and LTK proteins 
share 80 % amino acid identity in their kinase domain. Not drawn to scale       
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promoter, exhibited growth retardation and died within months after birth. In this 
work the authors noted a tissue specifi c activation of LTK in the heart, resulting in 
cardiac hypertrophy, cardiomyocyte degeneration and gene reprogramming [ 19 ]. 
Overall, the expression pattern of ALK in chicken, mice, rats and humans suggests 
key roles in development of the nervous system [ 7 ,  8 ,  20 – 24 ], and functional physi-
ological roles have been observed in several model systems, such as  Drosophila , 
 C. elegans , zebrafi sh and mouse model systems. 

1.2.1      Drosophila melanogaster  ALK/LTK 

 The function of ALK in the context of an intact organism has probably been best 
described in  Drosophila melanogaster. Drosophila  ALK (dALK) was identifi ed and 
characterised in vivo as a RTK able to stimulate ERK (extracellular-signal- regulated 
kinase) activation and play a vital role in the formation of the visceral musculature 
of the  Drosophila  gut [ 15 ,  25 ]. Subsequent identifi cation of the dALK ligand—Jeb 
(Jelly Belly)—led to the defi nition of a ligand–receptor pair that functions in vivo to 
specify a specifi c founder cell type in the developing embryonic visceral mesoderm. 
The specifi cation of founder cells, which then fuse with fusion competent myo-
blasts, is a critical step in the development of the multinucleated visceral muscula-
ture of the  Drosophila  gut [ 26 – 28 ]. In these studies, the kinase activity of the dALK 
RTK was shown to be essential for internalisation of the Jeb- dALK complex 
together with the downstream activation of ERK, and a number of downstream tar-
get genes were shown to be transcriptionally regulated by dALK signalling, includ-
ing  dumbfounded/kirre  and  org-1  [ 26 – 28 ]. Since then additional targets of dALK 
signalling in the  Drosophila  visceral mesoderm have been reported, such as the 
bHLH transcription factor Hand and the Rap GEF C3G [ 29 – 31 ]. Moreover, the 
dALK/Jeb pathway in  Drosophila  plays an indirect role in endoderm development, 
since Dpp (a TGFβ homologue in the fl y) transcription is dependent on Jeb/dALK 
signalling activity [ 29 ]. 

 Besides development of the embryonic gut muscle, dALK and Jeb play a number 
of important roles in the  Drosophila  nervous system including acting as an antero-
grade signalling pathway mediating neuronal circuit assembly in the  Drosophila  
visual system. Lack of either dALK or Jeb protein results in mistargeting of the 
photoreceptor axons during later maturation of the optic lobe neuropile [ 32 ]. 
 Jeb- dALK signalling is also employed in the developing synapse at the  Drosophila  
neuromuscular junction, where dALK on the postsynaptic membrane responds to 
secreted Jeb. Indeed, in  jeb  or  dALK  mutant animals, synaptic transmission fre-
quency and strength together with larval locomotion are strongly impaired as a 
result of loss of ALK signalling [ 33 ]. 

 dALK also functions in  Drosophila  as an upstream activator of dNf1-regulated 
Ras signalling. A reduction in dALK signalling—either genetically or pharmacologically 
—rescues the body-size and learning defects as well as the ERK overactivation of the 
 dNf1  mutant phenotype [ 34 ]. In a recent microarray based investigation dALK was 
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identifi ed as target of the dLMO transcription factor. This work  implicated dALK in 
adult responses to ethanol, with fl ies containing transposon insertions in dALK dem-
onstrating increased resistance to the sedating effect of ethanol [ 34 – 36 ]. 

 dALK also activates PI3K signalling in  Drosophila , where ALK signalling in the 
CNS responds to Jeb expression from glial cells to protect neuroblasts during peri-
ods of nutrient restriction [ 35 ]. Interestingly, in the honeybee  Apis mellifera  a recent 
report suggests that royal jelly leads to epigenomic methylation modifi cation of a 
number of genes, including  AmALK , to determine development of a new queen 
instead of a short-lived worker bee [ 37 ].  

1.2.2      Caenorhabditis elegans  ALK/LTK 

 The ALK homologue in  Caenorhabditis elegans  ( C. elegans ) was originally described 
as a suppressor in a genetic screen of TGFβ pathway mutants that cause constitutive 
dauer formation [ 38 ]. Here the TGFβ pathway mediates transduction of environmen-
tal signals to regulate the dauer formation response through chemosensory neurons. 
This work led to the naming of the  C. elegans  ALK locus as  scd-2  ( suppressor of 
constitutive dauer 2 ), and characterisation of these mutant  C. elegans scd-2  strains 
revealed that they were less effi cient at dauer formation in response to pheromone or 
starvation as compared with wild-type animals [ 38 ]. The subsequent isolation of a 
wild  C. elegans  strain from a desert oasis which was unable to respond to dauer 
pheromone at 25 °C, but not at higher temperatures, led to the characterisation of  scd-
2  as the T10H9.2 open reading frame encoding the  C. elegans  ALK homologue [ 39 ]. 
This work defi ned an ALK-mediated sensory pathway, consisting of the ligand 
HEN-1 (an LDL-containing protein with similarities to  Drosophila  Jeb) [ 40 ], the 
adaptor SOC-1 [ 41 ] and the MAP kinase SMA-5 [ 42 ], that regulates DAF-3 (SMAD3) 
activity in the TGFβ dauer pathway. The  C. elegans  ALK gene,  scd-2 , contains 22 
exons and encodes a putative protein of 1421 amino acids displaying the conserved 
kinase domain, transmembrane domain, two MAM domains and the LDLa domain 
found in human ALK [ 39 ]. Reiner et al. also constructed a constitutively active ALK 
( scd-2-neu* ) in which the SCD-2/ALK transmembrane domain was replaced with 
the mutant transmembrane domain of the mammalian ErbB2/Her2/Neu RTK onco-
gene. This resulted in an early arrest phenotype which has been interpreted as a nega-
tive regulation of feeding behaviour, suggesting that SCD-2/ALK signalling may 
function to transduce a food signal as a chemosensory input in  C. elegans . 

 Interestingly, genetic screening examining mechanisms modulating sensory 
integration initially identifi ed HEN-1 as a regulator of sensory integration non-cell- 
autonomously in  C. elegans  [ 40 ]. Subsequent screening efforts led to the 
identifi cation of mutants in SCD2/ALK, and characterisation of these mutant 
 animals suggests that SCD2/ALK signalling functions to modulate activity in the 
AIA pair of interneurons in which confl icting sensory cues may converge [ 43 ,  44 ]. 
Thus, although neither HEN-1 nor SCD-2/ALK is required for  C. elegans  develop-
ment, they appear to be required for integration of confl icting sensory inputs. 
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 An additional role for ALK in the regulation of presynaptic differentiation at the 
 C. elegans  neuromuscular junction was reported when SCD-2/ALK was found to be 
a binding partner of the F-box protein FSN-1, binding via the SPRY domain of 
FSN-1. FSN-1 interacts with the RING fi nger protein RPM-1 in an SCF-like ubiq-
uitin ligase complex in developing synaptic termini, targeting downstream effectors 
such as SCD-2/ALK to control the presynaptic differentiation process [ 14 ]. 

 Finally, SCD-2/ALK has also been reported to be required in neurosecretory 
control of aging in  C. elegans , with  scd-2  mutant animals displaying a decreased 
lifespan as measured by lysosomal deposits of lipofuscin [ 45 ].  

1.2.3      Danio rerio  (Zebrafi sh) ALK/LTK 

 Genetic mapping, together with confi rmation by morpholino-mediated knockdown, 
identifi ed the  shady  locus in the zebrafi sh genome as encoding the leukocyte tyro-
sine kinase (LTK) RTK. The zebrafi sh genome contains two ALK/LTK family 
members—both a LTK and an ALK gene. Interestingly, while all mammalian LTK 
proteins are lacking the MAM (meprin/A5/μ) domain, the zebrafi sh LTK contains a 
MAM domain and is in this respect—together with its expression pattern in the 
neural crest—more similar to ALK. In  Danio rerio  LTK signalling is required cell- 
autonomously for the specifi cation of iridophores from the neural crest linage and 
 shady  mutants display pigmentation pattern defects [ 16 ]. ALK, on the other hand, 
is important for embryonic neurogenesis and is a critical player for the balance 
between neural progenitor growth, differentiation and survival [ 46 ]. Transgenic 
zebrafi sh have also been employed in examining the role of ALK in neuroblastoma 
development. Overexpression of both human MYCN and activated ALK F1174L  in the 
fi sh analogue of the adrenal medulla promoted neuroblastoma progression [ 47 ]; see 
section below). The zebrafi sh model system offers a number of advantages for 
screening small molecules in vivo, and this model may be useful in testing and 
identifying inhibitor strategies for ALK in neuroblastoma.  

1.2.4     Mammalian ALK/LTK 

 A clear role for ALK in mammalians has been diffi cult to defi ne. The reported ALK 
mRNA and protein expression patterns during mouse embryogenesis suggest a role 
for ALK in the nervous system [ 7 ,  8 ,  23 ]. It should be noted that the ALK transcript 
and protein appear to diminish after birth, reaching minimum levels at 3 weeks of 
age and is thereafter maintained at low levels in the adult animal [ 7 ]. Work defi ning 
ALK mRNA expression in the developing CNS of the chicken and rat is in keeping 
with mouse expression of ALK, with localisisation in a subset of spinal motor 
 neurons, sympathetic ganglia and dorsal root ganglia [ 20 ,  21 ]. 
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 Several groups have generated models in which the ALK gene has been deleted 
(Bisland, Lasek, Weiss, Hallberg/Palmer). All of these animals, generated by differ-
ent genetic deletion strategies, result in mice that are viable in the absence of wild- 
type ALK. The initial report, in which transmembrane and kinase domain of ALK 
were deleted, reported an increase in hippocampal performance of resulting adult 
mice, leading the authors to suggest ALK-based treatment strategies may be of use 
in the treatment of psychiatric illness [ 48 ]. 

 A more recent study implicates ALK in the regulation of alcohol consumption in 
mice suggesting that the normal function of ALK may be to curb excessive alcohol 
intake [ 36 ]. This work was based on initial microarray results in  Drosophila , iden-
tifying dALK as a target of the  Drosophila  LIM-domain only protein (dLMO) 
which is implicated in behavioural responses to alcohol. The authors employed 
ALK knockout mice in which exons encoding the juxtamembrane domain and 
amino-terminal portion of the kinase domain were targeted, resulting in both 
increased ethanol consumption and a delayed righting refl ex under the infl uence of 
alcohol. Interestingly, they also reported polymorphisms in human ALK that appear 
to be associated with a decreased sensitivity to alcohol [ 49 ]. 

 One legitimate concern associated with the lack of gross phenotype in ALK 
knockout mice has been the potential redundancy with LTK. This has recently been 
addressed experimentally, with analysis of single as well as double mutant ALK and 
LTK mice [ 50 ]. Expression of ALK and LTK mRNA was found to overlap exten-
sively in the hippocampus, consistent with a possible functional interaction between 
the two receptors. In ALK single knockout mice reduced levels of adult neurogene-
sis, measured as doublecortin-positive cells, were observed. These reduced levels of 
adult neurogenesis in ALK knockout mice contrast with the earlier fi ndings of 
Bisland et al [ 48 ]. Moreover, while no obvious effect was seen in LTK knockout 
mice, the authors found a more severe effect in the ALK/LTK double knockout mice 
[ 50 ]. In a battery of behavioural tests ALK knockout animals were found to have 
enhanced spatial memory and enhanced cognitive performance, whereas LTK knock-
out mice performed poorly in tests of sensimotor function on the rotorod. While an 
important fi rst step in addressing ALK/LTK function in vivo, it is clear that further 
characterisation of the physiological function of both ALK and LTK is needed. 

 Indications of physiological roles of ALK in humans have arisen from clinical 
trials employing the crizotinib ALK/c-Met inhibitor. A number of enrolled patients 
treated with crizotinib for ALK-positive non-small cell lung cancer (NSCLC) devel-
oped asymptomatic sinus bradycardia (HR ≤45) [ 51 ]. Further, crizotinib therapy 
caused rapid suppression of testosterone levels in men, which suggest some kind of 
function in the hypothalamic or pituitary disturbance [ 52 ]. A signifi cant portion of 
patients treated with crizotinib experience mild visual disturbance symptoms during 
treatment, an effect that is reversible upon discontinuation of treatment [ 53 ,  54 ]. 
However, in one case crizotinib treatment was associated with optic neuropathy and 
blindness [ 55 ]. Although no function has been described for human ALK in the 
visual system, there is robust expression of ALK within the lens and the neural and 
pigment layer of the mouse retina [ 23 ]. Interestingly, in  Drosophila  ALK signalling 
is involved in the maturation of the optic lobe in the fl y brain [ 32 ]. In vitro studies 
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in mammalian cells also support a role for ALK in neuronal development. ALK 
activity has the capacity to induce neuronal differentiation of PC12 cells [ 56 – 60 ]. 
From a mouse model it was shown that activated ALK did not mediate tumour 
development but trigger a prolonged neurogenesis of the sympathetic ganglia, but it 
was noted that this mouse model show increased neonatal lethality [ 61 ]. In addition, 
employing antibodies which activate ALK results in neurite outgrowth, involving 
both the MAPK pathway and activation of the small G-protein Rap1 in both PC12 
and neuroblastoma cell lines [ 58 ,  62 ,  63 ]. FRS2 (fi broblast growth factor receptor 
substrate 2)/SNT has also been reported to bind ALK and may be important in the 
induction of PC12 cell differentiation [ 62 ]. Finally, ALK can stimulate the ERK5 
MAPK protein via PI3-K/Akt/PKB/MEKK3/MEK5 pathway, which promotes 
 further downstream expression of the MYCN in neuroblastoma [ 64 ]. One outcome 
of activation of MYCN is that MYCN as a transcription factor has the ability to 
activate transcription of ALK as well [ 65 ].   

1.3     The Role of the ALK Receptor Tyrosine Kinase 
in Human Disease 

 While knowledge of the physiological function of ALK is limited, we now under-
stand signifi cantly more about the role of ALK in pathogenic disease. Over the last 
decade a large body of data has accumulated concerning the role of ALK in the 
development and onset of a large number of cancer types. We now know that ALK 
is involved in the initiation and progression of multiple cancer types via several dif-
ferent mechanisms: (1) as a fusion protein, (2) as a result of ALK overexpression or 
(3) due to mutation of the ALK coding region. In this section we will look at each 
of these mechanisms in turn (Fig.  1.2 ).  

1.3.1     ALK as a Fusion Protein 

 The original discovery of ALK as a fusion protein NPM-ALK [ 5 ,  6 ] turned out to be 
tip of the iceberg in terms of the many chromosomal translocations involving ALK 
as a partner. In addition to ALCL, these ALK fusion proteins are found in a number 
of cancers, such as in infl ammatory myofi broblastic tumours (IMTs), non- small cell 
lung cancer (NSCLC), ALK-positive diffuse B-cell lymphoma (DBCL), squamous 
cell carcinoma of the esophagus (SCC), breast cancer, colon cancer, renal medullary 
carcinoma and renal cell carcinoma. All of the ALK fusion partners share a number 
of common features; fi rstly, the initiation of transcription of the new fusion protein 
is driven via the regulatory regions of the ALK partner protein. Secondly, the spatial 
localisation of the ALK fusion protein is determined by the ALK partner protein. 
Finally, the dimerisation process via the ALK partner protein induces trans-auto-
phosphorylation and activation of the ALK kinase domain (Fig.  1.2 ). 
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1.3.1.1     Anaplastic Large Cell Lymphoma 

 Most of the studies concerning ALK as a fusion partner have been conducted in 
connection with ALCL. This disease, described for the fi rst time in 1985, belongs to 
the group of non-Hodgkin’s lymphoma arising from T cells, or less commonly 
B-cell origin [ 66 ], which are large cells that are different in size and shape and 
express a specifi c marker on the lymphoma cells called CD30 [ 67 ,  68 ]. Morris and 
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  Fig. 1.2    Schematic overview of anaplastic lymphoma kinase (ALK) lesions in cancer. ALK 
fusion proteins, in which the kinase domain of ALK is fused to portion of various proteins, have 
been described in many cancers, such as ALCL (anaplastic large cell lymphoma), IMT (infl amma-
tory myofi broblastic tumours), fetal lung interstitial tumour (FLIT), DLBCL (diffuse large B-cell 
lymphomas), NSCLC (non-small cell lung cancer), serous ovarian carcinoma (SOC), RMC (renal 
medulla carcinoma), RCC (renal cell carcinoma), breast and colon cancer, AML (acute myelo-
monocytic leukaemia), thyroid cancer and ESCC (esophageal squamous cell carcinoma). 
Moreover, secondary mutations in the context of ALK fusions have been described in NSCLC, 
IMT and ATC (anaplastic thyroid cancer); see Table “Receptor at a glance: ALK/LTK”. ALK 
overexpression has been reported in a number of cancer types and cell lines, such as melanoma, 
NSCLC,    breast cancer, retinoblastoma, neuroblastoma, ovarian cancer, thyroid carcinoma, astro-
cytoma, Ewings sarcoma and rhabdomyosarcoma. ALK point mutations have been found mainly 
in neuroblastoma, where most of the mutations are situated within the kinase domain of ALK, but 
also in ALK of NSCLC and ATC cancer origin. Abbreviations:  ALO17  ALK lymphoma oligomeri-
sation partner on chromosome 17,  ATIC  5-aminoimidazole-4-carboxamide ribonucleotide formyl-
transferase/IMP cyclohydrolase,  FN1  fi bronectin 1,  STRN  striatin,  CLTC  Clathrin heavy chain 
like,  EML4  echinoderm microtubule-associated protein-like 4,  KIF5B  kinesin family member 5B, 
 MSN  moesin,  MYH9  non-muscle myosin heavy chain,  NPM  nucleophosmin,  PPFIBP1  F 
polypeptide- interacting protein-binding protein 1,  RANBP2  RAN binding protein 2,  SEC31L1  
SEC31 homologue A ( S. cerevisiae ),  SQSTM1  sequestosome 1,  TFG  TRK-fused gene,  TPM3/4  
tropomyosin 3 and 4,  VCL  vinculin,  HIP1  huntingtin interacting protein 1,  A2M  alpha-2- 
macroglobulin,  TRAF1  tumour necrosis factor receptor-associated factor and  C2orf44 , which con-
tains a coiled-coil domain       
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Yamamoto later described one determinant for the disease as the ALK fusion  protein 
[ 7 ,  8 ]. ALK is expressed in 60–80 % of ALCL, a cancer mainly observed in children 
and young adults [ 69 – 71 ]. The fact that ALK-positive patients have a higher 5-year 
survival rate compared to ALK-negative patients makes ALK expression an impor-
tant prognostic factor in ALCL [ 71 – 75 ]. Interestingly, alongside ALK, active caspase 
3 expression is also used as a prognostic indicator for favourable outcome in ALCL; 
caspase 3 activity is strongly correlated with the expression of ALK [ 76 ]. Expression 
of STAT3 (signal transducer and activator of transcription 3) in both ALK-positive 
and ALK-negative ALCL has led to the suggestion that activated STAT3 may be a 
negative prognostic factor independent of ALK expression in ALCL; similarly sur-
vivin and MUC-1 indicate a poorer outcome in ALCL regardless of ALK status 
[ 77 – 79 ]. Clinical trials for ALK-positive neoplasia directly  targeting ALK (  http://
clinicaltrials.gov/ct2/home    ) are currently ongoing. It should also be mentioned that 
there are reports of detectable NPM-ALK in the blood and lymphoid tissue of healthy 
individuals, raising the question of whether NPM-ALK alone is powerful enough to 
drive tumourigenesis [ 80 ,  81 ]. Besides NPM, numerous other fusion partners for 
ALK have been reported in ALCL, such as ALK lymphoma oligomerisation partner 
on chromosome 17 (ALO17) [ 82 ], 5- aminoimidazole-4-carboxamide ribonucleotide 
formyltransferase/IMP cyclohydrolase (ATIC) [ 82 – 84 ], TRK-fused gene (TFG) [ 85 , 
 86 ], moesin (MSN) [ 87 ], tropomyosin 3 and 4 (TPM3/4) [ 88 – 90 ], TRAF1-ALK 
[ 91 ], non-muscle myosin heavy chain (MYH9) [ 92 ] and Clathrin heavy chain like 
(CLTC) [ 93 ] (Fig.  1.2 ).  

1.3.1.2     Infl ammatory Myofi broblastic Tumour 

 IMTs belong to the category of ‘infl ammatory pseudotumours’, with particular clin-
ical, pathological and molecular characteristics. While they mostly occur in younger 
persons, they may also appear in patients of higher age [ 94 ]. Tumours can be located 
at any site in the body, mostly in soft tissues, although the most common sites are 
the head; neck, including upper respiratory tract; pelvis; abdomen; and retroperito-
neum [ 95 ]. A recent review reported that around 33 % of cases were pulmonary and 
67 % were extra-pulmonary [ 96 ]. Further, histologically, IMTs possess a variably 
cellular spindle cell proliferation in a myxoid to collagenous stroma with infl amma-
tory infi ltrate containing plasma cells and lymphocytes [ 94 ,  95 ]. The fi rst connec-
tion between IMT and ALK was shown by Griffi n et al. ,  in 1999, who documented 
a 2p23 chromosomal rearrangement and ALK expression in IMT, suggesting a 
novel involvement of ALK in solid tumours for the fi rst time [ 97 ]. Since then, a 
number of ALK fusion proteins have been described in IMT displaying a subcellu-
lar localisation that appears to be determined by the fusion partner. These ALK 
fusions include TPM3-ALK, TPM4-ALK [ 98 ], CARS-ALK [ 99 ], ATIC-ALK 
[ 100 ], SEC31L1-ALK [ 101 ] and PPFIBP1-ALK [ 102 ], all of which are localised in 
the cytoplasm of the cell. RANBP2-ALK [ 103 ] displays a nuclear localisation, in 
keeping with the role of RANBP2 as a nuclear pore protein. The fusion protein 
CLTC-ALK [ 104 ,  105 ] has a granular cytoplasmic staining, refl ecting CLTCs 
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function as a structural protein of coated vesicles. Overall, approximately 50 % of 
all IMTs seem to have ALK rearrangements, which is similar to ALCL. It is also 
worth highlighting that the common ALCL NPM-ALK translocation has not been 
identifi ed in IMT [ 97 ,  98 ,  106 ]. 

 Currently, there is no clear relationship between ALK expression and prognosis 
in this rare tumour type. In a study addressing this, a small cohort of eight children, 
four of which were ALK positive, were examined [ 107 ] leading the authors to sug-
gest that ALK expression might be associated with an improved prognosis. Clearly 
larger patient sets must be evaluated in order to validate this hypothesis. 

 So far one case report describes a partial response in a 44-year-old patient with 
recurrent RANBP2-ALK-positive IMT who was treated with the ALK inhibitor 
crizotinib [ 108 ]. This patient later acquired resistance to crizotinib in the form of a 
secondary mutation in the kinase domain of the RANBP2-ALK fusion. This 
acquired RANBP2-ALK F1174L  resistance mutation is similar to the ALK F1174L  muta-
tion observed in neuroblastoma (see below) [ 108 ,  109 ].  

1.3.1.3     Non-Small Cell Lung Cancer 

 In 2008, lung cancer was the leading cause of cancer deaths in males worldwide. In 
females, it accounts for the second leading cause of death after breast cancer. In 
total it was estimated to be responsible for 1.4 million deaths worldwide in 2008 and 
1.6 million new cases every year [ 110 ]. Lung cancer can clinically be divided into 
two major subgroups: SCLC and NSCLC; patients are treated differently depending 
on the subgroup. NSCLC accounts for approximately 80 % of all lung cancers and 
include subtypes such as squamous cell lung carcinoma, large cell lung carcinoma 
and adenocarcinoma, all of which respond poorly to conventional cancer treatments 
[ 111 ]. It is estimated that smoking accounts for 80 % of all death in males and 50 % 
in females [ 112 ,  113 ]. ALK fi rst entered the fi eld of NSCLC in 2007, when two 
groups employing very different experimental approaches simultaneously reported 
the presence of ALK fusion proteins in lung tumours [ 114 ,  115 ]. Rikova et al. 
employed one of the fi rst global phosphotyrosine proteomic analyses of NSCLC 
cell lines resulting in the identifi cation of two aberrant fusion proteins including 
EML-4 and TRK-fused gene-ALK (TFG-ALK) [ 114 ]. In a more classical approach, 
Soda et al. employed a retroviral cDNA expression library from a lung adenocarci-
noma specimen surgically resected from a 62-year-old man with history of smoking 
[ 115 ]. Since these original discoveries the group of NSCLC patients harbouring 
EML4-ALK or indeed other ALK fusion partnered translocation products is now 
recognised, as an increasing population of lung cancer patients, with adenocarci-
noma histology, are younger and non-smokers [ 116 – 119 ]. 

 Ongoing investigations carried out by the National Cancer Institute’s Lung 
Cancer Mutations Consortium have reported results from more than 1,000 patient 
samples in an attempt to catalogue driver mutations and translocations in 
NSCLC. Their results suggest that NSCLC should be regarded as a number of 
molecularly different diseases, with 60 % of tumours exhibiting driver mutations. 
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These include KRAS (25 %) and EGFR (23 %) and others such as BRAF, HER2 
and EML4-ALK. In this analysis ALK translocations were observed in 6 % of the 
cases [ 120 – 122 ]. 

 From the start, ALK translocations and mutations in the other well-known 
NSCLC oncogenes such as EGFR and KRAS appear to be mutually exclusive in 
NSCLC patients [ 117 ,  123 – 126 ].    Although cases with multiple expression of driv-
ers, such as ALK and/or EGFR/KRAS, have been observed [ 127 – 130 ]. A rather 
sobering extrapolation from the consortiums data is the fact in in 40–50 % of all 
NSCLC cases, we are currently unable to defi ne a driver mutation. Of note, while to 
date 6 ALK fusion products have been described in NSCLC, including the kinesin 
family member 5 B (KIF5B-ALK), huntingtin interacting protein 1 (HIP1-ALK), 
protein-tyrosine phosphatase, nonreceptor Type 3 (PTPN3-ALK) and kinesin light 
chain 1 (KLC1-ALK), very few patient cases have been reported which do not 
involve the EML4-ALK fusion [ 5 ,  131 – 136 ]. 

 Although ALK fusions in NSCLC are present in only ~5 % of patients, this 
extrapolates to ~40,000 patients/year worldwide. Clinical diagnostics for ALK- 
positive NSCLC are under active development [ 137 ]. Currently, fl uorescence in situ 
hybridisation (FISH) is used for detecting ALK rearrangements, employing break- 
apart 5′ and 3′ ALK probes to identify tumour cells containing an ALK gene rear-
rangement [ 138 ]. Another clinical method with potential for use with ALK-positive 
NSCLC patients might be chromogenic in situ hybridisation (CISH) [ 139 ]. 
Development of PCR-based detection techniques is ongoing, and they remain 
attractive as they offer specifi city and the products can be sequenced and verifi ed 
[ 140 ]. However, this is complicated by the increasing number of different EML4- 
ALK fusion proteins that exist, providing real problems in the development of a 
robust RT-PCR diagnostic test which would be capable of identifying all ALK 
translocations. Obviously, since ALK should not be expressed in the lung of a 
grown up, immunohistochemistry is being actively tested and would offer a power-
ful tool to identify ALK-positive NSCLC. Hopefully, validated ALK antibodies will 
soon be included in the tool box of antibodies employed by the pathologist offering 
an alternative to current options.  

1.3.1.4     ALK-Positive Diffuse Large B-cell Lymphoma 

 ALK-positive diffuse large B-cell lymphoma (ALK + -DLBCL) is a rare subtype of 
lymphoma fi rst described in 1997 [ 71 ,  141 ,  142 ]. It has an aggressive clinical course 
with a poor prognosis and has been documented in both paediatric and adult patient 
populations [ 143 ]. The most common ALK fusion partner is the  CLATHRIN (CLTC)  
gene, producing a CLTC-ALK fusion protein with a characteristic granular pattern 
in the cytoplasm [ 73 ,  93 ,  142 ,  144 – 146 ]. Other less frequently occurring ALK- 
DLBCL fusions in the form of NPM-ALK, SEC31A-ALK and SQSTM1-ALK 
fusions have also been reported [ 147 – 150 ] together with an insertion of ALK 
sequence to chromosome 4q22-24 where the potential fusion partner is yet to be 
precisely molecularly defi ned [ 151 ].  
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1.3.1.5     Renal Carcinoma and Esophageal Squamous Cell 
Carcinoma and Other Tumours 

 A novel fusion partner for ALK, namely, vinculin (VCL-ALK), was recently identi-
fi ed in young individuals diagnosed with renal cell carcinoma (RCC) [ 152 ,  153 ]. On 
the basis of these reports, examination of a large cohort of renal tumours was carried 
out to assess ALK involvement. In this study, 2 ALK-positive RCC cases were 
detected, and the ALK fusions TPM3-ALK and EML4-ALK were identifi ed [ 154 ]. 
Thus, while few cases have been reported so far, it will be of interest to investigate 
this patient population further for the presence of ALK fusions. In 2014 a few more 
novel ALK translocation products were found in different cancer types, such as 
striatin (STRN)-ALK in thyroid cancer [ 155 ,  156 ], alpha-2-macroglobulin (A2M)-
ALK in fetal lung interstitial tumour (FLIT) [ 157 ], and RANBP2-ALK and CLTC- 
ALK in acute myelomonocytic leukaemia (AML) [ 158 ,  159 ]. 

 In proteomics-based analyses of tumour tissue from squamous cell carcinoma of 
the esophagus, two groups have independently described the presence of TPM4- 
ALK fusion protein [ 160 ,  161 ]. This tumour type is more frequent in certain regions 
of the world, including Iran and China where these studies were carried out, and 
further studies are required to defi ne the extent of ALK fusion involvement in 
esophageal squamous cell carcinoma in these and other populations. 

 Exon array profi ling of 153 tumours, including 84 breast, 26 colorectal adeno-
carcinoma and 43 NSCLC samples, led to the identifi cation of EML4-ALK fusions 
in breast, colorectal as well as in NSCLC tumours [ 162 ].    In a few cases of sarcoma-
tiod carcinoma of head and neck that scored ALK FISH positive, the fusion partner 
to ALK has not been identifi ed, although the patient benefi ted from ALK specifi c 
crizotinib treatment [ 163 ].   

1.3.2     ALK Overexpression in Cancer 

 Amplifi cation of the ALK locus and overexpression of ALK have been reported in 
a variety of different cancer cell lines and in cancers such as thyroid carcinoma, 
NSCLC, breast cancer, melanoma, neuroblastoma, glioblastoma, astrocytoma, reti-
noblastoma, Ewing’s sarcoma leiomyosarcoma, peripheral nerve sheath tumours, 
malignant fi brous histocytoma and rhabdomyosarcoma and lately in colorectal car-
cinoma (Fig.  1.2 ) [ 164 – 170 ]. It has been suggested from neuroblastoma derived cell 
lines and from an 82-patient cohort with neuroblastoma that overexpression of 
either mutated or wild-type ALK defi nes poor prognosis patients [ 171 ]. This has 
been investigated further by Schulte and co-workers who examined genomic altera-
tions of ALK in 263 neuroblastomas. Their data suggest that high levels of either 
mutated or wild-type ALK may contribute to initiation and progression of neuro-
blastoma [ 172 ]. ALK has also been reported to be differentially expressed in epithe-
lial ovarian cancer as compared with normal ovarian tissue [ 173 ]. Furthermore, in 
mice pancreatic neuroendocrine tumours it has been noted that ALK is expressed at 
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signifi cantly lower levels in invasion-resistant C3H mice as compared with invasion- 
susceptible B6 mice [ 174 ]. Taken together, these fi ndings suggest that ALK overex-
pression in cancer may have consequences for tumour progression; however, further 
clarifi cation/characterisation of the molecular mechanisms is required to understand 
the signifi cance of this in a clinical setting.  

1.3.3     Activating ALK Mutations in Cancer 

1.3.3.1      Neuroblastoma 

 Neuroblastoma is a childhood cancer that arises from neural crest cells of the sym-
paticoadrenal lineage and can occur throughout the sympathetic nervous system 
[ 175 ,  176 ]. Genetically cases of neuroblastoma often display amplifi cation of the 
 MYCN  gene on chromosome 2p (~24 % of all cases), deletions of parts of the chro-
mosomes 1p and 11q, gain of parts of 17q and triploidy [ 177 – 180 ]. In 2008, ALK 
point mutations were reported by several groups as being in both familial and 
somatic neuroblastoma [ 181 – 186 ]. In fact ALK mutation accounts for the majority 
of familial neuroblastoma cases [ 187 ]. In some familial and somatic neuroblastoma 
patients, mutations in the transcription factor paired-like homeobox 2B (PHOX2B) 
are acquired. Interestingly, a recent study has reported that ALK is a PHOX2B tar-
get gene, suggesting that part of the molecular mechanism underlying the effects of 
PHOX2B mutations in mutations may involve ALK [ 188 ]. Recently, two cases of 
congenital neuroblastoma carrying somatic, heterozygous ALK mutations (F1174L 
and F1245V, respectively) were reported as showing severe encephalopathy and 
brainstem abnormalities, suggesting that inappropriate ALK activation is deleteri-
ous to the development of the central nervous system [ 189 ]. 

 A recent meta-analysis of neuroblastoma has reported ALK gain-of-function 
mutations to be present at a frequency of 6.9 % of investigated neuroblastoma 
tumours. Further, a comparison of the ALK mutation frequency in relation to 
genomic subtype revealed that ALK mutations were most frequently observed in 
 MYCN  amplifi ed tumours (8.9 %), correlating with a poor clinical outcome [ 177 ]. 
The most frequent mutations are identifi ed at positions F1174 and R1275 [ 177 ]. 
A  mutation in the kinase domain of ALK, F1174S, was observed in a relapse 
 neuroblastoma patient, and this relapsed tumour was extremely aggressive in 
nature, and it was shown in various preclinical setting that the relapsed mutation 
transformed ALK to a gain-of-function mutation [ 185 ]. This initial fi nding was 
followed up by an investigation of paired tumours, i.e., primary tumours vs 
relapsed tumours, which verifi ed information that ALK mutation can be observed 
in 5–8 % of primary tumours, but the mutation rate of ALK in relapsed tumours is 
27–30 % [ 190 ]. Of notice in cases where ALK-positive tumours were detected at 
relapse, a small fraction of mutant cells could already be detected in the primary 
tumour by employing deep sequencing NGS technology. This indicates that a tiny 
fraction of the primary tumour can be selected and take over, which result in a ‘bad 
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to worse with poor prognosis’ relapsed tumour. An unanswered question in the 
fi eld is whether ALK mutation alone is able to initiate NB and the progression of 
the disease, acting as a so-called oncogenic driver. This issue is further compli-
cated by recent data investigating the relationship between ALK and MYCN, for 
which amplifi cation is well characterised as a negative prognostic factor in neuro-
blastoma [ 177 ]. In neuroblastoma cell culture-based studies, both wild-type and 
mutant ALK drive initiation of MYCN transcription, while co-expression of acti-
vated ALK and MYCN increased NIH3T3 cell transformation in a foci analysis 
[ 191 ]. Thus, if ALK is able to drive oncogenesis in neuroblastoma, with its ability 
to upregulate MYCN, another prominent oncogene in NB may in part explain the 
poor outcome for patients with driver ALK mutations. The hypothesis that ALK 
collaborates with MYCN in neuroblastoma pathogenesis is bolstered by elegant 
work in transgenic zebrafi sh, where co- expression of activated ALK accelerates 
the development of MYCN-induced neuroblastoma-like tumours 3-fold [ 47 ,  192 ]. 
Further, ALK F1174L mutation potentiates the oncogenic activity of MYCN in 
neuroblastoma [ 193 ]. Whether ALK can initiate and drive tumour formation in the 
mouse has not yet been reported. However, Schulte et al. show that double trans-
genic mice for ALK F1174L expression to the neural crest induces tumour forma-
tion employing the DBHiCre or TH-Ires-Cre mice [ 194 ]. We know that knockdown 
of ALK expression by siRNA resulted in decreased proliferation of neuroblastoma 
cell lines [ 186 ]. Furthermore, expression of the F1174L and K1062M ALK mutants 
in NIH3T3 cells and nude mice lead to the rapid formation of subcutaneous 
tumours, demonstrating the oncogenic and transforming potential of these ALK 
mutants [ 182 ]. 

 The nature of the various ALK mutations found in neuroblastoma is currently a 
topic of active research. At present, most mutations reported are point mutations in 
the kinase domain (Table  1.1  and Fig.  1.3 ); however, deletions also occur and a 
number of mutations are observed outside the kinase domain [ 208 ,  209 ]. Out of all 
mutations reported to date a number have been experimentally confi rmed as acti-
vating kinase activity, including the most commonly occurring mutations—F1174 
and R1275Q, and the recently described ALK del2–3  deletion reported in the NB-1 
cell line [ 209 ].    Further, intragenic ALK rearrangements, genomic rearrangements 
with unbalanced translocations and chromothripsis have been observed, which 
show activation of downstream targets, is a novel mechanism in neuroblastoma 
[ 208 ,  210 ].

    Currently the reported ALK mutations fall into three classes: (1) gain-of- function 
(G-O-F) ligand independent mutations (such as F1174I/S/L) [ 182 ,  183 ,  185 ,  195 ], 
(2) kinase-dead ALK mutants [ 198 ] or (3) ALK mutations which are ligand depen-
dent in nature, such as the human ALK mutations (T1087I, D1091N, A1099T, 
T1151M, M1166R, A1234T, R1464STOP), which are not constitutively active but 
which display ligand-dependent activation using agonist antibodies [ 195 ]. 
Importantly, to date, the activity of all ALK mutants tested can be abrogated by 
treatment with ALK small molecular inhibitors, albeit with differing sensitivity (see 
below [ 196 ,  202 ,  211 ]).  
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        Table 1.1    Reported mutations in ALK      

 Amino acid 
mutation  ALK region  Phenotype (Ref.) 

 Tumour/cell 
line 

 Reference for 
the mutation 

  Neuroblastoma  
 K1062M  Juxtamemb. dom.  G-O-F [ 182 ]  T/C  [ 182 ] 
 T1087I  Juxtamemb. dom.  Wild type [ 195 ]  T  [ 182 ] 
 D1091N  β1-strand  Wild type [ 195 ]  T/C  [ 186 ] 
 A1099T  β2-strand  Wild type [ 195 ]  T 
 G1128A  P-loop  G-O-F [ 196 ]  T  [ 186 ] 
 T1151M  β3-strand  Wild type [ 195 ]  T  [ 183 ] 
 T1151R  β3-strand  ?  T  [ 197 ] 
 M1166R  αC-helix  G-O-F or WT [ 195 ]  T  [ 186 ] 
 I1170T/S  αC-helix  ?  T  [ 172 ] 
 I1171N  αC-helix  G-O-F [ 196 ]  T  [ 186 ] 
 F1174L/S  End of αC-helix  G-O-F [ 182 ,  183 ,  185 ]  T/C  [ 181 – 184 ,  186 ] 
 F1174I  End of αC-helix  G-O-F [ 195 ]  T  [ 186 ] 
 F1174C/V  End of αC-helix  ?  T/C  [ 182 – 184 ,  186 ] 
 R1192Q  In between β4 and β5  G-O-F [ 196 ]  T  [ 186 ] 
 A1234Y  αE-helix  Wild type [ 195 ]  T  [ 183 ] 
 F1240V  αE-helix  ?  S  [ 172 ] 
 F1245C  −2 to HRD  G-O-F [ 196 ]  T  [ 183 ,  186 ] 
 F1245I/L/V  −2 to HRD  ?  T/C  [ 181 – 184 ,  186 ] 
 I1250T  +1 to HRD  KD [ 198 ]  T  [ 186 ] 
 R1275Q  +2 to DFG  G-O-F [ 183 ,  196 ]  T/C  [ 181 – 184 ,  186 ] 
 R1275L  +2 to DFG  ?  T  [ 184 ] 
 Y1278S  A-loop  G-O-F a   T  [ 184 ] 
 1464STOP  C-term to kin. dom.  Wild type [ 195 ]  T 
  Selected through prolonged drug treatment or mutagenesis of NPM-ALK and EML4-ALK 
expressing in Ba/F3 or SH-SY5Y cell lines  
 F1174L + 
L1198P 

 C-helix + In between 
β1 and β2 

 A.R. G-O-F [ 199 ]  SH-SY5Y  [ 199 ] 

 F1174L + 
G1123S or D 

 C-helix + In between 
β1 and β2 

 A.R. G-O-F [ 199 ]  SH-SY5Y  [ 199 ] 

 L1198P  Between β4 and β5  A.R. G-O-R [ 199 ]  Ba/F3  [ 199 ] 
 G1269S  −1 to DFG  A.R. G-O-F [ 199 ]  Ba/F3  [ 199 ] 
 D1203N  Between β4 and β5  A.R. G-O-F [ 199 ]  Ba/F3  [ 199 ] 
 Y1278H  1278-YRASYY-1283  N,D [ 199 ]  SH-SY5Y  [ 199 ] 
  Mutations found in lung adenocarcinomas patient expressed in lung H1299 and NIH3T3cells  
 S413N  First MAM domain  A.R. G-O-F [ 200 ] ??  T and H1299  [ 200 ] 
 V597A  Second MAM dom  A.R. G-O-F [ 200 ] ??  T and H1299  [ 200 ] 
 H694R  Between MAM and 

G-rich domain 
 A.R. G-O-F [ 200 ]  T, NIH3T3 

H1299 
 [ 200 ] 

 G881D  G-rich domain  A.R. G-O-F [ 200 ] ??  T and H1299  [ 200 ] 
 Y1239H  Catalytic loop  I.R. G-O-F [ 200 ] ??  T and H1299  [ 200 ] 
 Y1278S  Catalytic loop  A.R. G-O-F [ 200 ]  T and H1299  [ 200 ] 

(continued)
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Table 1.1 (continued)

 Amino acid 
mutation  ALK region  Phenotype (Ref.) 

 Tumour/cell 
line 

 Reference for 
the mutation 

 D1311A  Catalytic loop?  Not driver, wt or KD?  [ 201 ] 
 E1384K  C-term of Kin. Dom  A.R. G-O-F [ 200 ]  T, NIH3T3 

H1299 
 [ 200 ] 

 K1518N  C-term of Kin. Dom  Not driver, wt or KD?  MEF’s  [ 201 ] 
 K1525E  C-term of Kin. Dom  Not driver, wt or KD?  MEF’s  [ 201 ] 
  Secondary mutations found in NSCLC and IMT with acquired resistance (A.R.) to crizotinib 
expressed and tested in cells  
 I1151Tins  End of β3  A.R. G-O-F [ 202 ]  Ba/F3  [ 202 ] 
 L1152R  End of β3  A.R. G-O-F  Ba/F3, 

H3122 
 [ 130 ] 

 C1156Y  End of β3  A.R. G-O-F [ 203 ]  Ba/F3  [ 203 ] 
 I1171N/T/S  αC-helix  A.R. G-O-F  [ 204 – 206 ] 
 F1174L  End of αC-helix  A.R, G-O-F [ 109 ]  Ba/F3  [ 109 ] 
 V1180L  End of αC-helix  A.R. G-O-F  [ 204 ] 
 L1196M  Gateway  A.R. G-O-F [ 127 ,  202 , 

 203 ] 
 Ba/F3  [ 203 ] 

 G1202R  Between β4 and β5  A.R. G-O-F [ 202 ]  Ba/F3  [ 202 ] 
 S1206Y  Between β4 and β5  A.R. G-O-F [ 202 ]  Ba/F3  [ 202 ] 
 G1269A  Catalytic loop  A.R. G-O-F  Ba/F3  [ 127 ] 
  Secondary mutations in ATC  
 L1198F  Between β4 and β5  A.R, G-O-F  NIH3T3  [ 207 ] 
 G1201E  Between β4 and β5  A.R. G-O-F  NIH3T3  [ 207 ] 
  Burkitt’s lymphoma  
 R412C  First MAM domain  Not driver, wt or KD?  MEF’s  [ 201 ] 
  Osteosarcoma  
 C1021Y  Extra cellular, close 

to TM 
 Not driver, wt or KD?  MEF’s  [ 201 ] 

  Carcinoma of the endometrium (CL)  
 A1252V  Catalytic loop  Not driver, wt or KD?  MEF’s  [ 201 ] 
  Uterine leiomyosarcoma  
 R1192P  In between β4 and β5  Not driver, wt or KD?  MEF’s  [ 201 ] 

   G/S  germline/somatisk point mutations,  ND  not determinded,  wt  wild type,  KD  kinase dead,  kin. 
dom . kinase domain,  ?  not been investigated 
  a Chand, D et. al., manuscript submitted  

1.3.3.2     ALK Point Mutations in Other Cancers 

 ALK mutations in other cancers are now also being described, perhaps as a result of 
increased awareness of the role of ALK as an oncogene (Table  1.1 ). In anaplastic 
thyroid cancer (ATC), two point mutations—L1198F and G1201E—have been 
described. These are located in the hinge region between the N- and C-terminal 
lobes of the ALK kinase domain, in close proximity to the ATP/inhibitor binding 

R.H. Palmer and B. Hallberg



17

site, and display increased kinase activity and ability to form foci and anchorage 
independent colonies [ 207 ]. 

 Wang and co-workers investigated ALK in lung cancer, identifying six novel 
mutations—S413N, V597A, H694R and G881D in the extracellular domain for 
ALK as well as Y1239 and E1384K in the intracellular kinase domain (Table  1.1 ). 
Four of these mutations V597A, H694R, G881D and E1384K promote ligand inde-
pendent phosphorylation of ALK as well as activation of downstream targets. 
Interestingly, in nude mice all six mutations identifi ed were able to promote tumour 
growth, although H694R and E1384K produced a more robust response in xeno-
graft assays that was sensitive to treatment with the WHI-P154 and the NVP- 
TAE684 ALK inhibitor [ 200 ]. 

 Treatment of cancer patients with small molecular inhibitors has led to another 
challenging problem that of acquired drug resistance, in which secondary mutations 
appear that overcome drug inhibition at levels deliverable in patients. Such second-
ary mutations have been described in response to crizotinib (Xalkori) treatment 
regimes in NSCLC, IMT and ATC (discussed in more detail below, Table “Receptor 
at a glance :  ALK/LTK”   ).    

1.4     The Role of the LTK Receptor Tyrosine Kinase 
in Human Disease 

1.4.1     LTK in Human Cancer 

 LTK signalling drives both growth promoting and antiapoptotic pathways; thus, any 
dysregulation of LTK should result in consequences in human disease, particularly 
for neoplastic cell growth. It has been reported that high expression of LTK in 
 non- small cell lung cancer (NSCLC) patients correlates with an increased risk of 
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  Fig. 1.3    ALK mutations identifi ed in neuroblastoma. Point mutations found in neuroblastoma (for 
more information, see Table  1.1 ).  Bold  numbers indicate gain-of-function mutations. All other 
mutations show ligand-dependent activation abilities or mediate a kinase-dead ALK (mutation 
I1250T); see Table  1.1  for more information       
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metastasis [ 212 ], suggesting LTK dysregulation may have consequences for cancer 
progression in various tumour types. In fact, according to data deposited in the 
Catalogue of Somatic Mutations in Cancer (COSMIC) database, a number of muta-
tions in LTK have been found in human cancers (Table  1.2  and Fig.  1.4 ). To date, 
none of these mutations have been characterised; thus, we do not currently know 
whether they are activated versions of the LTK RTK or whether they represent pas-
senger or drivers in the tumourigenic process. One study has been recently carried 
out, in which two LTK mutants, F586L and R669Q, were generated that correspond 
to two of the activating ALK mutations (F1174L and R1275Q) found in neuroblas-
toma. Similar to results in ALK, they observed that the F568L (F1174L in ALK) 
substitution transformed Ba/F3 cells to IL-3 independent growth, but not the R669Q 
mutations [ 214 ]. Moreover, the F586Q mutation was able to transform epithelial 
cells and induce PC12 cell neurite outgrowth, in keeping with the equivalent ALK 
mutations [ 196 ,  214 ]. Thus, as in ALK, mutations in LTK at these conserved resi-
dues result in activation of the kinase. However, these mutations have not been 

     Table 1.2    Reported mutations in LTK   

 Amino acid 
mutation  LTK region 

 Phenotype 
(Ref.) 

 Tumour/
cell line 

 Reference 
for the mutation 

 P116S  G-rich domain  ?  SCC  [ 131 ] 
 G310E  G-rich domain  ?  SCC  [ 131 ] 
 E398D  Between G-rich and kin. dom.  ?  ?  COSMIC 

domain 
 A432T  Between G-rich and kin. dom.  ?  LAC  [ 213 ] 
 V480I  Between G-rich and kin. dom.  ?  LAC  [ 213 ] 
 F586L  End of αC-helix  G-O-F [ 214 ]  [ 186 ] 
 R608*  Equivalent to ALK position R1275  ?  LAC  [ 213 ] 
 Y616*  Third Y in ‘YRASYY’  ?  LAC  [ 213 ] 
 P625S  Equivalent to ALK position P1292  ?  SCC  [ 131 ] 
 R669Q  +2 to DFG  G-O-F [ 214 ]  [ 186 ] 
 Q717K  Equivalent to ALK position 1384  ?  LAC  [ 213 ] 

   SCC  squamous cell carcinoma,  LAC  lung adenocarcinoma,  ?  not been investigated  
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  Fig. 1.4    LTK mutations identifi ed in SCC and lung adenocarcinoma. Point mutations found in 
squamous cell carcinoma and in lung adenocarcinoma patients according to data deposited in the 
Catalogue of Somatic Mutations in Cancer (COSMIC) database (Table  1.2 ;   http://www.sanger.
ac.uk/genetics/CGP/cosmic/    )       
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described in LTK in any tumour samples to date (  http://www.sanger.ac.uk/genetics/
CGP/cosmic/    ) (Table  1.2  and Fig.  1.4 ).    Controversely to ALK, and extracellular 
screen identifi ed FAM150A and B as LTK ligand’s with a binding affi nity of 28 nM, 
which stimulate LTK phosphorylation [ 215 ]. Regarding downstream signalling the 
LTK mutants (F586L and R669Q above) induce the activation of various signalling 
pathways including Shc, Erk and the JAK/STAT pathways [ 214 ], suggesting that the 
signalling potential of LTK will share some similarities with ALK signalling.

1.4.2          LTK in Other Human Disease 

 Systemic lupus erythematosus patients also from a Japanese population study 
observed  LTK  polymorphism ( Ltk9464A-type  allele; Glu763Lys) with a signifi -
cantly higher frequency compared with the healthy controls. This human polymor-
phism is close to that observed in the systemic lupus erythematosus (SLE)-prone 
NZB mouse which harbour a gain-of-function polymorphism (Gly746Glu) in the 
LTK kinase domain near the PI3K binding motif [ 18 ]. This polymorphism has been 
suggested to play a role in the aberrant activation of B cells observed in SLE 
patients. Only a limited number of studies have addressed the role of LTK in human 
disease, and it is clear that further investigation will be required to understand more 
fully the role of LTK in human pathology.   

1.5     ALK (Synonyms: CD246) 

1.5.1     ALK Gene, Transcripts and Protein Structure 

 The full-length human ALK RTK was fi rst cloned in 1997 [ 7 ,  8 ]. The  ALK  locus, 
found on human chromosome 2, encodes a 1,620-amino-acid protein comprising an 
extracellular ligand-binding domain, a transmembrane domain and an intracellular 
tyrosine kinase domain. The ALK extracellular domains are unique among the 
RTKs, containing an LDLa domain [ 9 ,  10 ] and two MAM domains (named after 
meprins, A-5 protein and receptor protein-tyrosine phosphatase mu). MAM domains 
are comprised of ~160 amino acids and are present in transmembrane proteins such 
as the meprins and receptor protein-tyrosine phosphatases, in which they seem to 
function in cell–cell interactions [ 11 – 13 ]. In addition, a glycine-rich region is also 
found in the ALK extracellular domain. 

 ALK expression is observed in both the central and peripheral nervous systems 
among other tissues [ 7 ,  8 ,  20 – 24 ]. Although we know little about the transcriptional 
control of ALK, a recent report demonstrated that PHOX2B drives ALK gene tran-
scription by directly binding its promoter. In keeping with a role in the regulation of 
ALK transcription, PHOX2B is involved in the specifi cation of the noradrenergic 
phenotype during the development and differentiation of neural crest derivatives [ 188 ]. 
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Furthermore, in human cells, the microRNA miR-96 has been identifi ed as being 
able to bind the ALK 3′UTR. miR-96 appears to target alK through the 3′ UTR of 
ALK and may play a role in down regulation of ALK protein levels [ 216 ]. 

 The ALK extracellular domain contains 16 highly conserved putative sites of 
N-linked glycosylation and is known to be glycosylated, resulting in a mature recep-
tor with a molecular weight of approximately 220 kDa [ 217 ]. Interestingly, glyco-
sylation has been shown to be important for correct activation of ALK and 
subsequent downstream signalling [ 217 ,  218 ]. 

 At this point, there is no structural information concerning the ALK extracellular 
region. However, several groups have published the crystal structure of the ALK 
kinase domain in an inactive conformation providing important insight into the 
mechanisms underlying ALK activation [ 219 ,  220 ]. Like the InR and other members 
of the InR superfamily, ALK has a Y′XXX′YY autophosphorylation motif 
(Y′RAS′YY) in the activation loop (A-loop) [ 221 – 223 ]. In the case of the InR, the 
second tyrosine is proposed to be fi rst residue phosphorylated. However, in ALK the 
fi rst tyrosine, at position Y 1278 , is initially phosphorylated. Moreover, some distinctive 
structural features are observed in the ALK structure, with a unique inhibitory posi-
tion of the ALK A-loop packing a short proximal A-loop α-helix against the αC-helix 
of ALK, while a β-turn motif obstructs the substrate binding region (Fig.  1.5 ). In this 
arrangement Y 1278  is inaccessible for phosphorylation since it is engaged in the inter-
action interface through bonding with Cys 1097  in the N-terminal β-sheet [ 219 ,  220 ]. 
Interestingly, the tyrosine at position 1096 (Y 1096 ) in ALK, which is adjacent to Cys 1097  
in the N-terminal β-sheet, has also been identifi ed as an ALK phosphorylation site 

aC-helix

DFG-a-helix in the
activation loop

Y1096

Y1278

C1097

N-term.
b-sheet

  Fig. 1.5    A unique inhibitory position of the ALK activation loop. The αC helix is shown in car-
toon and is  darker grey . The short helical segment included in the activation loop following the 
DFG motif is in  white . The N-terminal two-stranded antiparallel β-sheet is indicated and in  lighter 
grey . Residues Y1278, C1097 and Y1096 are indicated as  sticks . Y1278 is inaccessible for phos-
phorylation since it is engaged in the interaction interface through bonding with Cys1097 in the 
N-terminal β-sheet indicated with  sticks / dots        
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[ 224 ,  225 ]. This proximity has led to the suggestion that the initial activation of ALK 
may be mediated by phosphorylation of Y 1278  or by the nearby Y 1096 , thus releasing 
ALK from inactive conformation restraints [ 219 ,  220 ]. While crystal structure(s) of 
activated ALK would facilitate future structure–function investigations, some deduc-
tions as to the nature of ALK activating mutations can be made. For example, R 1275  in 
ALK—which is mutated in neuroblastoma—contributes interactions between the 
A-loop and the αC helix, stabilising the autoinhibited ALK kinase domain conforma-
tion. Mutation of R 1275  to glutamine would be predicted to disrupt these autoinhibi-
tory interactions and thus lead to ALK activation. Another hotspot for mutation of 
ALK in neuroblastoma is at position F 1174 , which lies at the C terminus of the αC helix 
chain where it is a central residue in a small well-packed hydrophobic ‘core’ between 
the αC and the A-loop. It is thought that reducing the size of the F 1174  side chain, as 
observed in neuroblastoma mutations (see Sect.  1.3.3.1 ), results in disruption of this 
packing, subsequently weakening autoinhibitory interactions and allowing the ALK 
kinase domain to more easily adopt its active confi guration.   

1.5.2     ALK Ligands 

 Currently no Jeb-like ligand for mammalian ALK has been described (Fig.  1.6 ). The 
ability of both mouse and human ALK to respond to  Drosophila  Jeb has also been 
analysed, and it is clear that they cannot respond to the  Drosophila  Jeb ligand [ 60 , 
 185 ]. The expression of ALK in the neural crest and its involvement in 

mouse/humanDrosophilaC.elegans

ceALK dALK hALK

HEN-1 Jelly belly ?

- Miple1,2 MK/PTNMK/PTN-like

Jeb-like

  Fig. 1.6    Activation of ALK in  C. elegans ,  Drosophila  and mouse/human. Signalling by ALK is 
triggered known ligands in some model organisms. In  C. elegans     ALK (ceALK) and  Drosophila  
ALK (dALK) is activated upon binding of the HEN-1 and Jelly Belly (Jeb) ligands, respectively. 
In human and mouse no Jeb/HEN-1-like ligand has been reported to date; however, the small 
heparin-binding growth factors pleiotrophin (PTN) and midkine (MK) have been suggested to be 
ALK ligands. There is no structural similarity between PTN/MK and the HEN-1/Jeb proteins. 
PTN/MK does not appear to be present in the  C. elegans  genome; however, the  Drosophila  genome 
contains two related genes:  Miple 1  and  Miple 2  [ 226 ]       
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neuroblastoma suggest that a potential ALK ligand may be presented to the 
 developing neural crest cells at some point during development. While the issue of 
an ALK ligand may not be as important in the context of NSCLC or other cancer 
types where ALK exists as a fusion protein, this may be of critical importance in, 
e.g., neuroblastoma development.  

 The activation of ALK by the small heparin-binding growth factors midkine 
(MK) and pleiotrophin (PTN) has been reported [ 227 ,  228 ]. However, some ques-
tions remain regarding activation of ALK by MK/PTN, since no genetic evidence 
exists and several groups have reported contradictory fi ndings [ 57 ,  58 ,  165 ,  167 , 
 229 ,  230 ]. MK and PTN also signal via various other receptors such as receptor 
protein-tyrosine phosphatase β/ζ (RPTPβ/ζ), N-syndecan, LRP and integrins [ 231 –
 236 ]. Thus, ALK could be activated intracellularly through the RPTPβ/ζ signalling 
pathway [ 237 ] or recruited and activated to the LRP/integrin/MK receptor complex, 
since the MK dimer binds to integrin and the chondroitin sulphate chain of RPTPβ/ζ, 
thereby inhibiting this phosphatase and resulting in an increase in the tyrosine phos-
phorylation of proteins included in the complex, such as ALK [ 234 ]. A genetic 
approach by Hugosson et al. employing  Drosophila  as a model system indicates that 
 Drosophila  ALK is not activated by  Drosophila  miple 1 and miple 1 which are the 
equivalent to human MK and PTN [ 238 ]. The authors also reported that neither 
human MK nor PTN can activate hALK in vivo when ectopically co-expressed in 
the fl y. This information strongly indicates that ALK is still an orphan RTK.  

1.5.3     Mechanism of Activation and Signalling via the 
Wild- Type ALK Receptor 

 The wild-type ALK receptor is considered to transmit signals from the external cel-
lular environment to targets in the cytoplasm and the nucleus impacting upon cell 
growth, metabolism and differentiation. Compared with the extensive data accumu-
lated from studies on ALK fusion proteins, in particular, NPM-ALK and EML4- 
ALK (see below), there are fewer published studies concerning signalling via the 
wild-type ALK. This is mainly due to the technical restrictions imposed by the lack 
of a clearly defi ned ligand for mammalian ALK. Work in the worm and fruit fl y 
model organisms, where the ligands Jeb and HEN-1 activate ALK, has led to 
discovery of core components of the pathway within a physiological context (see 
above). In mammalian cell systems several approaches have been taken to investigate 
signalling by wild-type ALK (Fig.  1.7 ):  

  A. Activation by Artifi cial Chimeric Receptor Dimerisation   Early efforts to 
study ALK signalling pathways relied on artifi cial dimerisation via replacement of 
the ALK extracellular domain to produce a chimeric receptor. These have included 
replacing the EC domain of ALK with (1) the mouse IgG 2b Fc domain to create an 
ALK.Fc chimera [ 59 ], (2) the extracellular domain of the EGFR [ 239 ] as well as (3) 
addition of a binding site in the intracellular domain of ALK for a small, synthetic 
dimeriser which induces dimerisation of the engineered ALK receptor [ 56 ]. 
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 Employing chimeric ALKs such as the above has revealed that ALK dimerisa-
tion drives tyrosine autophosphorylation of ALK [ 56 ,  59 ,  239 ] with subsequent 
ERK activation and neurite outgrowth in PC12 cells [ 56 ,  59 ]. Furthermore, the neu-
rite outgrowth observed is blocked by addition of the MEK-1 inhibitor PD98059, 
but not by PI3K or PLCγ inhibition, implying that the activation of MAPK is func-
tionally important in the induction of neurite outgrowth in PC12 cells.  

  B. Activation Through the Use of Monoclonal Antibodies   Investigation of 
endogenous ALK signalling has been aided by the identifi cation of activating mono-
clonal antibodies generated by immunising mice with the entire extracellular 
domain of human ALK [ 57 ,  185 ]. Taken together, studies employing these reagents 
show that wild-type ALK activates a number of intracellular signalling pathways, 
such as MAPK, ERK5, PI3-K, PLC γ and C3G/Rap1 [ 56 – 60 ,  63 ,  64 ,  239 ]. Indeed, 
the prolonged ERK 1/2 activation seen upon ALK activation is associated with 
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  Fig. 1.7    Activation and signalling via wild-type and various ALK mutated RTK. Signalling via 
human ALK likely occurs through ligand mediated dimerisaton in response to ligand(s), activating 
antibodies or increased levels of Zink. ALK mediates signalling via the Ras/MAPK, PI3-kinase/
TOR/PKB/Akt, ERK5, PLCγ, Rap1, JAK/STAT, Rac-CDC42 and the Jun pathways. Proteins such 
as SHH-GLI1, NIPS, Src, IRS1, p130-CAS, Shc, Grb2, C3G, c-Cbl, CrkL and Frs-2 interact and 
are phosphorylated by ALK upon activation. ALK regulates a number of genes at the transcrip-
tional level, some which have been validated, such as MYCN, JunB, DEBPB and BCL2A1. 
Activation of ALK via RPTPβ/ζ, independently of direct ALK ligand interaction, has also been 
proposed       
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differentiation of PC12 cells. Moreover, ALK is also able to regulate MYCN 
 transcription and protein levels [ 191 ]. Phosphorylation of a number of key signal-
ling components including IRS-1, STAT3, FRS2, Shc, and c-Cbl by ALK has also 
been reported [ 57 ,  58 ]. Interestingly, fl otilin-1, a plasma membrane protein involved 
in internalisation of proteins into the cytosol by endocytosis, is a binding partner for 
ALK and regulates degradation of ALK in lysosomes through endocytosis [ 240 ]. 
ALK has also been reported to function as a dependence receptor harbouring an 
activation independent function [ 230 ].  

  C. Activation by Zinc   Finally, it has been reported that ALK can by activated by 
zinc. The activation is dependent on ALK kinase activity and dimerisation of the 
ALK receptor but is independent of Src family kinase activity. Interestingly, zinc is 
involved in synaptic transmission in the mammalian brain, with zinc stored in glu-
tamatergic and gabaergic vesicles being released into the extracellular space follow-
ing high-frequency stimulation [ 241 ], leading the authors to suggest that in the 
central nervous system zinc could constitute a physiological ligand of ALK. The 
relevance of these results remains to be explored more fully [ 242 ].   

1.5.4     Oncogenic ALK Signalling 

 Most information regarding ALK signalling comes from studies of the oncogenic 
ALK fusion proteins. This work has mainly examined the fi rst described ALK 
fusion, namely, NPM-ALK. Further, since the discovery of EML4-ALK, a signifi -
cant body of work has now begun to accumulate regarding signalling from this ALK 
fusion protein in the context of NSCLC. 

 When considering signalling mediated by the oncogenic ALK fusion proteins, it 
should be remembered that, fi rstly, the subcellular localisation of the ALK fusion 
proteins are out of context as compared with the membrane-bound wild-type ALK 
receptor, refl ecting instead the cellular localisation determined by the ALK fusion 
partner. Secondly, the ALK fusion partner of ALK is likely to determine the level 
and tissue specifi c pattern of transcription. Thirdly, the fusion partner drives the 
dimerisation of the ALK kinase domain, thereby activating the kinase domain, lead-
ing to subsequent downstream signalling event. Substrates phosphorylated by the 
ALK fusion proteins most likely include both legal and ‘illegal’ targets and path-
ways, given that ALK has lost its normal spatial and temporal restraints, which are 
now determined by the fusion partner of ALK (Fig.  1.7 ). 

 NPM-ALK activates major signalling pathways such as PLCγ, JAK/STAT-, PI3- 
kinase/PKB/Akt, JunB and MAPK signalling pathways impacting on downstream 
target proteins, such as FOXO proteins, affecting cell growth, transformation and 
antiapoptotic signals (Fig.  1.7 ) [ 64 ,  243 – 245 ]. ALKs also directly regulate the abun-
dance of HIF1α and HIF2α proteins in hypoxic conditions [ 246 ]. 

 In cell culture, PLCγ has been shown to interact with NPM-ALK through the 
tyrosine equivalent to position 1604 in wild-type ALK and is also important for 
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transformation. Mutation of tyrosine 1604 abrogates the interaction between NPM- 
ALK and PLCγ and results in a loss of PLCγ phosphorylation and activation [ 247 ]. 

 One important difference between wild-type ALK and fusion ALK proteins is the 
strong activation of the JAK/STAT cascade by NPM-ALK. While the mechanism of 
NPM-ALK-mediated STAT3 activation is unclear, a number of groups have reported 
STAT3 phosphorylation and activation [ 248 – 253 ]. JAK3 has been shown to associ-
ate with NPM-ALK, and upon inhibition of JAK3, STAT3 activation is reduced 
[ 252 ,  254 ,  255 ]. Alternatively, it has been suggested that ALK binds and activates 
STAT3 directly via the fi rst tyrosine in the YxxxYY motif [ 222 ]. Adding to the com-
plexity involved, Shp1 and protein phosphatase 2A, regulators of the JAK/STAT 
pathway, have been reported to be aberrantly expressed in ALK-positive ALCL 
[ 253 ,  256 ,  257 ]. The Shp1 tyrosine phosphatase associates with and dephosphory-
lates NPM-ALK leading to a reduction of NPM-ALK tumourigenicity [ 132 ,  256 ]. 

 NPM-ALK has also been reported to activate STAT5B, leading to apoptosis and 
cell-cycle arrest, although a number of groups have been unable to detect STAT5 
activation [ 252 ,  253 ,  258 ]. A recent interesting report investigated an observed cor-
relation between ALK-positive ALCL lines and a lack of STAT5A expression. The 
resulting data suggests that STAT5A acts as a tumour suppressor in part by sup-
pressing expression of NPM-ALK and that the NPM-ALK fusion itself acts via 
STAT3 to epigenetically silence STAT5A ALK-positive ALCL cell lines [ 259 ]. 

 Another important NPM-ALK interaction partner is PI3K, leading to the activation 
of Akt and antiapoptotic signalling. This interaction has been reported to occur via 
NPM-ALK interaction with the p85 subunit of PI3K but may also be mediated via 
other adaptor molecules [ 260 – 263 ]. The PI3K downstream target PKB/Akt is also 
important for transformation since expression of a dominant negative PKB/Akt leads 
to delayed growth and tumour formation [ 263 ]. One NPM-ALK regulated component 
downstream of PI3K/Akt appears to be GSK3β, which is phosphorylated and inhib-
ited by NPM-ALK activity, favouring growth and protection from apoptosis [ 264 ]. 

 A later study, in which SNT-2/FRS2 was identifi ed as an NPM-ALK binding 
partner by two-hybrid, examined a mutant version of NPM-ALK in which the 
SNT-2/FRS2 binding sites were mutated.    This mutant, in which Y156 (equivalent to 
hALK Y1096), Y567 (equivalent to hALK Y1507) and a 19-amino-acid sequence 
(aa 631–649, equivalent to hALK L1571-G1589) were mutated, exhibited signifi -
cantly reduced transforming activity still interacted with PI3K and PLCγ [ 224 ]. 
A more recent study has suggested a link between the Sonic Hedgehog (SHH) and 
the PI3K pathway downstream of NPM-ALK, where NPM-ALK-induced PI3K 
activation regulates SHH/GLI1 signalling, contributing to NPM-ALK-mediated 
oncogenicity [ 265 ]. 

 NPM-ALK activation also phosphorylates the transcription factor FOXO3a 
(Forkhead Box O 3a) via the PI3K/PKB/Akt pathway in an inducible NPM-ALK Ba/
F3 cell culture model. The modulation of PI3K/PKB/Akt/FOXO3a activity subse-
quently affects expression of FOXO3a target genes such as Bim-1, p27 Kip1  and cyclin 
D2 [ 266 ,  267 ]. Furthermore, NPM-ALK induces activation of the rapamycin- sensitive 
mTOR signalling pathway, although this activation may be supported by both RAS/
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Erk and PI3K pathway [ 268 ,  269 ]. In the Ba/F3 cell system inhibition of mTOR with 
rapamycin results in enhanced G1 cell-cycle arrest and apoptosis [ 270 ]. 

 In addition to activation of JAK/STAT and PI3K signalling, ALK fusion proteins 
such as NPM/ALK also activate the Ras/MAPK pathway, interacting with IRS1, 
Shc and Grb2, leading to subsequent downstream signalling [ 261 ,  268 ,  271 ,  272 ]. 

 Additional work employing the two-hybrid approach to identify novel partners 
of NPM-ALK led to the identifi cation of NIPA (nuclear interacting partner of ALK) 
[ 273 ]. Overexpression of NIPA in Ba/F3 cells protects from apoptosis induced by 
IL3 withdrawal, leading the authors to suggest an antiapoptotic role for NIPA in 
NPM-ALK signalling. While subsequent work has characterised NIPA as an F-box- 
containing protein that defi nes an SCF-type E3 ligase controlling mitotic entry 
[ 274 ], its role in NPM-ALK signalling requires further analysis. 

 Other downstream targets of NPM-ALK include the small GTPases Rac1 and 
Cdc42 [ 275 ,  276 ]. Moreover, p130 Crk-associated substrate (p130Cas) has been 
reported to mediate the transforming potential of NPM-ALK via Grb2 [ 277 ]. 
Additional potentially important NPM-ALK interactions are with the cytoplasmic 
tyrosine phosphatases Shp1 and Shp2 as well as Src kinases such as pp60Src, the 
signifi cance of which is not well understood currently [ 256 ,  278 ,  279 ]. NPM-ALK 
has also been shown to interact the PIKfyve lipid kinase and has been reported to play 
a role in ability of NPM-ALK-positive cells to promote degradation of the extracel-
lular matrix and invasiveness [ 280 ]. JNK activity has been shown to be important in 
the NPM-ALK-mediated development of lymphomas in mice and cell- cycle progres-
sion and oncogenesis in ALCL cell lines [ 281 ,  282 ]. A further role for JNK appears 
involve in inhibition of the p53 tumour suppressor pathway by NPM- ALK [ 283 ]. 

 A number of groups have identifi ed novel ALK targets by proteomics leading to a 
substantial list of potential players in ALK signalling including Dok2, IRS1, SHC, Crk, 
CrkL, STAT3, VASP, PSF, MSH2 and ATIC [ 225 ,  271 ,  279 ,  284 – 290 ]. Analysis of the 
transcriptomes of ALCL cell lines identifi ed a number of ALK regulated genes such as 
the antiapoptotic protein BCL2A and the transcription factor C/EBPβ [ 291 ,  292 ]. 

 Recently a number of genes regulated by NPM-ALK at the transcriptional level 
have also been reported, some also validated by siRNA analysis such as  JunB , 
 DEBPB ,  BCL2A1 ,  MMP-9 ,  p16INK4a  and  HIF1α  [ 191 ,  293 – 295 ]. MicroRNAs 
(miRNAs) miR-135b, miR-29a and miR-16 have also been shown to be modulated 
downstream of NPM-ALK activity, raising an additional level of complexity in 
ALK-mediated oncogenic signalling [ 296 – 298 ]. 

 Of the known ALK fusion proteins NPM-ALK has been studied most exten-
sively. The other fusion proteins are assumed to signal in a similar fashion, although 
this has not been confi rmed for all and in fact some differences have been observed 
between different fusion proteins. For example, it has been described that  ATIC- ALK 
associates with Grb2 and Shc, while TFG-ALK interacts with Grb2, Shc and PLCγ 
[ 86 ,  299 ]. An additional ALK fusion protein, KIF5B-ALK, detected in non- small 
cell lung cancer, has been shown to activate STAT3 and Akt [ 136 ]. An investigation 
of NPM-ALK, TPM3-ALK, TFG-ALK, CLTC-ALK and ATIC-ALK revealed 
 contrasting transforming and tumourigenic potential for these different fusion 
 proteins [ 300 ]. The recent focus on the EML4-ALK fusion protein has increased 
our knowledge of this ALK fusion in particular [ 182 ,  301 ]. EML4-ALK exhibits 
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transforming potential [ 182 ,  301 ], and inhibition with the ALK specifi c inhibitor 
TAE684 induces apoptosis in lung cancer cells via the ERK/BIM and STAT3–
survivin signalling pathways [ 302 ]. Clearly the signalling pathways utilised by the 
various ALK fusion proteins will share common components, but given the variable 
cellular contexts a number of differences can be expected, based upon tumour type 
and ALK fusion partner. While NPM-ALK signalling has been well studied, it is 
clear that many questions remain to be answered not only for this fusion protein but 
also for the numerous other ALK fusion proteins now identifi ed.   

1.6     LTK 

 There have been few studies published concerning leukocyte tyrosine kinase (LTK), 
and the function of this enigmatic RTK remains poorly understood. One important 
task for the future will be to defi ne LTK signalling and its role in both development 
and disease. 

1.6.1     LTK Gene, Transcripts and Protein 

 Leukocyte tyrosine kinase (LTK) was initially cloned from mouse [ 1 ] and subse-
quently from human [ 303 ]. Subsequent work revealed that both murine and human 
LTK possessed larger extracellular domains than initially reported [ 2 – 4 ,  304 ,  305 ]. 
In the mouse, CTG and ATG codons present several hundred base pairs upstream of 
the initially proposed ATG have been shown to serve as translation initiation codons 
[ 2 ,  3 ,  304 ]. In mammals LTK is expressed in pre-B and B lymphocytes and in the 
adult brain, as well as in the placenta [ 1 ,  2 ,  306 ]. 

 The  LTK  locus is located on human chromosome 15 and produces a number of 
transcripts. The predominate cDNA isoform directs the synthesis of an 864-amino- 
acid protein, approximately 100 kDa, consisting of an extracellular domain, trans-
membrane domain, a tyrosine kinase domain and a short carboxy terminus [ 305 ]. 
While the extracellular domain of LTK contains a glycine-rich region, similar to that 
found in ALK, no other distinguishing features are obvious, and no ligand for LTK 
has been described in any species. The LTK kinase domain falls within the insulin 
receptor superfamily and is most similar to that of ALK, including  conservation of 
the ‘YRASYY’ sequence found in the activation loop, which has been shown to be 
critical in the activation of ALK kinase activity (see Sect.  1.4.2  above).  

1.6.2     LTK Mechanism of Activation and Signalling 

 Initial studies overexpressing LTK in Cos-1 cells results in tyrosine phosphorylation 
of the 100 kDa LTK RTK and the co-immunoprecipitation of a number of cellular 
phospho-proteins. LTK was found to associate with several Src homology (SH) 
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2-containing proteins, such as the p85 subunit of phosphatidylinositol 3 kinase (PI3 
kinase), phospholipase C-γ (PLC-γ) and p21 ras GTPase activating protein (GAP) 
and the serine/threonine kinase, Raf-1. Furthermore, these interactions were depen-
dent upon the kinase activity of LTK [ 306 ]. A subsequent study, in which a chimeric 
molecule, EGFR-LTK, was generated by replacing the extracellular region of LTK 
with that of the EFG receptor, suggested that LTK might function to transduce a 
signal, through its kinase activity, in response to binding of an as yet unidentifi ed 
ligand. The EGFR-LTK chimeric receptor associated with Shc, via tyrosine 862 in 
the NPXY 862  motif, in a ligand-dependent manner recruiting Grb2 and Sos to the 
activated receptor [ 307 ]. In fact, LTK contains two NPXY motifs within the intracel-
lular domain—NPXY 485  and NPXY 862 —which are binding sites for Shc and IRS-1. 
While both NPXY motifs appear to contribute to activation of the Ras pathway and 
generation of mitogenic signals, only tyrosine 485 to which IRS1 binds transmits 
cell survival signals [ 308 ]. Inhibition of PI3K with wortmannin abolishes the sur-
vival effects of LTK. The p85 subunit of PI3 kinase binds directly to tyrosine 753 of 
LTK, within a YXXM motif, a consensus binding amino acid sequence for the SH2 
domain of p85. Importance of the PI3 kinase pathway for the survival effects of LTK 
is illustrated by the fact that Ba/F3 cells stably expressing the EGFR- LTK chimeric 
receptor mutated at tyrosine 753 enter apoptosis even in the presence of EGF [ 309 ]. 
The creation of an additional chimeric receptor, colony-stimulating factor-1 
(CSF1R)-LTK, in which the extracellular region of LTK was replaced by that of the 
receptor for CSF1, was used to examine the function of LTK in PC12 cells and to 
investigate effects on neurite outgrowth. Here, CSF1R-LTK activation resulted in 
activation of PKB/Akt and ERK together with robust neurite outgrowth [ 310 ]. 

 In a recent study, the potential for activation of LTK was explored, with muta-
tions in LTK analogous with the ALK F1174  and ALK R1275  mutational hotspots found 
in neuroblastoma patients generated in the LTK protein (LTK F568L  and LTK R669Q ) 
resulting in activated versions of the LTK RTK [ 214 ]. On expression in 293 T cells, 
these activated LTKs were able to induce phosphorylation of downstream signalling 
proteins, including Shc, ERK, Jak1, STAT3 and PKB/Akt. 

 Clearly much remains to be learned about LTK activation and signalling. 
   Identifi cation of a ligand (FAM150A and B) [ 215 ] recently for this RTK will be a 
signifi cant step forward in unravelling the roles of LTK signalling processes, mech-
anisms of activation and its importance in development processes in vivo.   

1.7     Treatment of ALK-Mediated Disease 

 Patients presenting with tumours in which ALK is activated represent a population 
for which individualised medicine regimes with ALK tyrosine kinase inhibitors 
(TKIs) show promise. Xalkori (formerly known as PF2340166 and crizotinib) was 
FDA approved in 2011 for use with non-small cell lung cancer (NSCLC) patients 
who express ALK gene fusions. The time encompassing the discovery of ALK 
fusion oncoproteins in NSCLC, development of Xalkori, preclinical and clinical 
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trials up to the point of an approval of Xalkori by FDA was less than 4 years. Initial 
reports of a novel ATP analogue inhibitor with specifi city for ALK and c-Met (then 
named PF2341066) in experimental models of ALCL together with the appearance 
of ALK fusion proteins in NSCLC patients [ 114 ,  115 ,  311 ] were quickly acted upon 
and developed further. Early trial results treating patients with advanced ALK- 
positive NSCLC with Xalkori has shown benefi t and improved survival [ 54 ,  312 ]. 
Among the 82 ALK-positive patients who were given crizotinib, median overall 
survival from initiation of crizotinib has not been reached yet; 1-year overall sur-
vival was 74 % (95 % CI 63–82), and 2-year overall survival was 54 % (40–60) 
[ 312 ]. However, the usefulness of long term treatment with drugs such as crizotinib 
and other TKIs, such as EFGR TKIs, is limited due to development of drug resis-
tance in patients. These acquired inhibitor resistance mutations are a serious com-
plication in the treatment of the cancer patient population, which may be overcome 
by the development of more effective clinical drugs and combination therapy strate-
gies.    Although, from a recent and open label trial comparing crizotinib with chemo-
therapy, crizotinib is superior in patients with previously treated, advanced 
ALK-positive NSCLC [ 313 ]. 

 A number of studies have reported patients with acquired crizotinib resistance in 
ALK-positive NSCLC and IMT patients [ 116 ,  127 ,  130 ,  202 ,  203 ]; see Table  1.1 . 
One of the fi rst secondary mutations to be described was L1196M, which lies in the 
classical ‘gatekeeper’ residue in the ALK kinase domain [ 203 ,  314 ]. This mutation 
is similar to the T790M gefi tinib-resistance mutation observed in the EGFR and the 
T315I mutation in ABL, suggesting the possible explanation for the drug resistance 
is an increased affi nity for ATP, which is able to outcompete crizotinib [ 315 ]. The 
mechanism behind the other secondary mutations, C1156Y [ 203 ] and L1152R 
[ 130 ], which are not situated at the gatekeeper position but in the loop between β3 
and the αC-helix, is yet to be clarifi ed. Since no structure is available with ALK in 
an active mode, it is diffi cult to project the conformational disturbance by these 
mutations from leucine and cysteine to arginine and tyrosine, respectively.    However, 
it is clear that stably expressed with above mutations in the lung cancer cells line 
H3122 mediate an increased resistance to crizotinib, i.e., the IC 50  value increases 
threefold for crizotinib. The novel ALK mutation described by Doebele and co- 
workers at position G1269A was observed in two patients and is more resistant to 
crizotinib [ 127 ]. Amino acid G1269 is critically situated for ATP/crizotinib binding 
and may act by reducing crizotinib binding due to steric hindrance or by increasing 
the affi nity for ATP over crizotinib similar to the L1196 mutation [ 315 ]. 

 Katayama and co-workers investigated patients with ALK-positive NSCLC that 
had relapsed on crizotinib and identifi ed four resistance mutations close to the ATP 
binding pocket, including the L1196M ‘gateway’ mutation and three novel muta-
tions: G1202R, S1206Y and an insertion at position 1151 (T-ins) [ 202 ]. Mutation of 
G1202R is analogous to the BCR–ABL mutation G340W which has not yet been 
reported in a patient. Both G1202R and S1206Y are positioned in the kinase domain 
abutting the crizotinib binding site and are thought to decrease the affi nity of crizo-
tinib to the mutant ALK. The T insertion which lies further away in αC-helix at 
position 1151 is intriguing and has been suggested to disrupt a critical hydrogen 
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bond between T1151 and E1129 of the P-loop. This particular mutation displays a 
very high level of resistance to crizotinib [ 202 ]. Further to the secondary mutations 
in ALK kinase domain, Katayama and colleagues also observed in addition to ALK 
fusion proteins concomitant ALK gene gain amplifi cations, aberrant gain amplifi ca-
tions of Kit and increased autophosphorylation of EFG receptor in crizotinib- 
resistant tumours from patients [ 202 ]. This study also investigated the effect of 
several alternative ALK TKIs as well as the HSP90 inhibitor 17-AAG towards 
crizotinib-resistant forms of ALK in Ba/F3-based cell assays. Interestingly, they 
found that CH5424802 [ 316 ] and ASP-3026 [ 202 ] showed differing selectivity pro-
fi les, while the HSP90 inhibitor was active against all four EML-ALK crizotinib- 
resistant mutants [ 301 ,  317 ,  318 ]. In line with these fi ndings, Doebele and co-workers 
also described crizotinib-resistant patients with copy number gain of the  ALK  gene, 
as well as one patient that demonstrated a novel EGFR L858R mutation and two 
patients with KRAS G12V mutations [ 127 ]. Taken together, these fi ndings show 
that the mechanisms underlying crizotinib resistance may be complex, including 
ALK kinase domain mutations, copy number gain of the ALK gene fusion and sepa-
rate driver oncogenes. The presence of EGFR and ALK or RAS and ALK co- 
mutations is not commonly reported in primary cases but has been observed in later 
stages and might arise due to treatment [ 121 ,  319 ,  320 ]. Further, EML4-ALK trans-
location has been observed in non-tumour material while absent in matching tumour 
samples from the same patient, and the explanation for this observation is not clear 
[ 321 ].    However, it instantly raises the question whether presence of multiple onco-
genes in a tumour sample is the same tumour or whether they are different tumours. 
With next-generation DNA and RNA sequencing at our doorstep, we are moving 
into an era when it will be possible to harness these technologies to improve the 
therapeutic treatment of patients, especially to detect molecular mutation in hetero-
geneous tumour samples, specifi cally point mutations. A critical step will be to 
characterise point mutations and verify whether they are driver or passenger muta-
tions for tumour initiation or progression. 

    An explosion has already occurred regarding the next generation of ALK inhibi-
tors [ 322 ], some of which have been approved for patients with ALK-rearranged 
NSCLC, such as ceritinib [ 323 ] and alectinib (  http://www.chugai-pharm.co.jp/english 
/news/detail/20140704150000.html    ).    Both are regarded as generally well tolerated 
and indicate effi cacy in crizotinib-refractory patients, i.e., show potency against 
cells expressing secondary EML4-ALK mutations and show activity against CNS 
metastases and selective inhibitor of ALK [ 324 ,  325 ]. 

 Many others putative drugs have reached clinical trials already with preclinical 
verifi cations to overcome the resistance to the gateway mutation, like ASP3026 
from Astrella [ 202 ] (NCT01401504), AP26113 from Ariad [ 317 ] (NCT02094573) 
and X-396 from Xcovery [ 326 ] (NCT01625234). It should be noted that all inhibi-
tors show different abilities to block activity of different resistant mutations of 
ALK. An inhibitor that saw daylight in 2014 was PF06463922, which is a novel 
ALK inhibitor with good potency against crizotinib-resistant mutations and has the 
ability to cross the blood–brain barrier [ 327 ,  328 ], and currently this novel drug is 
in a phase I trail (NCT01970865). 
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 Developments of TKIs for ALK are not the only strategy for ALK inhibition 
being pursued. Inhibitory antibodies are an interesting alternative to small mole-
cules as exemplifi ed by the use of trastuzumab (Herceptin). In patients with breast 
cancer trastuzumab (Herceptin), a monoclonal antibody signifi cantly improves the 
median overall survival [ 329 – 331 ]. Vigny and colleagues have generated a panel of 
monoclonal antibodies recognising the extracellular domain of ALK [ 57 ]. One of 
these—mAb30—acted to block ALK activation, as measured by ALK receptor 
phosphorylation and activation of ERK and STAT3 proteins [ 57 ]. Interestingly, 
while preventing activation, mAb30 still appears to induce the internalisation of 
ALK [ 332 ]. The use of antibodies therapeutically is attractive, and a recent encour-
aging data would seem to back this approach. Using both mAb30 and mAb49 
antagonistic antibodies [ 57 ], Carpenter et al. have shown that    antagonistic ALK 
antibodies inhibit cell growth and induce cytotoxicity of neuroblastoma cells. 
Furthermore, they observed that the combination of the blocking antibody together 
with crizotinib induced a signifi cantly higher level of cell death than either treat-
ment alone and also reduced the IC50 for crizotinib treatment by half [ 333 ]. Results 
from a phase I crizotinib monotherapy against paediatric ALK-positive ALCL, 
NSCLC and IMT patients show very promising results; however, the same treat-
ment for a group of ALK-positive neuroblastoma patients did not show similar posi-
tive results [ 334 ]. Could combination therapy be an option as a treatment procedure? 
Berry and colleagues reported that combined treatment with crizotinib together with 
an inhibitor against mTORC1/PI-3-kinase overcame tumour resistance in a ALK/
TH-MYCN mouse model [ 193 ,  335 ]. A combinatorial treatment of crizotinib and a 
novel ERK5 inhibitor exhibited a synergistic effect superior to single-agent treat-
ment of neuroblastoma in mice [ 64 ]. ERK5 also mediates ALK-induced transcrip-
tion of MYCN [ 64 ], suggesting that targeting both ERK5 and ALK may be benefi cial 
on neuroblastoma patients, since these patients with poor prognosis often have 
MYCN amplifi ed. The real question of whether it will be possible to employ this 
therapeutic strategy in patients remains to be answered. However, these early results 
indicate that this path might be a relevant therapeutic strategy for neuroblastoma 
and might offer a real capacity to extend and improve patient survival. 

 Another approach for ALK inhibition that appears promising is inactivation of 
HSP90. A number of highly potent and pharmaceutically improved HSP90 inhibi-
tors that avoid some of the drawbacks of the fi rst-generation inhibitors are now in 
clinical trial [ 336 ]. ALK is a sensitive HSP90 client and treatment with the Hsp90 
antagonist, 17-AAG, disrupts the NPM-ALK/HSP90 complex and leads to 
 degradation of NPM-ALK and subsequent apoptosis in ALCL cell lines [ 337 ]. In a 
proteomics approach, ALK-positive ALCL cells were treated with the HSP90 
inhibitor geldanamycin and the cellular effects examined. This treatment led to 
G2/M cell- cycle arrest and caspase-3-mediated apoptosis, while pathway analysis 
revealed changes in MAPK, WNT, NF-kappaB, TGF-beta, PPAR and integrin sig-
nalling components [ 338 ]. Retaspimycin hydrochloride (IPI-504), an analogue of 
17-AAG, has been tested in in vitro and in vivo models [ 339 ,  340 ]. Studies in 
patients with NSCLC suggest that IPI-504 has clinical activity in particular with 
patients carrying ALK rearrangements [ 318 ]. In support of these observations, 
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 IPI-504 rapidly lowers EML4-ALK levels and induces tumour regression in ALK-
driven NSCLC xenograft mouse models [ 341 ]. Another interesting fi nding is the 
ability of the 17-AAG HSP90 inhibitor to block the activity of the recently described 
crizotinib-resistant ALK mutants, namely, L1196M, G1202R, S1206Y and T1151-
ins [ 202 ], making these inhibitors particularly attractive for further investigation. 
Several clinical trials indicate HSP90 is well tolerated with promising clinical activ-
ity as single-agent therapy, as well as in combination with other drugs, although 
similar response as crizotinib or other ALK inhibitors has not been observed (  https://
clinicaltrials.gov/    ). A more challenging task is the development of RNAi-based 
therapeutics. siRNA has been reported to have antitumour activity and prolong sur-
vival in mouse models of neuroblastoma [ 342 ,  343 ] and ALCL [ 292 ]. If therapeuti-
cally deliverable, such strategies could prove clinically useful and should also act on 
TKI-resistant forms of ALK. While demanding, advances in siRNA delivery are 
being made and may become technically feasible in ALCL and NB patients in the 
coming years [ 344 ]. The combination of RNAi-based strategies with TKIs has also 
been explored, with a combination of ALK shRNA acting synergistically with the 
ERK1/2 inhibitor U0126 in ALCL cell lines and mouse xenografts [ 345 ]. 
Considering NB, a combination of ALK TKIs together with siRNA targeting 
MYCN may be an attractive choice for a subset of these young patients. 

 An interesting report investigating DNA vaccination suggests that this approach 
leads to protection from ALCL growth in mouse models of ALCL [ 244 ]. Whether 
this approach would offer therapeutic advantages or be employed together with 
ALK TKIs remains to be seen. 

 Finally, the issue of the vertebrate ALK ligand is therapeutically relevant. This is 
clearly more important in NB, where neural crest cells presumably express the ALK 
receptor, either as wild-type or as a mutant version. An understanding of the physi-
ological ligand/activation mechanism(s) and the developmental biology underlying 
this will be critical to understand and exploit anti-ALK therapies.     
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    Appendix 

        Receptor at a glance: ALK/LTK   

 Chromosome location  ALK, 2p23; LTK, 15q15.1 
 Gene size (bp)  ALK, 728,793; LTK, 10,303 
 Intron/exon numbers  ALK, 29 exons; LTK, 20 exons 
 mRNA size  ALK, 6,267; LTK, several mRNA forms, predominant 3,046 
 Amino acid number  ALK, 1620 a.a; LTK, 864 a.a. 
 kDa  ALK, 176 kDa; LTK, 91 kDa 
 Post-translational 
modifi cations 

 ALK: glycosylated, phosphorylated 
 LTK: glycosylated, phosphorylated 
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 Domains  ALK: MAM, LDLa, glycine-rich domain, kinase domain LTK: 
glycine-rich domain, kinase domain 

 Ligands  ALK: unclear 
 (Jeb and HEN-1 in  Drosophila  and  C. elegans ; no Jeb-like ligand 
reported in mammalians as yet) 
 LTK: FAM150A and B 

 Known dimerising 
partner 

 ALK: ? 
 LTK: ? 

 Pathway activated  ALK: Ras/MAPK, Rap1, PI3-K/TOR, ERK5, PLCγ, STATs, Jun 
 LTK: Ras/MAPK, PI3-K/TOR, PLCγ 

 Tissues expressed  ALK: central and peripheral nervous systems among other tissues 
 LTK: pre-B and B lymphocytes and in the adult brain, as well as 
in placenta 

 Human diseases  ALK: different types of cancer 
 Knockout mouse 
phenotype 

 Both single and double knockouts are viable and fertile 
 ALK: enhanced spatial memory and enhanced cognitive 
performance, effects on neurogenesis 
 LTK: reduced sensimotor function 
 ALK/LTK: reduced neurogenesis when compared with ALK KO 
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 The TAM Receptor Family 

             Greg     Lemke    

      Abbreviations 

   AC    Apoptotic cell   
  DC    Dendritic cell   
  Gla    Gamma-carboxylated glutamic acid   
  IFNAR    Type I IFN receptor   
  PR    Photoreceptor   
  PRR    Pattern recognition receptor   
  PtdSer    Phosphatidylserine   
  RPE    Retinal pigment epithelium   
  SHBG    Sex hormone binding globulin   
  SLE    Systemic lupus erythematosus   
  STAT    Signal transducer and activator of transcription   
  TKO    Triple knockout   

2.1           Introduction to the TAM Receptor Tyrosine 
Kinase Family 

 The TAM receptors—Tyro3, Axl, and Mer—are an unusual family of receptor tyrosine 
kinases [ 1 ]. As a group, they play no essential role in embryonic development but 
rather are specialized to function as regulators of cell and tissue homeostasis in fully 
differentiated organ systems that are subject to continuous renewal throughout adult 
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life. These include the mature immune, reproductive, hematopoietic, vascular, and 
nervous systems. The name of the family was coined in 2006, from the fi rst letter of 
its three members—Tyro3, Axl, and Mer [ 2 ]. Since the TAMs were identifi ed inde-
pendently by multiple investigators, they appear in the early literature under several 
alternative names (see Fig.  2.1 ), but Tyro3, Axl, and Mer (offi cially c-Mer or MerTK 
for the protein,  Mertk  for the gene) have now been adopted as the NCBI 
designations.  

 The TAMs were among the last of the 58 RTKs to be identifi ed: they were dis-
covered and grouped into a distinct family of orphan RTKs, based on PCR amplifi -
cation of conserved regions of their kinase domains, in 1991 [ 3 ]. The subsequent 
cloning of full-length cDNAs for Axl [ 4 ], Mer [ 5 ], and Tyro3 [ 6 ] confi rmed their 

  Fig. 2.1    TAM receptors and ligands. The  TAM  receptors are  Tyro3  [ 3 ,  6 ]—also designated Brt 
[ 188 ], Dtk [ 189 ], Rse [ 190 ], Sky [ 191 ], and Tif [ 192 ];  Axl  [ 4 ]—also designated Ark [ 193 ], Tyro7 
[ 3 ], and Ufo [ 194 ]; and  Mer  [ 5 ]—also designated Eyk [ 146 ], Nyk [ 195 ], and Tyro12 [ 3 ]. The 
TAMs are expressed by cells of the mature immune, nervous, vascular, and reproductive systems. 
The TAM ligands are Gas6 and Protein S (ProS). The C-terminal SHBG domains of the ligands 
bind to the immunoglobulin (Ig) domains of the receptors, induce dimerization, and activate the 
TAM tyrosine kinases. When γ-carboxylated in a vitamin-K-dependent reaction, the N-terminal 
Gla domains of the dimeric ligands bind to the phospholipid phosphatidylserine expressed on the 
surface on an apposed apoptotic cell or enveloped virus. Adapted from [ 85 ]       
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segregation into this structurally distinctive family [ 7 ]. The two ligands that bind 
and activate the TAMs—Gas6 and Protein S—were identifi ed only in 1995 [ 8 – 12 ]. 

 To a signifi cant extent, deciphering the biological roles of the TAM receptors 
required the derivation of mouse loss-of-function mutants [ 13 ,  14 ]. The fact that 
 Tyro3  –/– ,  Axl  –/– , and  Mertk  –/–  mice are all viable and fertile permitted the generation 
of a complete TAM mutant series that included all possible double mutants and even 
triple mutants that lack all three receptors [ 14 ]. Remarkably, these  Tyro3  –/–  Axl  –/–

  Mertk  –/–  mice—so-called TAM TKOs—are viable for more than a year in a standard 
mouse colony, and for the fi rst week or so after birth, are largely indistinguishable 
from their wild-type counterparts [ 14 ]. Since RTKs often play essential roles in 
embryonic development, even single loss-of-function mutations in many RTK 
genes result in an embryonic lethal phenotype [ 15 – 18 ]. The postnatal viability of 
mice in which an entire RTK family is ablated is therefore highly unusual. Their 
viability notwithstanding, the TAM mutants go on to develop a plethora of disease 
phenotypes, some of them debilitating [ 2 ,  13 ,  14 ,  19 – 21 ]. Without exception, these 
phenotypes are degenerative in nature and refl ect the loss of TAM signaling activi-
ties in tissues that are subject to regular challenge and renewal. 

2.1.1     TAM Receptor Structure and Signaling Features 

 The extracellular domains of TAM receptors are composed of two structural mod-
ules that are used repeatedly in other RTK ectodomains, but that are confi gured in a 
defi ning two-plus-two combination in the TAMs (Fig.  2.1 ). The amino-terminal 
regions of these ectodomains carry tandem immunoglobulin-related domains that 
mediate ligand binding [ 22 – 24 ], which are followed by tandem fi bronectin type III 
repeats [ 4 – 6 ,  25 ,  26 ]. All three TAM receptors have a single transmembrane domain, 
and all carry a catalytically competent protein-tyrosine kinase (Fig.  2.1 ). In the 
complete vertebrate “kinome,” the TAMs are most closely related to Met, the recep-
tor for hepatocyte growth factor, and Ron, the receptor for macrophage-stimulating 
protein [ 7 ]. 

 In many cells, the activation of the Tyro3, Axl, or Mer tyrosine kinase is coupled 
to the downstream activation of the phosphoinositide 3 kinase (PI3K)/AKT path-
way. Most of this downstream PI3K signaling is nucleated through a TAM- 
autophosphorylated Grb2 binding site, which is located 18 residues downstream of 
the kinase domain in all three TAMs [ 27 – 36 ] (Fig.  2.2 ). Coupling to phospholipase 
C, ERK1/2, Ras, and MAP kinase activation have also been described in many dif-
ferent cells [ 37 – 39 ]. These TAM-activated signaling pathways (Fig.  2.2 ) operate in 
all TAM-expressing cells. Macrophages, dendritic cells, and other sentinel cells of 
the immune system, however, also express cytokine receptors—such as the type I 
interferon (IFN) receptor—that are directly coupled to the TAM receptors. In these 
cells, the TAM-activated PI3K/AKT pathway is often dominated by a stronger 
TAM-activated JAK/STAT signaling pathway (Fig.  2.2 ) [ 26 ,  40 ,  41 ]. Differential 
TAM activation of PI3K/AKT versus JAK/STAT signaling may be important for the 
differential activation of distinct TAM-regulated bioactivities.  
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 TAM receptors are among the last RTKs to have appeared during evolution 
[ 7 ,  42 ]. There are no TAM representatives in either  Drosophila  or  C. elegans . 
Interestingly, a single Gas6/Protein S-like ligand gene is fi rst seen in the genomes of 
pre-vertebrate urochordates such as  Ciona . Quite remarkably, these urochordates 
genomes also contain a second gene in which a TAM-like tyrosine kinase is linked, 
via a single transmembrane domain, to a TAM- ligand -like “Gla domain” [ 26 ,  43 ]. 
As discussed below, this TAM ligand-kinase chimera could function as a direct 
receptor for the phospholipid phosphatidylserine. The appearance of the TAM–like 
tyrosine kinase in urochordates is coincident with the fi rst appearance of type I and 
type II cytokines (e.g., interferons) and their receptors.  

2.1.2     TAM Ligand Structure and Receptor Specifi city 

 The two TAM ligands—Gas6 and Protein S (gene designation  Pros1 ) [ 8 ,  9 ,  44 ]—
are large (~80 kD) proteins that are ~42 % identical in amino acid sequence and 
share the same multidomain arrangement (Fig.  2.1 ). They have two structural 

  Fig. 2.2    TAM receptor signaling pathways. ( a ) Free TAMs. Activated TAM proteins drive a con-
ventional RTK signaling pathway that is dominated by the phosphorylation and activation of Akt. 
The positions of major tyrosine autophosphorylation sites shared between Tyro3, Axl, and Mer are 
indicated (P). The tyrosine immediately downstream of the kinase domain (Y821 in human Axl) is 
bound by the SH2 domain of Grb2, which recruits the p85 subunit of PI3 kinase through an SH3 
(Grb2)-proline-rich domain (p85) interaction. Alternatively, p85 can bind this phosphotyrosine 
directly using its own SH2 domain. P85 also binds to the indicated phosphotyrosine within the 
kinase domain (see, for example, [ 36 ]). Mobilization of the joint p85/p110 PI3K complex results 
in the downstream phosphorylation and activation of Akt. Mer activation has also been found to 
drive the downstream activation of PLCγ, by a mechanism that is not delineated biochemically 
[ 34 ]. These pathways are required for cell survival and the mobilization of the actin cytoskeleton 
that is required for the engulfment of ACs by phagocytes. ( b ) TAM receptors complexed with the 
type I interferon receptor (IFNAR). In dendritic cells, the TAM receptor Axl—when activated by 
the binding of a TAM ligand—forms a co-immunoprecipitable complex specifi cally with the R1 
(or α) chain of the IFNAR [ 40 ]. This may be associated with the activation of Jak1 (J1) [ 41 ]. Direct 
activation of the hybrid TAM-IFNAR receptor by the addition of Gas6 leads to the rapid tyrosine 
phosphorylation and activation of Stat1. This dimeric transcription factor then translocates to the 
nucleus, where it drives the expression of the cytoplasmic cytokine inhibitors SOCS1 and 3. This 
pathway, which often obscures the PI3K–AKT pathway diagrammed in  a , is required for the inhi-
bition of infl ammatory responses in dendritic cells [ 26 ,  40 ]       
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features that are key to their activities. The fi rst is a carboxy-terminal “sex hormone 
binding globulin” (SHBG) domain composed of two laminin G domains (Fig.  2.1 ). 
This SHBG domain binds to the Ig domains of the receptors, and induces their 
dimerization and subsequent kinase activation [ 22 ,  45 – 48 ]. The second is a so- called 
“Gla” domain positioned at the amino terminus of both ligands [ 8 ,  49 ,  50 ]. The 
SHBG and Gla domains are separated by four EGF-related domains. 

 The ~60-amino acid Gla domain is rich in glutamic acid residues whose gamma 
(γ carbons are post-translationally carboxylated in a vitamin K-dependent modifi ca-
tion [ 51 – 53 ]. Gas6 and Protein S share Gla domains with several proteins of the 
blood coagulation cascade, including Prothrombin, Protein C, and Factors VII, IX, 
and X, [ 51 ,  52 ,  54 ,  55 ]; and in addition to acting as a TAM ligand, Protein S also 
functions, in a TAM-independent mechanism, as an anticoagulant in this cascade 
[ 55 ,  56 ]. 

 Gamma-carboxylation allows Gla domains to bind, in a Ca 2+ -dependent manner, 
to phosphatidylserine (PtdSer). In most cells, this phospholipid is confi ned to the 
inner, cytoplasm-facing leafl et of the plasma membrane [ 57 ]. In activated platelets 
and apoptotic cells, the “fl ippases” that maintain this membrane asymmetry are 
disabled, and a set of “scramblases” are activated [ 57 – 59 ], such that PtdSer is dis-
played on the extracellular membrane surface as well. For apoptotic cells (ACs), 
PtdSer is among the most potent of the so-called “eat-me” signals by which these 
dead cells are recognized by phagocytes [ 60 ]. Gla-domain-containing proteins can 
therefore bind to the surface of ACs. As discussed below, the interaction of the 
amino-terminal Gla domains of Gas6 and Protein S with a PtdSer-containing mem-
brane (Fig.  2.1 ) is a crucial feature of their activation of TAM receptors. 

 Gas6 and Protein S bind to TAM receptors as dimers, and multimerization 
appears to be required for TAM activation [ 61 ]. Apart from this, receptor–ligand 
pairing relationships and signaling interactions for the TAM system have only 
recently been addressed defi nitively [ 24 ]. We do not know the extent to which 
Protein S and Gas6 may heterodimerize, and if this occurs, how receptor binding 
and activation profi les of the heterodimer may differ from those of Gas6 or Protein 
S homodimers. Similarly, the extent to which individual TAM receptors may het-
erodimerize in different cellular settings in which two or more receptors are co- 
expressed is also poorly understood. However, it is now clear that, in multiple 
settings, Tyro3, Axl, and Mer can all effectively signal as homodimeric receptors 
that bind just one ligand dimer [ 24 ,  62 ,  63 ]. 

 The preponderance of evidence overwhelmingly indicates that Gas6 functions as 
a ligand for all three TAM receptors [ 8 – 11 ,  24 ,  26 ,  63 – 65 ]. Full-length recombinant 
Gas6 strongly activates the kinase activity of all three receptors at low nanomolar 
concentrations when assayed in cell-based systems (Fig.  2.3 ) [ 24 ]. However, recent 
work shows that the Gas6-Axl relationship is unique. Firstly, Axl is completely 
dependent on Gas6 for its activation, in that it does not bind and cannot be activated 
by Protein S [ 24 ,  65 ]. At the same time, the stable expression of Gas6 in many 
 tissues in vivo is dependent on the co-expression of Axl in these same tissues: in 
 Axl  –/–  mice, but not  Mertk  –/–  or  Tyro3  –/–  mice, Gas6 protein expression in the spleen, 
lung, liver, and other tissues is entirely lost, even though expression of  Gas6  mRNA 
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is maintained at normal levels [ 63 ]. Even more remarkable is the fact that Gas6 
appears to be constitutively and specifi cally bound to Axl in these tissues—without 
signifi cant activation of the receptor [ 63 ]. Full activation of Axl requires, in addi-
tion, the exposure of PtdSer to which the Gla domain of Gas6 binds, and even fur-
ther, the presence of extracellular Ca 2+ , which is required for productive interaction 
between the Gas6 Gla domain and PtdSer (Fig.  2.3 ) [ 24 ]. Gas6 that lacks its Gla 
domain is signifi cantly weakened as a Tyro3 and Mer ligand, but is completely 
inactivated as an Axl ligand [ 24 ]. These and related observations suggest that the 
Axl–Gas6 pair is in fact best viewed as a PtdSer receptor [ 24 ,  63 ], something that 
urochordates may be able to accomplish with a single chimeric protein [ 43 ,  66 ].  

 One additional important feature of the Axl–Gas6 pair relates to the proteolytic 
processing of Axl subsequent to its activation. Upon activation, the Axl “ectodo-
main” is proteolytically cleaved from the rest of the receptor [ 67 – 69 ]. This can 
occur subsequent to Gas6 binding, in which case a soluble Axl (sAxl)–Gas6 com-
plex is generated. However, it can also occur subsequent to activation of the receptor 
by cross-linking anti-Axl antibodies, in the absence of Gas6 [ 63 ]. Essentially all of 
the very low level of Gas6 that normally appears in blood is thought to be com-
plexed to sAxl [ 70 ]. Interestingly, elevated blood levels of sAxl appear to be a very 
good biomarker for infl ammation generally, in that they have been reported to mark 
a variety of human disease and trauma states, including aortic aneurysm, lupus 
fl ares, pneumonia infection, preeclampsia, coronary bypass, insulin resistance, and 

  Fig. 2.3    TAM Receptor–ligand rules of engagement. Gas6 activates all three TAM receptors inde-
pendently. Pros1 activates Tyro3 and Mer but not Axl. Optimal activation of any receptor by either 
ligand requires the simultaneous presence of the phospholipid phosphatidylserine (PtdSer), which 
binds to the Gla domain of the ligands, and calcium ions (Ca 2+ ). Gla-less Gas6 is dead as an Axl 
ligand and weak as a Mer and Tyro3 ligand. Its Axl-bound orientation is therefore schematized 
differently from Tyro3- and Mer-bound Gla-less Gas6. Adapted from [ 24 ]       
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limb ischemia [ 71 – 77 ]. In each of these settings, the generation of a soluble Axl–Gas6 
complex may be triggered by the induced cellular exposure of PtdSer. 

 In contrast to Gas6, Protein S is a selective TAM ligand that binds and activates 
Tyro3 and Mer, with no affi nity for Axl (Fig.  2.3 ) [ 2 ,  8 ,  24 ,  26 ,  61 ,  65 ,  78 ]. The 
selectivity of Protein S for Tyro3 over Axl is set by the two Ig-like domains of the 
receptor [ 24 ]. An important additional difference between Protein S and Gas6 
relates to their sites of expression. Protein S is abundant in the blood, being present 
at ~ 300 nM in the human circulation [ 56 ], whereas Gas6 is nearly absent. As noted 
above, the very low levels of Gas6 in the circulation (0.02–0.2 nM) are almost 
entirely bound to soluble (cleaved) Axl extracellular domain. Whereas conventional 
 Pros1  mouse knockouts display an embryonic lethal phenotype that results from 
exuberant blood coagulation, refl ecting the essential TAM-independent function of 
Protein S in this process [ 56 ], conventional  Gas6  knockouts are superfi cially normal 
and have normal life spans [ 79 ]. 

 The extent to which Gas6 and/or Protein S make specifi c contributions to TAM 
receptor signaling in biological settings in vivo has only recently begun to be dis-
sected genetically. The fi rst of these takes place in the eye, where retinal pigment 
epithelial (RPE) cells perform a daily TAM-dependent phagocytotic excision of 
the distal ends of photoreceptor outer segments [ 80 ,  81 ]. The second such setting 
is the testes, where tens of millions of apoptotic germ cells must clear cleared, 
also in a TAM-dependent process, from the seminiferous tubule at each cycle of 
 spermatogenesis [ 14 ,  24 ,  82 ]. Both of these recent genetic analysis of differential 
TAM ligand contributions are discussed in detail below. 

 In several cell types, TAM signaling appears to be autocrine/paracrine, in that a 
TAM-positive cell has often been found to express Protein S and/or Gas6 [ 2 ,  14 , 
 40 ]. As noted above, Protein S is expressed at high levels in the blood, into which it 
is secreted by hepatocytes and endothelial cells [ 56 ]. Tyro3- and Mer-expressing 
cells (and viruses, see below) that transit through the circulation are therefore 
exposed to saturating levels of this ligand. In the immune system, an important 
source of Protein S is activated T cells [ 83 ,  84 ]. The general “rules of engagement” 
for TAM receptors and ligands are summarized in Fig.  2.3 .   

2.2     The Role of the TAM Receptor Tyrosine Kinase Family 
in Adult Physiology 

2.2.1     TAM Mediation of the Phagocytosis of Apoptotic Cells 

 TAM receptor signaling plays a critical role in the phagocytosis of apoptotic cells 
(ACs) and membranes in mature tissues [ 14 ,  21 ,  26 ,  63 ,  85 ]. In this process, a TAM 
ligand, Gas6 or Protein S, serves as a “bridge” that links a TAM receptor, expressed 
on the surface of the phagocyte, to PtdSer displayed on the surface of the AC that 
will be engulfed [ 63 ,  86 ,  87 ] (Fig.  2.1 ). At the same time, this ligand must activate 
the tyrosine kinase activity of the TAM receptor for the process of phagocytosis to 
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go forward [ 21 ,  34 ,  63 ,  85 ,  88 ,  89 ]. “Bridging” in the absence of TAM kinase activation 
and kinase activation in the absence of bridging are both insuffi cient to promote AC 
phagocytosis [ 63 ]. 

 The fi rst phenotype described in the TAM TKOs was male infertility, which 
results from the degenerative death of nearly all germ cells in the testes [ 14 ]. This 
cell death is due to a failure in the clearance of ACs from the seminiferous tubules 
of the testes [ 14 ] and refl ects the loss of TAM receptor function in Sertoli cells [ 14 , 
 24 ,  82 ,  90 ]. These somatic support cells are phagocytes: among their most impor-
tant roles is the PtdSer-dependent clearance of the extraordinary number of apop-
totic germ cells that are generated during meiosis [ 91 ]. It has been estimated that 
more than half of the meiotic population dies during each cycle of mammalian 
spermatogenesis, and so the clearance of these AC corpses by Sertoli cells is criti-
cal. This process is TAM-dependent: Sertoli cells express all three TAMs and both 
TAM ligands, and in the absence of TAM signaling, the phagocytosis of apoptotic 
germ cells in the testes is markedly attenuated [ 14 ,  24 ]. 

 A related and similarly strong phenotype is evident in the eyes of  Mertk  –/–  
mutants. These mutants are born with normal retinae, but by 2 months after birth 
most of their photoreceptors (PRs) have died [ 2 ,  14 ,  19 ,  62 ]. This is a nonautono-
mous phenotype, in that PRs do not express the TAMs. Rather, both Mer and Tyro3 
are expressed by cells of the retinal pigment epithelium (RPE) [ 2 ]. Like Sertoli 
cells, RPE cells are phagocytes [ 92 ]. Unlike Sertoli cells, however, they do not 
engulf ACs, but rather engulf and excise only part of a living cell—the distal ends 
(tips) of PR outer segments. These outer segments (OS) are the rhodopsin- containing 
organelles in which light is detected. PRs synthesize and insert new membrane at 
the proximal base of their OS every day, and the distal tips of these organelles are 
phagocytized by RPE cells—also on a daily basis, for a few hours just after subjec-
tive dawn—in order to maintain a constant OS length [ 2 ,  93 – 95 ]. Extracellularly 
displayed PtdSer is localized specifi cally to these distal tips only during the time of 
phagocytosis [ 96 ]. In  Mertk  −/−  mice, RPE cells differentiate normally but fail to 
perform this phagocytosis, which leads to the death of nearly all PRs [ 19 ,  97 ]. 
Consistent with the phenotype of the  Mertk  –/–  mice, more than a dozen distinct 
pathogenic sequence variants in the  Mertk  gene have been found to lead to inherited 
forms of retinitis pigmentosa and retinal dystrophy in humans [ 98 ,  99 ]. 

 Genetic studies have recently been carried out to dissect the relative contribu-
tions of Gas6 and Protein S to TAM-dependent phagocytosis in both the testes and 
the retina. In the latter, retinal inactivation of either the  Gas6  or  Pros1  gene alone 
results in no PR degeneration and an essentially normal mouse retina, whereas inac-
tivation of both ligand genes results in severe PR degeneration that fully phenocop-
ies that seen in the  Mertk  –/–  mice [ 2 ,  62 ]. Even only half the normal level of just a 
single TAM ligand—e.g., half the normal level of Protein S and no Gas6—is suffi -
cient to yield a retina with a normal number of PRs [ 62 ]. A normal retina is also 
observed in  Tyro3  –/–  Gas6  –/–  double knockouts, in which the only possible signaling 
confi guration is Protein S activating Mer [ 24 ] (RPE cells do not express Axl [ 2 ,  24 , 
 62 ]). Together, these results demonstrate that Gas6 and Protein S are functionally 
redundant ligands for the Mer receptor expressed by RPE cells in the eye. 
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In the testes, where all three TAM receptors are expressed by phagocytic Sertoli 
cells [ 14 ], Mer again plays a predominant role, as  Mertk  –/–  single mouse knockouts 
display a clear accumulation of apoptotic germ cells relative to wild type, whereas 
 Tyro3  –/–  and  Axl  –/–  mice display no AC accumulation [ 24 ]. That notwithstanding, 
loss of Tyro3 in addition to Mer makes the situation much worse, and  Tyro3  –/–  Axl  –/–

  Mertk  –/–  triple mutants display the greatest AC accumulation of all [ 24 ]. As for the 
retina, only half the normal level of only a single TAM ligand is suffi cient to support 
a normal level of homeostatic phagocytosis [ 24 ]. 

 The TAMs play similarly critical roles in AC clearance by macrophages and 
other phagocytes of the immune system [ 21 ]. In humans, more than a million ACs, 
primarily erythrocytes and neutrophils, are generated every second (several hundred 
billion cells per day), but these dead cells are nearly impossible to detect [ 100 ]. This 
is because they are immediately cleared by macrophages and other phagocytes. In 
many settings, these phagocytes rely on the “eat-me” signal PtdSer to recognize 
dead cells as engulfment targets [ 60 ]. Incomplete phagocytosis of ACs leads to the 
accumulation of secondary necrotic cells, which constitute a major source of auto- 
antigens. Not surprisingly then, defects in phagocytosis are associated with the 
development of human autoimmune diseases [ 101 ,  102 ] and are prominent features 
of the phenotypes of TAM mouse mutants [ 21 ,  85 ,  103 – 106 ]. Axl and Mer are the 
two most important TAM receptors for the engulfment of ACs by macrophages and 
dendritic cells [ 21 ,  106 ]. Recent studies indicate, however, that these two receptors 
are specialized to function in two very different environments, with Mer mediating 
normal, homeostatic phagocytosis in tolerogenic settings, and Axl operating in 
infl ammatory environments brought on by infection or tissue trauma [ 63 ]. In those 
settings in which AC phagocytosis is Axl dependent, it is also Gas6 dependent, 
whereas Mer-dependent AC phagocytosis can be stimulated by both Gas6 and 
Protein S [ 63 ].  

2.2.2     TAM Inhibition of the Innate Immune Response 

 TAM receptors also play a key role in the feedback inhibition of the innate immune 
response to pathogens, a regulatory activity that has been studied in macrophages 
and dendritic cells (DCs) [ 40 ]. These sentinel cells use pattern recognition receptors 
(PRRs), including Toll-like receptors (TLRs), to detect invariant molecular patterns, 
such as lipopolysaccharide and double-stranded RNA, which are associated with 
bacteria, viruses, and other pathogens [ 107 ,  108 ]. Activation of PRRs leads to the 
production of proinfl ammatory cytokines such as type I interferons [ 109 ]. Although 
these cytokines are required to combat infection, they are powerful agents that must 
be controlled after the innate immune response is mobilized, since unrestrained 
cytokine signaling results in chronic infl ammation [ 110 ]. 

 In DCs, the  Axl  gene is induced by TLR activation and subsequently by type I 
IFNs through a JAK-Stat1-dependent mechanism [ 40 ]. Upregulated Axl protein 
then binds to and co-opts the type I IFN receptor (IFNAR) by forming a complex 
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with the R1 chain of this receptor (Fig.  2.2 ). In so doing, Axl switches the IFNAR 
signaling modality from proinfl ammatory to immunosuppressive, by driving the 
activation of the genes encoding the suppressor of cytokine signaling (SOCS) pro-
teins 1 and 3 [ 40 ,  111 ]. An SH2 domain of these cytoplasmic inhibitors binds to 
phosphotyrosine residues in JAK kinases that are associated with the IFNAR and 
other cytokine receptors (and to phosphorylated tyrosine within the receptors them-
selves). The N-terminal regions of SOCS1 and SOCS3 also contain a kinase- 
inhibitory region that acts as a JAK pseudo-substrate [ 111 ,  112 ]. Through these and 
related mechanisms, the induced SOCS proteins, whose expression in DCs is largely 
dependent on activation of the TAM-IFNAR complex, terminate the infl ammatory 
response to pathogens [ 40 ]. 

 This pathway is a fundamental inhibitor of infl ammation. The induction of 
SOCS1 and 3 by type I IFNs is markedly blunted in Axl-defi cient DCs, and their 
induction by direct activation of the TAM receptors is equally dependent on the 
presence of both the IFNAR and associated Stat1 [ 40 ]. The TAM and IFNAR recep-
tor systems are thus co-dependent with respect to immunosuppression [ 26 ,  40 ,  113 ] 
(Fig.  2.3 ). The provision of an immune stimulus—e.g., through activation of TLR4 
with LPS—to a TAM-defi cient cell or mouse inevitably leads to a hyper-elevated 
infl ammatory response [ 13 ,  20 ,  40 ]. This means that defi ciencies in TAM signaling 
are always associated with sustained immune activation. Immunosuppression of 
infl ammatory activation in DCs requires both type IFNs and a TAM ligand [ 40 ]. 
Although DCs themselves produce some of these ligands [ 63 ], recent work indi-
cates that an important source of Protein S is activated T cells, the cells with which 
DCs normally interact during antigen presentation [ 84 ].   

2.3     The Role of the TAM Receptor Tyrosine Kinase 
Family in Human Disease 

2.3.1     TAM Receptors and Autoimmune Disease 

 Mouse mutants in TAM genes eventually develop a severe autoimmune disease [ 20 , 
 21 ,  114 – 117 ], which is particularly prominent in  Axl  –/–  Mer  –/–  double mutants and in 
TAM TKOs [ 20 ] and has clinical features of both systemic lupus erythematosus 
(SLE) and rheumatoid arthritis (RA) in humans. TAM mutant mice also display 
elevated titers of antibodies to auto-antigens such as double-stranded DNA, phos-
pholipids, and ribonucleoproteins [ 20 ,  21 ,  117 ]. Defects in the clearance of ACs and 
unabated type I IFN signaling—both of which are consequences of TAM defi -
ciency—are also both thought to drive the development of human autoimmune dis-
eases, including SLE, RA, and infl ammatory bowel diseases (IBDs) [ 86 ,  101 ,  118 ]. 
Correspondingly, several lines of evidence suggest that diminished TAM signaling 
may contribute to human autoimmunity [ 114 ]. There is an anecdotal medical litera-
ture that ties low circulating levels of Protein S to IBDs [ 119 – 122 ], and a much 
larger literature that establishes an association between low Protein S and lupus 
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(SLE) [ 122 – 124 ]. A recent analysis of a large patient cohort found that levels of free 
protein S were signifi cantly lower in SLE patients with a history of serositis, neuro-
logic disorder, hematologic disorder, and immunologic disorder, and that low 
Protein S levels were correlated with other disease-associated risk factors [ 125 ]. 
Polymorphisms in the  Mertk  gene have been tied to SLE [ 126 ], and a clear genetic 
link to Mer has also been made with respect to the development of Multiple Sclerosis 
(MS). Here, a large genome-wide association study identifi ed polymorphisms in the 
 Mertk  gene as risk factors for the development of MS [ 127 ,  128 ]. 

 Immunosuppressive glucocorticoids (GCs), such as prednisone and predniso-
lone, have recently been shown to potentiate Mer signaling. One well-described 
activity of GCs is their ability to stimulate the phagocytosis of ACs by macrophages 
[ 129 ]. Agonists for the liver-X-receptor (LXR) family of nuclear hormone receptors 
display this same activity [ 130 ], and the ability of both GCs and LXR agonists to 
stimulate macrophage phagocytosis of ACs has been shown to be entirely depen-
dent on their ability to upregulate expression of Mer [ 63 ,  130 ,  131 ].  

2.3.2     TAM Receptors and Viral Infection 

 In a process termed “apoptotic mimicry” [ 132 ,  133 ], the “eat-me” signal PtdSer is 
displayed on the membrane surface of enveloped viruses, including vaccinia virus, 
cytomegalovirus, Lassa fever virus, Dengue virus, and HIV [ 134 – 138 ]. This allows 
these viruses to use Gas6 and Protein S as “bridging molecules” that link virus par-
ticles to TAM receptors on the surface of the cells they will infect (Fig.  2.1 ). 

 Tyro3, Axl, and Mer have been found to function as entry factors for the Ebola/
Marburg family of hemorrhagic fever fi loviruses [ 139 ,  140 ]. Similar results have 
been obtained using infection of cells with lentiviral vectors pseudotyped with 
Sindbis virus, vesicular stomatitis virus, Ebola, and Marburg virus glycoproteins 
[ 137 ,  141 ], and for infection by the fl aviviruses Dengue virus and West Nile virus 
[ 137 ,  138 ]. All of these experiments identify Gas6 and Protein S as bridging factors 
that link PtdSer on the viral envelope to a TAM receptor on the target cell. Depending 
on culture conditions, introduction of TAM cDNAs potentiates virus titers in 
infection- resistant cell lines ≥ 50-fold. In general, these fi ndings have been inter-
preted to suggest that TAM receptors serve as docking sites for TAM-ligand-bound 
virus particles. However, mutational and kinase inhibitor analyses also indicate that 
tyrosine kinase activity is required for Axl potentiation of Ebola infection [ 140 ] and 
Axl and Tyro3 potentiation of Dengue and West Nile virus infection [ 137 ,  138 ], and 
so active TAM signaling appears to be required for the potentiation of virus infec-
tion. Given that (i) Axl activation suppresses type IFN signaling in DCs and macro-
phages [ 40 ,  113 ,  115 ], (2) type I IFNs are strong antiviral agents [ 142 ], and (3) 
suppression of type I IFN signaling is a mechanism that viruses often exploit as a 
means of immune evasion [ 142 – 144 ], it was perhaps not surprising that investigators 
found that the production of type I IFN mRNAs was much higher, and that of SOCS1 
and SOCS3 mRNAs much lower, in TAM TKO DCs infected with retroviruses than 
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in wild-type DCs infected with the same viruses [ 137 ]. An anti-Axl antibody has 
recently been reported to be effective in the treatment of mouse pulmonary infec-
tions with infl uenza and respiratory syncytial virus (RSV) [ 145 ]. Together, these 
fi ndings suggest that the activation of TAM receptor signaling by viruses may be an 
effective mechanism of viral immune evasion.  

2.3.3     TAM Receptors and Cancer 

 Full-length cDNAs for Axl and Mer were fi rst cloned from myeloid leukemia and 
lymphoblastoid lines, respectively [ 4 ,  5 ], and a truncated form of Mer (designated 
v-eyk) was identifi ed initially as an avian retroviral oncogene [ 146 ,  147 ]. Over the 
ensuing decades, several hundred papers have linked TAM receptor and ligand over- 
or mis-expression to various forms of cancer [ 148 ,  149 ], and the analysis of TAM 
expression—and in particular, Axl expression—in cancer is now an exploding area 
of investigation. For the most part, studies have reported overexpression or upregu-
lation of Axl, Mer, Tyro3, and/or Gas6. Consistent with the divergent regulation of 
Mer and Axl in tolerogenic versus infl ammatory settings [ 63 ], a search of the TCGA 
cancer genome database reveals that tumor upregulation of TAM expression gener-
ally involves upregulation of Axl or Mer or Tyro3, but rarely more than one of these 
receptors at the same time. In many settings, a defi nitive demonstration that overex-
pression is causal for particular features of cancer development has not been made. 
Elevated expression of TAM signaling components has been reported for leukemias 
[ 5 ,  150 ,  151 ], gliomas [ 39 ,  152 ], colorectal carcinomas [ 153 ], breast cancers [ 154 , 
 155 ], gastrointestinal stromal tumors [ 156 ], hepatocellular carcinoma [ 157 ], mela-
noma [ 158 – 160 ], thyroid cancer [ 161 ], pancreatic adenocarcinoma [ 162 ], and pros-
tate cancer [ 163 ,  164 ], among others. 

 Expression of Axl is correlated with an adverse prognosis in acute myeloid leu-
kemia [ 165 ], glioblastoma multiforme [ 152 ], pancreatic cancer [ 160 ], and esopha-
geal adenocarcinoma [ 166 ]. Axl upregulation is also a driving feature of targeted 
(e.g., EGFR-targeted) therapy resistance in breast cancer and leukemias [ 151 ,  167 , 
 168 ]. In these settings, Axl and/or Gas6 expression is often primarily associated 
with tumor metastasis, rather than growth of the primary tumor [ 155 ,  162 ,  169 ]. 
A small molecule inhibitor of the Axl tyrosine kinase has shown effi cacy with 
respect to a reduced metastatic burden, rather than primary tumor growth, in mouse 
models of breast cancer metastasis [ 170 ]. Similarly, Axl “decoy receptors” com-
posed of the ligand-binding region of the Axl extracellular domain linked to immu-
noglobulin Fc and designed to bind elevated levels of Gas6 have shown effi cacy in 
inhibiting metastasis in mouse xenograft tumor models [ 169 ,  171 ]. The link between 
TAM receptor (Axl) expression and tumor metastasis is interesting in light of the 
 importance of Axl and Tyro3 in the migration of gonadotropin-releasing hormone 
(GnRH) neurons from the olfactory placode to hypothalamus of the brain [ 172 ,  173 ]. 
This migration of GnRH neurons involves Gas6 activation of the same downstream 
signaling pathways—PI3 kinase, ERK1/2, and Rac via Ras [ 172 ,  174 ,  175 ]—that 
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are engaged downstream of TAMs in tumor cells. Given the potent immunosuppressive 
activities of Mer and Axl, an increasingly supported hypothesis is that elevated 
TAM, especially Mer, expression in tumor-associated macrophages may be impor-
tant in suppressing the normal immune response to tumor cells [ 149 ,  176 ,  177 ]. All 
of the work cited above indicates that the inhibition of TAM signaling—via small 
molecule kinase inhibitors, antibodies, or receptor decoys—in the context of cancer 
development and metastasis is very defi nitely a ”growth area” for translational 
 medicine and application.  

2.3.4     TAM Receptors and the Vasculature 

 TAM signaling also functions in the regulation of blood vessel integrity and perme-
ability. The TAM ligands Gas6 and Protein S were initially purifi ed from aortic 
endothelial cells [ 8 ], and studies using conditional Protein S knockouts have dem-
onstrated that vascular endothelial cells are a major source of the Protein S that 
appears in the circulation [ 56 ]. Axl and Tyro3 are also expressed by the vascular 
smooth muscle cells that surround these endothelia, and Gas6 and Protein S have 
potent trophic effects on these cells [ 33 ,  178 – 182 ]. 

 Blood vessel damage leads to the upregulation of both Axl and Gas6 expression 
[ 183 ], and differential regulation of Axl, Mer, Gas6, and Protein S has been reported 
in human atherosclerotic plaques [ 184 ]. Defects in the clearance of apoptotic cells 
from these plaques are linked to progression of advanced atherosclerotic lesions, 
and the role of compromised TAM signaling in cardiovascular disease is a subject 
of active study [ 104 ,  185 ]. Mutant mice with a 50 % reduction in Protein S display 
vessel breaches, with leakage of blood into the parenchyma of tissues [ 56 ]. Protein 
S has also been linked to vascular integrity in the brain: Protein S, signaling through 
Tyro3 expressed in brain microvascular endothelial cells, has been implicated in 
maintenance of the blood–brain barrier and has been found to ameliorate blood–
brain barrier disruption brought on by ischemia [ 186 ]. 

 In addition to these direct activities, TAM signaling has been shown to affect 
vascular integrity indirectly, through the regulation of platelet function. Loss of one 
or more TAM receptors inhibits the stabilization of platelet aggregates, in part by 
reducing platelet granule secretion. Gas6 activates PI3K/Akt signaling in platelets 
and stimulates tyrosine phosphorylation of β3 integrin, thereby amplifying throm-
bus formation [ 79 ,  187 ].   

2.4     Tyro3 

  Gene     The  Tyro3  gene is located on chromosome 15 (at 15q15) in humans and on 
chromosome 2 (at 2 67.1 cM) in the mouse. The human gene spans ~20 kb and is 
split into 19 exons.  
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  Protein     The Tyro3 protein precursor (with signal sequence) ranges from 880 to 890 
amino acids across vertebrate species and is composed of the domains diagrammed 
in Fig.  2.1 .  

  Ligand     Tyro3 is bound and activated by both Protein S and Gas6. Full receptor 
activation requires the presence of ligand, the phospholipid phosphatidylserine, and 
calcium.  

  Activation and Signaling     The principal signaling pathways activated downstream 
of ligand-induced Tyro3 dimerization are reported to be the PI3 kinase/Akt 
pathway.   

2.5     Axl 

  Gene     The  Axl  gene is located on chromosome 19 (at 19q13.1) in humans and on 
chromosome 7 (at 7 6.0 cM) in the mouse. The human gene spans ~42.5 kb and is 
split into 19 exons.  

  Protein     The Axl protein precursor (with signal sequence) ranges from 879 to 894 
amino acids across vertebrate species and is composed of the domains diagrammed 
in Fig.  2.1 .  

  Ligand     Gas6 is the only ligand for Axl, and Protein S is unable to activate this 
TAM receptor. Axl activation requires the presence of Gas6, the phospholipid phos-
phatidylserine, and calcium.  

  Activation and Signaling     As highlighted in Fig.  2.2 , the principal signaling path-
ways activated downstream of ligand-induced Axl dimerization in cells that do not 
express cytokine receptors are reported to be the PI3 kinase/Akt pathway. In cells 
expressing the type I IFN receptor (and probably other cytokine receptors), this 
pathway is dominated and obscured by JAK-STAT signaling pathway.   

2.6     Mer 

  Gene     The  Mertk  gene is located on chromosome 2 (at 2q14.1) in humans and on 
chromosome 2 in the mouse. (The mouse  Mertk  and  Tyro3  genes are close enough 
to frequently segregate together.) The human gene spans ~131 kb and is split into 19 
exons.  

  Protein     The Mer protein precursor (with signal sequence) ranges from 975 to 999 
amino acids across vertebrate species and is composed of the domains diagrammed 
in Fig.  2.1 . It is appreciably larger than Tyro3 and Axl, due to an extension (relative 
to the other TAMs) at its amino terminus.  
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  Ligand     Both Gas6 and Protein S function as ligands for Mer. Full receptor activa-
tion requires the presence of ligand, the phospholipid phosphatidylserine, and 
calcium.  

  Activation and Signaling     As highlighted in Fig.  2.2 , the principal signaling path-
ways activated downstream of ligand-induced Mer dimerization in cells that do not 
express cytokine receptors are reported to be the PI3 kinase/Akt pathway. In cells 
expressing the type I IFN receptor (and probably other cytokine receptors) this path-
way is dominated and obscured by JAK-STAT signaling pathway.       

            Receptor at a glance   

 Tyro3  Axl  Mer 

 Chromosome 
location (human) 

 15q15 
 NC_000015.9 
(41851220..41871536) 

 19q13.1 
 NC_000019.9 
(41725108..41767671) 

 2q14.1 
 NC_000002.11 
(112656191..112786945) 

 Gene size (bp, 
human) 

 20,316  42,563  130,754 

 Exons (human)  19  19  19 
 Amino acid 
number (human) 

 890  894  999 

 KDa (human, 
SDS-PAGE) 

 ~120  ~120  ~150–175 

 Domains  2Ig, 2 FN3, TK  2Ig, 2 FN3, TK  2Ig, 2 FN3, TK 
 Ligands  Protein S, Gas6  Gas6  Protein S, Gas6 
 Known dimerizing 
partners 

 No non-TAM 
described 

 Type I IFNAR  No non-TAM described 

 Pathways 
activated 

 Multiple 
 (Inc. PI3K/pAKT) 

 Multiple 
 (Inc. PI3K/pAKT, 
JAK/STAT) 

 Multiple 
 (Inc. PI3K/pAKT, 
JAK/STAT) 

 Tissues expressed  Multiple 
 (See text) 

 Multiple 
 (See text) 

 Multiple 
 (See text) 

 Human diseases  Several probable 
 (Understudy) 

 Cancer, multiple prob. 
 (See text) 

 Cancer, multiple prob. 
 (See text) 

 Knockout mouse 
phenotypes 

 Multiple (See text)  Multiple (See text)  Multiple (See text) 
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    Chapter 3   
 The DDR Receptor Family 

             Birgit     Leitinger    

3.1             Introduction to the DDR Receptor Tyrosine 
Kinase Family 

 The discoidin domain receptors (DDRs), DDR1 and DDR2, were cloned in the 
early 1990s but remained orphan receptors until 1997 when two independent groups 
reported them to be receptors for a number of collagen types [ 1 ,  2 ]. Collagens are 
key components of the extracellular matrices that provide structural support for con-
nective tissues. In addition to providing a physical scaffold, collagens are involved 
in controlling fundamental cellular functions, including growth, differentiation and 
morphogenesis, through their interactions with matrix receptors. As collagen recep-
tors, the DDRs regulate the interactions of cells with their surrounding matrices and 
belong to a structurally diverse group of transmembrane receptors which also 
include a subfamily of β1 integrins [ 3 ]. 

 The DDRs are characterised by the presence of a discoidin homology (DS) 
domain in their ectodomains through which they interact with collagen. DS domains 
derive their name from their homology to  Dictyostelium discoideum  discoidin 
I. Both DDRs are widely expressed in different tissues during development and 
postnatally. In common with many RTKs, the DDRs control cell proliferation, dif-
ferentiation, adhesion and migration [ 3 – 5 ]. In addition to these functions, the DDRs 
regulate extracellular matrix remodelling by controlling the expression and activity 
of matrix metalloproteinases (MMPs). By activating MMPs, which degrade extra-
cellular matrices, the DDRs cooperate with the proteolytic machinery of cells and 
can mediate cell invasion. Dysregulation of expression or function of the DDRs is 
associated with a wide range of human diseases, ranging from fi brotic disorders of 
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several organs to arthritis and atherosclerosis, as well as several types of cancer. 
Compared with the majority of RTKs, however, there are considerable gaps in our 
knowledge about the biological functions of DDR signalling in physiological and 
pathological processes, and relatively little is known about their mechanism of 
activation, signal attenuation, pathway activation or the genes that they regulate [ 5 ]. 
As outlined below, the DDRs have several unusual features that distinguish them 
from conventional RTKs, and mechanistic insight obtained from other RTKs cannot 
readily be transferred to the DDRs. Many aspects of basic DDR biology thus remain 
to be elucidated.  

3.2     The Role of the DDR Receptor Tyrosine Kinase 
Family in Embryonic Development 

 Relatively little is known about the role of DDRs in adult physiology, but targeted 
deletion of the  Ddr  genes in mice revealed DDR functions in embryonic develop-
ment. In early development, the DDR1 protein is found predominantly in neuroec-
todermal cells, whereas it is more widely expressed in adult tissues. In adult mice, 
DDR1 is found in epithelial cells, in particular in the brain, mammary gland, 
lung, kidney and gastrointestinal tract, as well as in smooth muscle cells, oligoden-
drocytes and macrophages [ 4 ]. Mice that lack DDR1 exhibit normal embryonic 
and postnatal development, but female fertility is strongly impaired, with a large 
percentage of female knockout mice being infertile due to blastocyst implanta-
tion failure [ 6 ]. DDR1 −/−  mice are signifi cantly smaller than their littermates, and 
those females that are fertile display a mammary gland morphogenesis defect that 
results in the failure to secrete milk [ 6 ,  7 ]. The morphogenesis defect displays 
improper differentiation of mammary gland alveoli, abnormal branching, as well as 
hyperproliferative ducts and excessive collagen deposition [ 6 ]. DDR1 −/−  mice were 
also found to suffer from hearing loss [ 8 ]. Furthermore, DDR1 was shown to main-
tain glomerular architecture in the kidney, as ablation of DDR1 led to abnormal 
glomerular basement membranes [ 9 ]. Thus, DDR1 mediates tissue architecture and 
collagen deposition in a number of different organs. 

 DDR2 is mostly expressed in mesenchymal cells [ 10 ] and found in the skin, 
heart, skeletal muscle, lung, brain, kidney and connective tissue. DDR2 expression 
during embryo development is not well characterised. One study found DDR2 
expression in skin fi broblasts to be constant during gestation [ 11 ], while another 
study examined DDR2 expression in the embryonic heart [ 12 ]. Two types of mice 
that lack DDR2 were obtained, both of which exhibit dwarfi sm. Targeted deletion of 
 Ddr2  resulted in shortened long bones, which was due to reduced chondrocyte pro-
liferation [ 13 ]. A spontaneous mutation resulting in deletion of most of the  Ddr2  
gene was characterised by Kano et al. (2008) [ 14 ]. These mice, termed  slie , are 
additionally infertile owing to gonadal dysregulation. Since it was not reported 
whether the targeted  Ddr2  deletion leads to infertile mice [ 13 ], it is not clear whether 
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additional defects in the  slie  mice, other than lack of DDR2, are responsible for the 
observed infertility. 

 A function for DDR2 in human skeletal growth was uncovered through a rare 
human genetic disorder named spondylo-meta-epiphyseal dysplasia with short 
limbs and abnormal calcifi cations (SMED-SL). This autosomal recessive chondro-
dysplasia is characterised by disproportionally short stature, bone abnormalities and 
premature calcifi cations. Several  DDR2  missense mutations and a splice site muta-
tion were shown to cause SMED-SL [ 15 – 17 ]. The combined insights from mouse 
and human genetics show that DDR2 is a key regulator of bone growth and that it is 
involved in at least two aspects of this process: it not only controls chondrocyte 
maturation in endochondral ossifi cation [ 18 ] but also osteoblast differentiation in 
intramembranous ossifi cation [ 18 ,  19 ].  

3.3     The Role of the DDR Receptor Tyrosine Kinase 
Family in Human Disease 

 DDR function has been linked to a wide variety of human disorders, including 
fi brotic disorders of several organs, wound healing, atherosclerosis, arthritis and 
various cancers [ 5 ,  20 ]. The roles of the DDRs in disease progression have been 
explored in different mouse models of disease. Since both DDRs are associated with 
pathogenic changes in a wide range of diseases, the DDRs are promising candidates 
for therapeutic targets. 

3.3.1     Fibrosis of Kidney and Lung 

 Both DDRs are very highly expressed in the adult human kidney [ 10 ]. DDR1 was 
shown to mediate infl ammation and fi brosis in mouse models of hypertension- 
induced renal disease [ 21 ], Alport syndrome [ 22 ] and obstructive nephropathy [ 23 ]. 
Collectively, these studies suggest that DDR1 may be a major regulator of fi brotic 
responses in the kidney. DDR1 has also been linked to lung fi brosis in a mouse 
model of the disease [ 24 ], and in vitro studies are consistent with DDR1 playing a 
role in lung epithelial repair [ 25 ], but further studies are needed to clarify the role of 
DDR1 in the pathogenesis of lung fi brosis.  

3.3.2     DDR2 and Liver Fibrosis 

 DDR2 has been linked to liver fi brosis in animal models. Induction of liver fi brosis 
by acute or chronic injury resulted in upregulation of DDR2 expression and signal-
ling in stellate cells of the liver [ 26 ,  27 ]. Increased DDR2 expression was also 
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observed in primary and alcoholic liver fi brosis [ 28 – 30 ]. Consistent with a 
 pathogenic role in liver fi brosis, DDR2 silencing decreased alcohol-induced liver 
fi brosis in a model for early-stage liver disease [ 30 ]. However, a study using DDR2-
defi cient mice showed enhanced liver fi brosis after chronic injury in DDR2-defi cient 
mice compared with wild-type mice, implying that the function of DDR2 in normal 
liver might be to suppress fi brosis under chronic injury conditions [ 27 ].  

3.3.3     DDR2 and Wound Healing 

 DDR2 is involved in cutaneous wound healing, where it regulates fi broblast 
responses during tissue injury. This conclusion was drawn from studies of DDR2 −/−  
mice, which are defective in wound responses, displaying defective recruitment of 
skin fi broblasts and wounds with decreased tensile strength [ 13 ,  31 ].  

3.3.4     DDR2 and Arthritis 

 DDR2 function has been linked to both osteoarthritis and rheumatoid arthritis. 
DDR2 overexpression, which leads to induction of MMP-13, a key enzyme contrib-
uting to cartilage degeneration, was found to be an early event in the pathogenesis 
of osteoarthritis and rheumatoid arthritis. DDR2 overexpression was seen in mouse 
models of different forms of osteoarthritis, as well as in human samples from osteo-
arthritis and rheumatoid arthritis patients [ 32 – 36 ]. Reduced expression of DDR2 in 
mouse models of osteoarthritis attenuates cartilage degeneration, suggesting that 
DDR2 may be a valid target for drug development in osteoarthritis treatment [ 37 ].  

3.3.5     DDRs and Cancer 

 Both DDRs are overexpressed in a variety of cancers, with most of the available 
data coming from studies on DDR1, which is particularly found in carcinomas 
(reviewed by [ 38 ]). In certain cancer types, mutated DDRs have been discovered, 
but the functional signifi cance of these mutations on tumourigenesis is not clear. 
High levels of DDR1 expression has been detected in many cancers, including 
breast, brain, ovarian, lung, oesophageal and liver cancers, and for some of these 
cancers, DDR1 expression was correlated with poor outcome. In addition to solid 
tumours, DDR expression has also been observed to be upregulated in haematologi-
cal cancers, where DDR1 and DDR2 are associated with leukaemias and lympho-
mas, respectively. The best evidence that DDRs are associated with tumour 
progression is available for lung cancer. Upregulated DDR1 was found in non-small 
cell lung cancer (NSCLC) [ 39 ], where several somatic DDR1 mutations were also 
detected [ 40 – 42 ]. Several studies reported that DDR1 expression was related to 
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poor patient survival [ 43 – 45 ]. Furthermore, global screening of the phosphopro-
teome in NSCLC identifi ed DDR1 as one of the most highly phosphorylated RTKs 
[ 46 ]. In a mouse model of lung cancer, inhibition of DDR1 reduced bone metastasis 
[ 44 ]. Together, these data suggest that DDR1 may be a novel therapeutic target for 
NSCLC. DDR2, on the other hand, has been associated with squamous cell lung 
cancer where oncogenic DDR2 mutations were discovered [ 47 ]. Thus, both DDRs 
seem to be involved in the pathogenesis of lung cancer. DDR2 has also been shown 
to play a key role in aggressive breast cancer [ 48 ,  49 ], with the molecular mecha-
nism of DDR2-mediated metastasis involving DDR2-induced stabilisation of the 
transcription factor SNAIL1 [ 48 ,  50 ]. 

 While more studies are required to establish the contribution of the DDRs to 
cancer progression and patient survival, accumulating evidence suggests that the 
DDRs represent novel drug targets for the treatment of various cancers [ 38 ]. The 
existing anticancer drugs imatinib, nilotinib and dasatinib exhibit potent anti-DDR 
activity [ 51 ,  52 ] and could be exploited in the treatment of those cancers where the 
DDRs contribute to disease progression.   

3.4     DDR1 

3.4.1     DDR1 Gene 

 The human  DDR1  gene maps to chromosome 6 (6p21.3), between the HLA-E and 
HLA-C genes at the major histocompatibility complex locus [ 53 ,  54 ]. The DDR1 
gene spans ~24 kb and contains 17 exons [ 55 ]. Exons 1–8 encode the extracellular 
domain; the transmembrane domain is encoded by exon 9. Exons 10–12 encode the 
cytosolic juxtamembrane domain, with the remaining exons predominantly coding 
for the kinase domain. Alternative splicing yields fi ve different gene products, with 
different cytoplasmic regions (see below). The two most abundant DDR1 isoforms, 
DDR1a and DDR1b, are generated by alternative splicing of exons 10–12, with 
DDR1a lacking exon 11 and DDR1b containing exons 10, 11 and 12 [ 10 ]. DDR1c, 
on the other hand, contains an additional 18 bp relative to DDR1b, due to the pres-
ence of an additional, cryptic splice acceptor site 5′ to the preferred splice site at the 
intron/exon boundary of exon 14 [ 55 ]. This results in the addition of six amino acids 
to the kinase domain. Further alternative splicing leads to two kinase-defi cient vari-
ants: DDR1d, which lacks exons 11 and 12, and DDR1e, which misses the fi rst half 
of exon 10 in addition to lacking exons 11 and 12 [ 56 ]. 

3.4.1.1     Transcriptional Regulation 

 The  DDR1  gene structure has not been explored in detail. The promoter region 
contains a functional consensus binding site for the tumour suppressor p53 [ 57 ,  58 ]. 
DDR1 expression can be induced in a p53-dependent manner by genotoxic stress, 
such as ionising radiation or chemotherapy [ 57 – 59 ]. Moreover, the DNA repair 
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protein XRCC3, which is induced by genotoxic stress, can upregulate DDR1 
expression by an as yet undefi ned mechanism [ 60 ]. The  DDR1  gene also contains 
a hnRNP A2 response element sequence, which may be involved in alternative 
splicing and nuclear export of DDR1 mRNA in oligodendrocytes [ 61 ]. DDR1 
expression is downregulated during induction of epithelial–mesenchymal transition 
(EMT) [ 62 ]. Consistent with this, the  DDR1  promoter contains a binding site for the 
EMT- associated transcription factor Zeb1 [ 63 ] and was shown to be a target for 
Zeb1 in breast epithelial cells undergoing H-Ras-induced EMT [ 64 ]. DDR1 expres-
sion can also be posttranscriptionally regulated by microRNAs: levels of microRNA-
199a-5p and microRNA-199b-5p inversely correlate with DDR1 expression in 
human hepatocellular carcinoma and colorectal carcinoma cells and in acute 
myeloid leukaemia, respectively [ 65 – 67 ]. 

 The Ras/Raf/ERK signalling pathway is one of the signalling pathways that can 
regulate transcription of DDR1. For example, the T-cell receptor can induce DDR1 
expression in human T cells through Ras/Raf/ERK and protein kinase C-dependent 
pathways [ 68 ]. Moreover, in primary lung fi broblasts, DDR1 expression can be 
induced by collagen I, through DDR2 activation, in an ERK1/2-dependent manner 
[ 69 ]. In certain cell types, DDR1 activation can also positively regulate its own 
expression. For example, in MCF7 breast and HCT116 colon carcinoma cells, 
DDR1 activation results in Ras/Raf/ERK signalling, which induces further DDR1 
expression [ 58 ]. However, in most cases, the upstream signals that regulate DDR1 
transcription have not yet been defi ned.   

3.4.2      DDR1 Protein 

3.4.2.1     Amino Acid Sequence 

 Five isoforms of DDR1, resulting from alternative splicing, have been described 
[ 56 ]. All DDR1 isoforms have common extracellular and transmembrane domains 
but differ in the cytoplasmic region. The longest isoform, termed DDR1c, contains 
919 amino acids. The most common isoforms, DDR1a and DDR1b, lack six amino 
acids in the kinase domain with respect to DDR1c. DDR1a additionally lacks 37 
amino acids in the intracellular juxtamembrane region (Fig.  3.1 ). DDR1d and 
DDR1e are truncated proteins without functional kinase domains, either lacking the 
entire kinase domain or parts of the juxtamembrane domain and the ATP binding 
site (Fig.  3.1 ).   

3.4.2.2     Processing 

 Many transmembrane proteins, including RTKs, can be processed by proteases to 
release their extracellular domains. The cleavage, or “shedding”, of ectodomains 
can terminate receptor signalling, since the functional ectodomains are depleted 
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from the cell surface. A proportion of DDR1 receptors undergoes ectodomain 
 shedding upon prolonged (overnight) incubation with collagen [ 70 ,  71 ], but the 
functional signifi cance of this process is not clear. The DDR1 ectodomain is most 
likely proteolytically processed close to the transmembrane domain, by a zinc- 
dependent metalloproteinase [ 70 ,  71 ], but the sheddase and the cleavage site remain 
to be defi ned. In addition to collagen-induced DDR1 shedding, constitutive shed-
ding of the DDR1 ectodomain has been observed [ 10 ,  72 ]. This reaction is mediated 
by transmembrane MMPs (MT1-MMP, MT2-MMP, MT3-MMP) and occurs at two 
cleavage sites, 9 and 19 amino acids away from the transmembrane domain, respec-
tively [ 72 ]. However, the biological function of the shed ectodomain and the rem-
nant receptor fragment remains to be established.  

  Fig. 3.1    Schematic representation of the domain organisation in DDR1 and DDR2. The ectodo-
mains of both receptors contain an N-terminal DS domain of ~160 amino acids, followed by a 
DS-like domain of ~180 amino acids and a juxtamembrane region of ~50 (DDR1) or ~30 (DDR2) 
amino acids. The transmembrane domains are followed by large cytosolic juxtamembrane domains 
(up to ~170 amino acids in DDR1, ~140 amino acids in DDR2), the kinase domains of ~300 amino 
acids and short C-terminal tails (8 and 6 amino acids in DDR1 and DDR2, respectively). For 
DDR1, the fi ve known isoforms (DDR1a–e) are depicted. The additional 37-amino acid region in 
the juxtamembrane regions of DDR1b and DDR1c, with respect to DDR1a, is highlighted in 
white. The extra 6 amino acids in the kinase domain of DDR1c are also indicated in  white . DDR1d 
is a truncated isoform that lacks part of the cytosolic juxtamembrane region and the kinase domain. 
DDR1e is an inactive isoform, lacking part of the cytosolic juxtamembrane region and the ATP 
binding biding site in the kinase domain.  White circles  indicate predicted N-glycosylation sites; 
 black circles  indicate putative O-glycosylation sites.  DS  discoidin homology,  JM  juxtamembrane, 
 TM  transmembrane       
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3.4.2.3     Domain Structure 

 DDR1 has two globular domains in its extracellular region, an N-terminal discoidin 
(DS) domain followed by a second discoidin-like (DS-like) domain [ 73 ,  74 ] 
(Fig.  3.1 ). There are approximately 50 amino acids, which are predicted to be 
unstructured [ 75 ], that make up the extracellular juxtamembrane region. The ligand- 
binding DS domain is homologous to the protein discoidin 1 from the slime mould 
 Dictyostelium discoideum , and related domains are also present in a number of 
secreted (e.g. blood coagulation factors V and VIII) and transmembrane proteins 
(e.g. neuropilin) [ 76 ]. The DDR1 DS domain is highly similar to the DDR2 DS 
domain and adopts a β-barrel structure with eight strands arranged in two antiparal-
lel β-sheets [ 77 ] (see also Fig.  3.4 ). The N- and C-termini are connected by a disul-
fi de bridge and are located at the bottom of the barrel. At the top of the barrel, there 
are fi ve protruding loops which create a trench that can accommodate a collagen 
triple helix [ 78 ]. Despite little sequence conservation, the DDR1 DS-like domain 
adopts an eight-stranded β-barrel fold similar to the DS domain, with fi ve additional 
strands protruding between the β1 and β2 strands [ 73 ]. 

 The DDR1 transmembrane domain connects the extracellular juxtamembrane 
region to an unusually large intracellular juxtamembrane region of 169 amino acids 
(DDR1b isoform), which is followed by the kinase domain and a short C-terminal 
tail of eight amino acids.  

3.4.2.4     Posttranslational Modifi cation 

 Apart from glycosylation, no other posttranslational modifi cations have been 
described for DDR1. During biosynthesis, DDR1 undergoes N-glycosylation [ 79 ]. 
In addition to four predicted N-glycosylation sites, DDR1 has two predicted 
O-glycosylation sites in its extracellular domain (Fig.  3.1 ).  

3.4.2.5     Phosphorylation Sites and Known Functions 

 Like other RTKs, DDR1 becomes phosphorylated on tyrosine residues after colla-
gen binding, and these phosphorylation sites serve as docking sites for Src homol-
ogy- 2 (SH2) and phosphotyrosine-binding (PTB) domain-containing proteins. In 
full-length DDR1 (DDR1b and DDR1c isoforms), there are 15 tyrosine residues 
(13 in DDR1a) within the intracellular juxtamembrane and kinase domains that can 
potentially undergo phosphorylation upon receptor activation (see Fig.  3.2 ). The fi rst 
signalling protein to be identifi ed as a DDR1 interaction partner was the adaptor 
ShcA, which associates via its PTB domain with the alternatively spliced Tyr- 513 
that is present in DDR1b and DDR1c but not in DDR1a [ 1 ]. Signalling molecules 
that interact with DDR1 via their SH2 domains include the phosphatase Shp2, 
C-terminal Src tyrosine kinase and the adaptor Nck2 [ 80 – 82 ]. Furthermore, the 
structural subunit p85a of the phosphoinositide-3 kinase associates directly with 
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  Fig. 3.2    Interaction map of phosphotyrosine-mediated DDR1 interactions. The indicated amino 
acid numbers refer to the DDR1b isoform. The fi gure summarises results obtained mainly from 
phosphotyrosine peptide pull-downs in human placenta tissue [ 84 ]. Only proteins with SH2 or 
PTB domains are shown. Crk2, adaptor protein Crk2; Nck1/2, adaptor protein Nck1/2; PLC-γ1, 
phospholipase C γ1; Vav2, guanine nucleotide exchange factor Vav2; RasGAP, negative regulator 
of Ras; ShcA, SH2 containing transforming protein A; SHIP1/2, SH2 containing inositol poly-
phosphate 5-phosphatase 1/2; Shp2, SH2 containing protein tyrosine phosphatase 2; Csk, 
C-terminal Src kinase; Stat1/3/5b, signal transducer and activator of transcription 1/3/5b; PI3-K, 
phosphoinositide 3-kinase; SFKs, Src family tyrosine kinases (Yes, Lyn, Fyn)       
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DDR1 [ 83 ]. A proteomics study that used the phosphatase inhibitor pervanadate to 
induce phosphorylation of DDR1 identifi ed numerous signalling proteins and their 
docking sites on the DDR1 cytoplasmic tail [ 84 ]. A phosphopeptide library compris-
ing all 15 cytoplasmic DDR1b tyrosines in phosphorylated form identifi ed ~35 pro-
teins as potential DDR1 interaction partners [ 84 ]. These proteins include RasGAP, a 
negative regulator of Ras, the guanine exchange factors Vav2 and Vav3, the adaptor 
Crk2 and the phosphatase SHIP-2 as partners for Tyr-484; PI-3 kinase as a partner 
for Tyr-881; and members of the STAT (signal transducer and activator of transcrip-
tion) family as interaction partners for Tyr-869 (see Fig.  3.2 ). At present, very little 
information exists about the functional consequences of DDR1 interaction partners 
binding to the various docking sites, and it remains largely unknown how the DDR1 
signalling partners are biochemically linked to specifi c cell regulatory functions.    

3.4.3      DDR1 Ligands 

 DDR1 is activated by a number of different collagen types. Collagens are major 
components of extracellular matrices, and the 28 different collagens collectively 
represent the most abundant proteins in vertebrates. Collagens play fundamental 
roles in defi ning biomechanical properties of tissues but are also intimately involved 
in controlling cell behaviour. Cells interact with collagens through various receptor 
systems, including integrins and members of the immunoglobulin superfamily [ 3 ]. 
Collagens can act as DDR1 ligands only in their native, triple-helical conformation, 
since DDR1 does not recognise heat-denatured collagen (gelatin) [ 1 ,  85 ]. 

3.4.3.1     Collagen Structure 

 Collagens are characterised by their triple-helical structure. All collagens are com-
posed of three polypeptide chains that are termed α chains and contain repeating 
glycine-X-X′ motifs. Amino acids in positions X and X′ can be any amino acid but 
are often proline and 4-hydroxyproline (O), respectively [ 86 ]. The three α chains 
form a right-handed triple-helical structure by coiling around each another with a 
one-residue stagger between chains. The triple helix is tightly packed and resembles 
a stiff cable (Fig.  3.3a ). This tight packing requires every third amino acid to be a 
glycine. The three chains are held together by interchain hydrogen bonds, and the 
helix is stabilised in part through hydroxylation of prolines in the X′ position.  

 Vertebrates have 28 collagen types, resulting from assembly of specifi c combina-
tions of 46 distinct α chains [ 87 ,  88 ]. Collagens can be homotrimers (containing three 
identical α chains) or heterotrimers made up of two or three different α chains. In tis-
sues, most collagens form supramolecular assemblies, such as fi brils and fi bres or 
planar sheetlike networks. Collagen fi brils and fi bres are formed by lateral associations 
of individual triple helices (Fig.  3.3b, c ). The most abundant collagens are the fi bril-
forming collagens, types I–III [ 89 ]. The basement membrane collagen type IV is the 
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prototype of network-forming collagens. Additional families include transmembrane 
collagens and fi bril-associated collagens with interruptions in their triple helices.  

3.4.3.2     Collagen Cleavage 

 In each collagen α chain, the triple-helical collagenous domains, termed COL 
domains, are fl anked by noncollagenous domains (the so-called propeptides) [ 89 ]. 
In some collagens, these noncollagenous domains remain uncleaved, but in the 
fi bril-forming collagens, these domains are proteolytically cleaved once the 
trimerised molecules are secreted from cells. Removal of the propeptides decreases 
solubility of the collagens, allowing lateral association of triple helices into the 
macromolecular fi brils and fi bres that are major constituents of connective tissues.  

3.4.3.3     Collagen Specifi city of DDR1 

 DDR1 displays a broad collagen-binding specifi city, with fi brillar collagens consti-
tuting the main DDR1 ligands [ 1 ,  2 ]. In addition to fi brillar collagens, DDR1 can 
also be activated by the basement membrane collagen IV [ 1 ,  2 ]. Furthermore, DDR1 
on vascular smooth muscle cells can use collagen VIII as its ligand [ 90 ]. 

  Fig. 3.3    Collagen structure. ( a ) Surface representation of a collagen triple helix, represented by 
the collagen-like peptide (PPG) 9  [ 138 ]. The three α chains are wound around each other with a one 
amino acid stagger between chains. ( b ) Electron micrograph of a heterotypic collagen fi bril iso-
lated from human articular cartilage (courtesy of Dr Uwe Hansen, University Hospital Münster, 
Germany).  Scale bar , 100 nm. ( c ) Schematic diagram showing the lateral association of individual 
collagen triple helices in a collagen fi bril       

 

3 The DDR Receptor Family



90

 Similar to collagen-binding integrins, DDR1 recognises specifi c amino acid motifs 
in collagen. A high affi nity DDR1 motif, GVMGFO (O is hydroxyproline), was 
uncovered in studies utilising libraries of overlapping triple-helical peptides, the 
so-called Collagen Toolkits [ 91 ,  92 ]. Triple-helical peptides encompassing the 
GVMGFO motif, which cannot assemble into higher molecular structures, are able to 
induce DDR1 activation (autophosphorylation), indicating that the supramolecu-
lar structure of collagen is not required for DDR1 transmembrane signalling. 
The GVMGFO motif is present in collagens I–III but not in non-fi brillar collagens. 
The nature of the DDR1-binding motifs contained in collagen IV or VIII remains to 
be elucidated.   

3.4.4     DDR1 Activation and Signalling 

3.4.4.1     Dimerisation 

 Unlike most RTKs, which are generally thought to be monomeric in the absence of 
ligand and to be activated by ligand-induced dimerisation, DDR1 forms stable ligand-
independent dimers on the cell membrane [ 75 ,  93 – 95 ]. DDR1 dimers were observed 
on the cell membrane and in the biosynthetic pathway [ 93 ]. Furthermore, cysteine 
mutagenesis of extracellular residues close to the transmembrane resulted in a high 
degree of covalent cross-linking, strongly suggesting that dimerisation is constitutive 
[ 75 ]. No single DDR1 subdomain was found to be solely responsible for DDR1 
dimerisation, but the transmembrane helices showed very strong self- association in a 
bacterial reporter system [ 93 ]. The propensity for strong self- interaction of the DDR1 
transmembrane helices was confi rmed in a systematic study that compared the ability 
for self-interactions of all RTK transmembrane domains [ 96 ]. How collagen binding 
to the DDR1 DS domain leads to activation of the cytosolic kinase domain is not 
known and remains to be established. Collagen- induced conformational changes 
within the dimer are an unlikely mechanism since the extracellular juxtamembrane 
region was found to be exceptionally fl exible [ 75 ]. Collagen-induced DDR1 cluster-
ing has been observed in one study [ 95 ], but it is not clear whether or how this process 
is related to receptor activation. Moreover, the exact composition of the ligand-
induced higher-order DDR1 oligomers remains undefi ned. Furthermore, since DDR1 
can be activated by short collagen-like peptides (see above), DDR1 clustering by mul-
tivalent collagen assemblies does not appear to be essential for receptor activation.  

3.4.4.2     Phosphorylation 

 Like all RTKs, DDR1 undergoes receptor autophosphorylation upon ligand bind-
ing, but, compared with the rapid response of typical RTKs to their soluble ligands, 
in DDR1, this process is unusually slow and sustained [ 1 ,  2 ]. Maximal activation 
(phosphorylation) is often achieved only hours after stimulation with collagen and 
can remain detectable for up to several days poststimulation. There are cell type- 
dependent differences in activation kinetics. For example, DDR1 in human 

B. Leitinger



91

embryonic kidney cells is maximally phosphorylated 60–90 min after collagen 
stimulation, whereas it takes several hours for a strong phosphorylation signal to 
appear in certain cancer cell lines [ 1 ,  2 ,  83 ]. Intriguingly, phosphorylation of DDR1 
by Src seems to be required for full phosphorylation of DDR1 [ 97 ,  98 ]. The bio-
chemical and cellular mechanisms behind the slow activation kinetics of DDR1 
remain unknown.  

3.4.4.3     Pathway Activation 

 Little information exists about specifi c signalling pathways activated by collagen- 
induced DDR1 signalling and their biological consequences. DDR1 can activate 
signalling through the mitogen-activated protein (MAP) kinase pathway, with acti-
vation of certain MAP kinase family members dependent on the cellular context. 
Thus, DDR1-dependent extracellular signal-regulated kinase (ERK)1/2 activation 
was observed in smooth muscle cells, in mammary epithelial cells and in mega-
karyocytes [ 98 – 100 ], whereas in mesangial cells, the function of DDR1 might be to 
suppress ERK1/2 activation [ 101 ]. In pancreatic cancer cells as well as in adipose 
stromal cells, DDR1 can signal via c-Jun N-terminal kinase (JNK) [ 102 ,  103 ]. 
Exposure of breast and colon cancer cells to genotoxic stress results in DDR1- 
mediated prosurvival signals via the Ras/MEK pathway, but the identity of the acti-
vated MAP kinase is not known [ 58 ]. 

 DDR1 can also activate STAT signalling in a cell type-dependent manner. In mam-
mary epithelial cells, DDR1 regulates lactation via Stat5 activation [ 7 ]. In contrast, 
DDR1 signalling leads to suppression of Stat1 and Stat3 activation in MDCK cells [ 81 ].  

3.4.4.4     Major Genes Regulated 

 No systematic microarray studies have been performed to identify transcriptional 
targets of DDR1 signalling. We therefore only have limited information about the 
genes that are regulated by DDR1. Several studies, using knockout mice or human 
carcinoma cells, have shown that DDR1 signalling affects expression of MMPs, 
including MMP-2, MMP-9 and MMP-10 [ 104 ,  105 ], but whether the genes encod-
ing these proteases are direct transcriptional targets of DDR1 is not clear. Other 
genes reported to be upregulated by DDR1 include those for monocyte chemotactic 
protein (MCP)-1 in macrophages [ 52 ,  106 ], N-cadherin in epithelial cells [ 102 ] and 
cyclooxygenase 2 in fi broblasts [ 59 ].  

3.4.4.5     Crosstalk with Other Receptor Systems 

 The major collagen receptors expressed by most cell types belong to the integrin 
receptor family [ 3 ]. Collagen-induced DDR1 activation is independent of collagen- 
binding integrins [ 107 ], but DDR1 activation can lead to downstream signalling that 
intersects with integrin-induced pathways. In MDCK cells, DDR1 suppresses 
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integrin α2β1-mediated functions, such as cell spreading and cell migration [ 81 , 
 108 ]. Specifi cally, DDR1 signalling inhibits cell spreading by blocking Cdc42 activ-
ity, which is initiated through integrin signalling via focal adhesion kinase [ 108 ]. 
The molecular mechanism of DDR1-dependent suppression of integrin α2β1-
mediated cell migration involves DDR1 binding to the phosphatase Shp2, thereby 
suppressing integrin α2β1-mediated phosphorylation of Stat1 and Stat3 [ 81 ]. In con-
trast to the situation in MDCK cells, in pancreatic cancer cells, the cooperation 
of DDR1 and integrin α2β1 is required for collagen-induced EMT [ 102 ]. In these 
cells, DDR1 and integrin α2β1 signals coordinate to activate JNK, which in turn 
enhances N-cadherin expression, leading to cell scattering. DDR1 and integrin α2β1 
have also been observed to cooperate in mouse embryonic stem cells to promote self- 
renewal through cell cycle regulation [ 109 ]. While DDR1 was found to negatively 
regulate cell adhesion in MDCK cells [ 81 ], in many other cell types, DDR1 seems to 
promote cell adhesion [ 5 ]. In human embryonic kidney cells, DDR1 was found to 
promote cell adhesion to collagen by enhancing the activity of the collagen-binding 
integrins α1β1 and α2β1 [ 110 ]. Thus, DDR1 and integrins can either antagonise one 
another or play cooperative roles, in a cell type- and context-dependent manner. 

 Not much information exists about crosstalk of DDR1 with receptor systems other 
than integrins. A study in colon cancer cells demonstrated that DDR1 activation leads 
to intracellular activation of the Notch signalling pathway [ 111 ]. Collagen- induced 
DDR1 signalling generates the intracellular form of Notch 1, which translocates into 
the nucleus and upregulates prosurvival genes. In breast cancer cells, it was observed 
that DDR1 receives positive input from the Wnt5a/Frizzled pathway [ 97 ,  112 ], but 
how this pathway is integrated with collagen-induced DDR1 activation is not clear.  

3.4.4.6     Collagen-Independent Functions of DDR1 

 DDR1 has been shown to promote cell migration and/or invasion of many cell types 
(e.g. [ 90 ,  113 – 116 ]). The molecular mechanisms underlying collagen-induced 
DDR1-mediated cell migration and invasion remain largely undefi ned, but the pro- 
invasive activity of the DDRs may be ascribed to their ability to upregulate MMP 
expression, which is expected to contribute to the degradation of matrix compo-
nents. However, a study using squamous carcinoma cells described a novel role for 
DDR1 acting in a collagen-independent function. DDR1 was found to be required 
for collective cancer cell migration and invasion [ 117 ]. In this system, DDR1 regu-
lates actomyosin contractility by interacting with the cell polarity regulators Par3 
and Par6. DDR1 was localised to cell–cell contacts, where it may act as a cell–cell 
adhesion receptor, rather than as a matrix receptor. Localisation to cell–cell contacts 
requires E-cadherin function [ 117 ,  118 ]. DDR1, in turn, can regulate E-cadherin 
function by increasing the stability of E-cadherin at the cell surface, which pro-
motes cell–cell adhesion [ 119 ,  120 ]. A DDR1 ligand for the cell–cell adhesion role 
of DDR1 has not been identifi ed. Another collagen-independent function for DDR1 
was found in human adipose stromal cells grown in 3D collagen matrices, where 
DDR1 induces aromatase production [ 103 ]. Under these experimental conditions, 
DDR1 activation may occur via a putative sensor for matrix compliance [ 103 ].   
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3.4.5     DDR1 Internalisation, Processing and Attenuation 

 Unlike for other RTKs, little information is available on how DDR1 signalling is 
attenuated, and the mechanisms of DDR1 traffi cking and dynamics in cellular 
membranes have only partly been explored. Two studies examined DDR1 internali-
sation after collagen incubation. Using GFP-tagged DDR1, Mihai et al. (2009) per-
formed experiments that suggested that collagen exposure leads to rapid receptor 
aggregation, followed by internalisation of DDR1 into early endosomes [ 95 ]. 
However, whether internalisation is followed by receptor recycling to the plasma 
membrane, as suggested by the authors, or by degradation of DDR1 has not been 
properly addressed. In another study, internalised DDR1b was detected biochemi-
cally in a reversible biotinylation assay [ 121 ], but the specifi c cellular compartment 
of internalised DDR1 was not analysed. Further cell biological studies will thus be 
required to defi ne whether DDR1 signalling can be initiated from endosomes. 
Furthermore, given that collagen stimulation leads to prolonged receptor activation 
(autophosphorylation) of up to several days in some cellular systems, how DDR1 
signalling is switched off remains a mystery.  

3.4.6      Unique Features of DDR1 

 DDR1 and DDR2 share several features that distinguish them from conventional 
RTKs. Among RTKs, the DDRs are the only receptors that are activated by an 
extracellular matrix protein, collagen. The DDRs are thus uniquely placed to 
mediate cell–matrix interactions and transduce signals from the extracellular 
matrix. Another unusual feature is that the DDRs seem not to be activated by 
ligand-induced dimerisation but are already dimers in the absence of ligand. 
Finally, while the DDRs, like typical RTKs, undergo receptor autophosphoryla-
tion upon ligand binding, they do so with unusually slow kinetics, and phosphory-
lated receptors are detectable for prolonged times.   

3.5     DDR2 

3.5.1     DDR2 Gene 

 Little is known about the genomic structure of the  DDR2  gene. The human  DDR2  
gene maps to chromosome 1 (1q23.3) [ 122 ] and is composed of 18 exons, of which 
exons 3–18 are coding exons. The extracellular domain is encoded by exons 3–10, 
the transmembrane domain by exon 11. Exons 12 and 13 encode the cytosolic jux-
tamembrane domain, with the remaining exons predominantly coding for the kinase 
domain. No alternatively spliced isoforms of DDR2 have been described. 
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3.5.1.1     Transcriptional Regulation 

 DDR2 expression is regulated by different transcription factors in a cell type- 
dependent manner. For example, in rat vascular smooth muscle cells, DDR2 expres-
sion can be increased by hypoxia or hyperbaric oxygen, which increases Myc-Max 
DNA-binding activity in the  DDR2  promoter [ 123 ,  124 ]. During osteogenic differ-
entiation, the ATF4 transcription factor binds to a CCAAT/enhancer binding site in 
the  DDR2  promoter, which induces DDR2 transcription [ 19 ]. DDR2 mRNA is also 
upregulated in hepatic stellate cells during liver injury [ 26 ]. In these cells, DDR2 
mRNA can be downregulated by microRNA-29b, which targets collagen I, suggest-
ing a relationship between collagen I expression and DDR2 expression [ 125 ].   

3.5.2     DDR2 Protein 

3.5.2.1    Amino Acid Sequence 

 DDR1 and DDR2 share a high degree of amino acid conservation, with the same 
overall domain structure. In contrast to DDR1, for which fi ve isoforms have been 
identifi ed, only one isoform of DDR2 has been described which contains 855 amino 
acids (Fig.  3.1 ).  

3.5.2.2    Processing 

 Unlike for DDR1, whose ectodomain can be cleaved upon prolonged collagen incu-
bation (see Sect.  3.4.2 ), no reports on shedding of the DDR2 ectodomain exist, and 
no other forms of protein processing have been described to date.  

3.5.2.3    Domain Structure 

 DDR2 has the same overall protein architecture as DDR1, with two globular 
domains in its extracellular region: an N-terminal DS domain followed by a second 
DS-like domain [ 126 ] (Fig.  3.1 ). The DS and DS-like domains of the DDRs are 
highly similar, but their extracellular juxtamembrane domains are not well con-
served [ 74 ]. Like the DDR1 DS domain, the DDR2 DS domain adopts an 8-stranded 
β-barrel structure in which the N- and C-termini are connected by a disulfi de bridge 
at the bottom of the barrel [ 77 ] (see Fig.  3.4 ). The collagen-binding loops at the top 
of the barrel are highly conserved in DDR1 and DDR2 [ 78 ], consistent with both 
receptors binding to fi brillar collagens. Several residues at the periphery of the 
GVMGFO peptide-binding interface are not conserved in DDR1, and these amino 
acids are responsible for the distinct collagen-binding specifi city of the DDRs. 
Replacing these residues in DDR2 with the corresponding DDR1 residues created a 
DDR2 construct which was able to bind collagen IV [ 92 ].  
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 The DDR2 transmembrane domain is very similar to the DDR1 transmembrane 
domain and connects the extracellular juxtamembrane domain to the intracellular 
juxtamembrane domain of about 140 amino acids. The intracellular juxtamembrane 
domains are less well conserved, but the C-terminal kinase domains are again highly 
similar. Like DDR1, DDR2 has a short C-terminal tail of six amino acids.  

3.5.2.4    Posttranslational Modifi cation 

 As is the case for DDR1, apart from glycosylation, no other posttranslational modi-
fi cations have been described for DDR2. DDR2 undergoes N-glycosylation during 
biosynthesis [ 16 ] and has four predicted N- and one predicted O-glycosylation sites 
in its extracellular domain (Fig.  3.1 ).  

3.5.2.5    Phosphorylation Sites and Known Functions 

 Very limited information is available on signalling proteins that interact with phos-
phorylated tyrosines on activated DDR2. The DDR2 cytoplasmic domain contains 
14 tyrosine residues, of which only Tyr-471 has been shown to be a docking site for 
a DDR2 interaction partner, ShcA [ 127 ,  128 ]. In contrast to its interaction with 
activated DDR1b, which occurs via the ShcA PTB binding domain, ShcA interacts 
with DDR2 via its SH2 domain. The functional consequences of ShcA binding to 
DDR2 have not been described, and little information exists on other intracellular 
DDR2 signalling partners that directly interact with the receptor. A phosphopro-
teomic study observed collagen-induced phosphorylation at two sites in the kinase 
domain (Tyr684 and Tyr813) [ 129 ]. This study also found Tyr471 in the intracellu-
lar juxtamembrane region to be constitutively phosphorylated.   

  Fig. 3.4    Cartoon drawing of 
the crystal structure of the 
DDR2 DS domain bound to a 
collagen peptide [ 78 ]. The 
DS domain is shown in  light 
grey , the collagen triple helix 
in  dark grey . The side chains 
of the collagen residues that 
are involved in DDR2 
binding are shown and 
labelled (O is 
hydroxyproline). The N- and 
C-termini at the  bottom  of the 
DS domain are indicated       
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3.5.3     DDR2 Ligands 

 DDR2, like DDR1, is activated by a number of different collagen types (see 
Sect.  3.4.3  for a description of collagen structure and collagen cleavage). Both 
DDRs share the ability to be activated by fi brillar collagen types [ 1 ,  2 ], but they have 
distinct preferences for certain collagen types. Only DDR1 binds the basement 
membrane collagen type IV [ 1 ,  2 ], whereas DDR2 seems to be the preferred recep-
tor for collagen II [ 130 ] and collagen X [ 131 ]. It is not known whether DDR2 can 
bind collagen VIII, a ligand for DDR1. 

 DDR2, like DDR1, binds the GVMGFO motif in collagens I–III, and transmem-
brane signalling can be induced with triple-helical peptides containing this binding 
motif [ 132 ]. DDR2 has additional binding motifs in collagens II and III [ 92 ,  132 ], 
but their exact sequences have not yet been determined.  

3.5.4     DDR2 Activation and Signalling 

 Given the high degree of similarity between DDR1 and DDR2, we can assume that 
they employ similar mechanisms of receptor activation and signalling. Specifi c 
DDR2 features are summarised below. At present, not much information exists 
about the interplay between DDR2 and other receptor systems, but like DDR1, 
DDR2 signalling enhances cell adhesion via collagen-binding integrins [ 110 ]. 
DDR2 signalling has also been shown to crosstalk with insulin signalling [ 133 ], but 
the mechanistic details have not been explored. No studies have been published so 
far on DDR2 internalisation or signal attenuation. 

3.5.4.1    Dimerisation 

 Similar to DDR1, DDR2 forms ligand-independent stable dimers on the cell mem-
brane and in the biosynthetic pathway [ 93 ]. The transmembrane domains of the 
DDRs are highly conserved, and, like for DDR1, a strong propensity for self- 
interaction of the DDR2 transmembrane helices was found in a study that compared 
self-interactions of all RTK transmembrane domains [ 96 ]. Due to their high degree 
of amino acid conservation and structural similarities, it is reasonable to hypothe-
sise that DDR1 and DDR2 employ a similar mechanism of transmembrane signal-
ling. However, the molecular details of this process are as yet poorly defi ned, and 
no studies have addressed this specifi cally for DDR2.  

3.5.4.2    Phosphorylation 

 DDR2, like DDR1, undergoes receptor autophosphorylation upon ligand binding, 
with unusually slow and sustained kinetics [ 1 ,  2 ]. While the cellular mechanisms 
behind this slow activation process are not understood, two studies have shown that 
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maximal DDR2 phosphorylation is dependent on the tyrosine kinase Src [ 127 ,  128 ]. 
Based on these studies, a model emerged that suggests that ligand binding promotes 
Src to phosphorylate tyrosines in the DDR2 activation loop, which in turn stimu-
lates intramolecular autophosphorylation of additional tyrosine residues. These 
phosphorylated tyrosines then promote DDR2 binding to ShcA and other, as yet 
unidentifi ed, cytoplasmic signalling partners. DDR2-Src interactions may thus play 
crucial roles in initiating DDR2 signalling.  

3.5.4.3    Pathway Activation 

 Limited information exists about specifi c signalling pathways downstream of 
collagen- induced DDR2 signalling and their biological consequences. Like DDR1, 
DDR2 can activate signalling through the MAP kinase pathway, in a cell type and 
context-dependent manner. In fi broblasts, osteoblasts, chondrocytes and breast can-
cer cells, DDR2 has been shown to signal via ERK1/2 [ 18 ,  48 ,  69 ,  134 ,  135 ]. 
However, confl icting data suggest that DDR2 uses p38 MAP kinase rather than 
ERK1/2 to activate the transcription factor Runx2 in osteoblasts [ 19 ]. In chondro-
cytes, DDR2 can also use JNK; however, the relative contributions of DDR2 and 
integrin α1β1 to this pathway are not clear [ 135 ]. DDR2 can also transmit signals 
through the Janus kinase (JAK)/STAT pathway by using JAK2 [ 69 ]. A global phos-
phoproteomic study of collagen-induced DDR2 signalling networks identifi ed 
potential downstream effectors of DDR2, including SHP-2, Nck1, the Src family 
kinase Lyn, phospholipase C-like2 and phosphatidylinositol-4-phosphate 3 kinase 
[ 133 ]. However, it is not clear whether these effectors interact directly with specifi c 
phosphotyrosine sites on DDR2.  

3.5.4.4    Major Genes Regulated 

 As is the case for DDR1, limited information is available on transcriptional targets 
of DDR2 signalling, but it is clear that in a number of cellular systems, DDR2 
regulates expression of MMPs, including MMP-1 [ 1 ], MMP-2 [ 136 ], MMP-10 
[ 69 ] and MMP-13 [ 137 ]. At least for MMP-2 and MMP-13, it is clear that DDR2 
signalling affects their gene promoter activities [ 134 ,  136 ]. In human lung fi bro-
blasts, DDR2 signalling regulates the expression of the genes for DDR1, the bone 
morphogenetic protein BMP-2 and MCP-1 [ 69 ], but the molecular mechanism 
involved in the regulation of BMP-2 and MCP-1 expression remains sketchy. In 
osteoblasts, DDR2 activates osteoblast-specifi c gene expression for gene prod-
ucts that are required for osteoblast differentiation, including osteocalcin and 
osteopontin [ 18 ,  19 ]. These genes are transcriptional targets of the master tran-
scription factor Runx2, whose activity (phosphorylation) is controlled in turn by 
DDR2 [ 18 ].   
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3.5.5     Unique Features of DDR2 

 DDR2 shares the same unusual features that distinguish DDR1 from other RTKs. 
These are listed under Sect.  3.4.6 .       

            Receptor at a glance: DDR1   

 Chromosome location  Chromosome 6 (6p21.3) 
 Gene size (bp)  23,736 bp 
 Number of exons  17 
 mRNA size (5′, ORF,3′)  3,738 b (GenBank entry L11315.1) 
 Amino acid number  919 amino acids (DDR1c, largest isoform) 
 kDa  ~120 kD 
 Posttranslational 
modifi cations 

 N- and O-glycosylation 

 Domains  Two globular domains in the extracellular region: DS domain and 
DS-like domain, transmembrane domain, large cytosolic 
juxtamembrane domain, kinase domain 

 Ligands  Fibrillar collagens, collagen IV, collagen VIII 
 Known dimerising 
partners 

 Not defi ned 

 Pathways activated  MAP kinase pathway, STAT signalling 
 Tissues expressed  Widely expressed, with high levels in brain, mammary gland, 

lung, kidney, gastrointestinal tract 
 Human diseases  Kidney fi brosis, lung fi brosis, atherosclerosis, many types of 

cancer 
 Knockout mouse 
phenotype 

 Mammary gland defect, lactational defect, thickening of 
glomerular basement membrane, impaired blastocyst implantation 
into uterine wall, loss of auditory function 

     Receptor at a glance: DDR2   

 Chromosome location  Chromosome 1 (1q23.3) 
 Gene size (bp)  149,093 bp 
 Number of exons  18 
 mRNA size (5′, ORF,3′)  3,263 b (GenBank entry BCO52998.2) 
 Amino acid number  855 amino acids 
 kDa  ~125 kD 
 Posttranslational 
modifi cations 

 N- and O-glycosylation 

 Domains  Two globular domains in the extracellular region: DS domain and 
DS-like domain, transmembrane domain, large cytosolic 
juxtamembrane domain, kinase domain 

 Ligands  Fibrillar collagens, collagen X 

(continued)
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 Known dimerising 
partners 

 None defi ned 

 Pathways activated  MAP kinase pathway, JAK/STAT pathway 
 Tissues expressed  Widely expressed, highest levels in skeletal muscle, skin, kidney 

and lung 
 Human diseases  Liver fi brosis, wound healing, osteoarthritis, rheumatoid arthritis, 

several types of cancer 
 Knockout mouse 
phenotype 

 Dwarfi sm, shorter long bones due to chondrocyte proliferation 
defect, impaired dermal wound healing 
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    Chapter 4   
 The EGFR/ERBB Receptor Family 

             Fresia     Pareja    ,     Gur     Pines    , and     Yosef     Yarden    

4.1             Introduction to the EGFR/ERBB Subfamily of Receptor 
Tyrosine Kinases 

 Half a century has elapsed since Stanley Cohen identifi ed the epidermal growth 
 factor (EGF), on the basis of his observation that injection of purifi ed submaxillary 
gland extracts into newborn mice induced premature opening of eyelids as well as an 
earlier eruption of teeth [ 1 ]. Years later, using radioactively labeled EGF as a tool, the 
receptor for this growth factor, the epidermal growth factor receptor (EGFR), was 
identifi ed [ 2 ]. In an effort to unravel the interplay between EGF and its receptor, 
Cohen and colleagues showed that binding of EGF to membrane preparations from 
human epidermoid carcinoma cells elicited tyrosine phosphorylation of EGFR [ 3 ]. 
In this sense, the effects of EGF stimulation emulated the impact of Rous sarcoma 
virus (RSV) transformation [ 4 ], suggesting an oncogenic role for EGFR. Later on, a 
close similarity was demonstrated between the amino acid sequence of EGFR and 
v-erb-B, a retroviral oncogene structurally close to src, the transforming gene of 
RSV. Moreover, the genes that encode EGFR and src were found to display high 
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degree of similarity [ 5 ,  6 ]. Several lines of evidence implicated this receptor in onco-
genesis in tissues from a variety of origins. EGFR expression was found to be ele-
vated in brain tumors and in squamous cell carcinomas [ 7 – 9 ], and this was associated 
with increased metastasis and poor prognosis in breast cancer patients [ 10 ]. Likewise, 
high levels of EGFR were detected in a battery of tumoral cell lines from ovarian, 
cervical, and renal origin [ 11 ]. As EGFR emerged as a suitable target of anticancer 
therapy, therapeutic strategies were devised. Anti-EGFR monoclonal antibodies 
inhibited EGF-elicited phosphorylation and cellular proliferation [ 12 ] and sup-
pressed growth of human epidermoid tumors in athymic mice [ 13 ]. 

 Later on, other members of the ERBB family of receptors were discovered. 
A transforming protein with high degree of homology to EGFR was described, fi rst 
in rodents and afterwards also in humans, and designated NEU, ERBB2, or HER2 
[ 14 – 16 ]. Amplifi cation of the ERBB2/HER2 was thereafter recognized as a fre-
quent event in breast cancer, associated with disease relapse and poor patient sur-
vival [ 17 ]. However, despite extensive homology to EGFR, later studies suggested 
that this receptor lacks as ligand and functions as a signal amplifi er [ 18 ]. A few 
years after the discovery of HER2, a third member was identifi ed, HER3/ERBB3 
[ 19 ]. Uniquely, it was demonstrated that this member of the ERBB family of recep-
tors lacks an intrinsic tyrosine kinase activity [ 20 ]. ERBB4, which showed high 
expression levels in tumor cell lines of diverse origins, was the last receptor of this 
group to be identifi ed and closed the list of the ERBB family [ 21 ]. 

 The ERBB and EGF families are represented in  Caenorhabditis elegans  by a 
single receptor, Let-23, and a single ligand, Lin-12 [ 22 ]. A series of gene duplica-
tion events likely led the evolution of four receptors and eleven ligands in mammals 
[ 23 ]. This created a layered signaling network, which is characterized by ligand- 
induced formation of homo- and heterodimers, followed by autophosphorylation of 
the receptors and transphosphorylation of multiple downstream targets. This leads 
to the activation of several kinase cascades and downstream transcription factors 
and ultimately to the orchestration of an array of cellular processes [ 24 ].  

4.2     The Role of the EGFR/ERBB Family in Embryonic 
Development and in Adult Physiology 

 Since its discovery, the ERBB family research branched into several fi elds, including 
the association of these receptors with malignancies and their typical role in embryo-
genesis and in tissue homeostasis. The developmental role of the EGFR ortholog, 
LET-23, in the nematode  Caenorhabditis elegans , is best characterized in vulval for-
mation and patterning through several fate-determining processes [ 25 ]. In the fruit 
fl y  Drosophila melanogaster , EGFR is involved in directing many cell fate choices, 
cell division, survival, and migration [ 26 ] and is also responsible for axial polarity 
[ 27 ]. In zebra fi sh,  Danio rerio,  ERBB proteins were shown to be required for skin 
pigmentation [ 28 ] and proper heart development [ 29 ]. The critical role of the ERBB 
family in mammalian embryonic development is demonstrated by early lethality of 
knockout mice. EGFR-defi cient mice either die in mid-gestation due to placenta 
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defects, or they survive for a short time after birth and suffer from impaired epithelial 
development in multiple organs, including the skin, gastrointestinal tract, and lungs 
[ 30 ,  31 ]. ERBB2 null mice die at mid-gestation due to neural crest and motor nerve 
defects and trabeculae malformation in the heart [ 32 ], similar to ERBB4-depleted 
mice [ 33 ]. ERBB3 mutant embryos die at a later stage and they lack Schwann cell 
precursors, which results in the death of motor and sensory neurons [ 34 ]. 

 The ERBB family also has an important role in postnatal development of organs 
such as the mammary gland. Both EGFR and ERBB2 are expressed in the mam-
mary gland in all developmental stages, and mice expressing a mutated EGFR, with 
a dramatically reduced kinase activity, promote defective ductal growth and 
impaired maternal lactation [ 35 ]. Additionally, ERBB2 and ERBB4 were shown to 
be essential for lobuloalveolar    formation and milk protein secretion [ 36 ,  37 ]. In 
addition to their developmental roles, the ERBB receptors are required for the main-
tenance of some adult tissues. EGFR is normally expressed in rapidly proliferating 
epithelial cells, including the lungs, skin, and gastrointestinal tract [ 38 ]. ERBB2 
expression is detected in endocervical and endometrial cells, in thyroid C cells, and 
in sebaceous glands of the skin [ 39 ]. The ERBB3 and ERBB4 receptors were identi-
fi ed in the gastrointestinal, reproductive, respiratory, and urinary tracts as well as in 
the skin, endocrine, and nervous systems [ 40 ,  41 ].  

4.3     The Role of EGFR Receptor Tyrosine Kinase Family 
in Human Diseases 

 The ERBB family and its multiple EGF-like ligands are richly involved in human 
cancer. A frequent involvement entails autocrine and paracrine loops, often associ-
ated with overexpression of the respective receptor or ligand [ 42 ]. In addition, 
multiple mutations affect all four ERBB proteins in human tumors, as summarized 
in Table  4.1 . Yet, the ERBB family is involved in other, nonmalignant pathologies. 
NRG1 and to a lesser extent one of its receptors, ERBB4, were shown to be impor-
tant candidates for schizophrenia susceptibility, with some suggesting that altera-
tions in the NRG1-ERBB signaling pathway could account for dysregulation of the 
glutamatergic and dopaminergic system in this disease [ 43 ]. Additionally, it has 
been reported that some ERBB4 splice isoforms are signifi cantly elevated in 
patients with schizophrenia [ 44 ]. Similarly, a variant of NRG was reported to 
diminish autoimmune demyelination of oligodendrocytes and to enhance remyelin-
ation in a chronic relapsing model for multiple sclerosis in mice, suggesting a 
potential treatment modality [ 45 ]. Another disease in which ERBB signaling might 
play a role is psoriasis. Aberrant activation of the EGFR by TGFalpha was shown 
to be important in the pathogenesis of psoriatic epidermal hyperplasia [ 44 ], and 
EGFR activation was suggested to promote psoriasis through disrupting the pro- 
and antiapoptotic balance toward hyper proliferation [ 46 ]. Additionally, amphireg-
ulin elevated mRNA levels were found in psoriatic epidermis, relative to healthy 
tissue, and anti-amphiregulin antibodies reduced skin thickness of transplanted 
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    Table 4.1    ERBB mutations in human tumors   

 Receptor  Domain 
 Mutation and amino 
acid sequence affected  Disease type  References 

 EGFR  Extracellular  N-terminal truncation  Brain (GBM)  [ 384 – 388 ] 
 Deletion of exons 14–15 
(EGFRvII) 
 Deletion of exons 2–7 
(EGFRvIII) 

 Brain (GBM), lung, 
breast, ovarian, and 
other cancers 

 Point mutations (e.g., 
R108K, A289V) 

 Brain (GBM) 

 Kinase  Deletions within the 
segment of amino acids 
746–759 

 Lung (NSCLC) and 
breast cancer (triple 
negative) 

 [ 186 ,  189 , 
 389 – 391 ] 

 Point mutations in exons 
18 and 21 (e.g., L858R, 
G718S) 
 Insertion 
(D770InsNPG) 

 Lung (NSCLC) 

 Point mutation in exon 
20, conferring gefi tinib 
resistance (T790M) 
 Duplication  Brain (GBM) 

 Carboxyl tail  Deletions of exons 
25–27 (EGFRvIVa), 
26–27 (EGFRvIVb), 
and 27 

 Brain (GBM)  [ 386 , 
 392 – 394 ] 

 C-terminal truncation 
(EGFRvV) 

 ERBB2/ 
HER2 

 Kinase  Insertion at position 
774 (AYVM) or 776 
(YVMA) 

 Lung (NSCLC)  [ 395 – 397 ] 

 Point mutations at 
exons 18–21 (e.g., 
L755S, V777L/M) 

 Lung (NSCLC), breast 
carcinomas, gastric and 
colorectal cancer 

 ERBB3  Ligand binding  Missense mutation 
resulting in a short, 
399aa protein 

 Lethal congenital 
contractural syndrome 
type 2 (LCCS2) 

 [ 398 ] 

 ERBB4  Ligand binding  Point mutations in the 
Furin-like domain (e.g., 
T244R, Y285C) 

 Lung adenocarcinoma  [ 399 ] 

 Kinase  Point mutations in 
exons 18–21 and 23 
(e.g., V721I, P854G) 

 Lung (NSCLC) breast 
carcinoma, gastric and 
colorectal cancers 

 [ 400 ] 

 All domains  Additional point 
mutations in multiple 
sites along the gene 
(e.g., Y111H, E452K, 
E836K) 

 Melanoma  [ 401 ] 

  The following abbreviations are used:  GBM  glioblastoma multiforme,  NSCLC  non-small cell lung 
cancer  
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psoriatic skin in mice [ 47 ]. Another ligand, NRG-1, was shown to signifi cantly 
attenuate lesion formation following vascular injury and was suggested as a 
potential therapy for restenosis and atherosclerosis [ 48 ]. The underlying mecha-
nism seems to involve inhibition of atherogenesis and macrophage foam cell for-
mation [ 49 ].

4.4        EGFR (ERBB1) 

4.4.1     The EGFR Gene 

4.4.1.1     Promoter Structure 

 The promoter of EGFR contains neither TATA nor CCAAT boxes but has a high GC 
content and some CCGCCC and TCCTCCTCC repeats [ 50 ]. There are six tran-
scriptional start sites, with the most 5′ start site being highly active in vivo. The 
promoter was shown to bind many transcription factors, including SP1 (with mul-
tiple binding sites [ 51 ]), EGR-1 [ 52 ], TCF, ETF1/2, GCF, ETF, p53 (both wild type 
and mutant) [ 53 ], and AP-2 [ 54 ]. The promoter region was also shown to be methyl-
ated in some cancers, an event that silences EGFR expression and hence voids any 
benefi t from EGFR-specifi c therapy [ 55 ].  

4.4.1.2     Transcriptional Regulation 

 EGFR was shown to be transcriptionally induced by beta-estradiol, phorbol, EGF, 
TGFbeta, progestins, cAMP, retinoic acid, vitamin D, thyroid hormone, and dexa-
methasone [ 54 ]. TGFalpha was shown to induce EGFR mRNA production in pan-
creatic cancer cells [ 56 ]. Additionally, EGFR transcription was found to depend on 
the amount of CA nucleotide repeats within intron 1 of the EGFR gene. This tran-
scriptional regulation mechanism is inherited and controls the amount of EGFR 
mRNA produced, with a negative correlation between these repeats and pre-mRNA 
synthesis [ 57 ].   

4.4.2     The EGFR Protein 

4.4.2.1     Processing 

 EGFR is initially produced as a precursor, which undergoes cleavage of its amino- 
terminal signal and several glycosylation steps. The maturation process is initiated 
upon EGFR entry into the lumen of the endoplasmic reticulum (ER) and involves 
transfer of carbohydrate moieties to specifi c asparagine residues. The carbohydrate 
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side chains are then processed in the ER and in the Golgi network to produce a 
mature glycoprotein, which is exported through the secretory machinery to the 
plasma membrane [ 58 ]. In addition to asparagine-directed glycosylation, EGFR 
was reported to undergo fucosylation [ 59 ] and sialylation [ 60 ], side chain modifi ca-
tions critical for its activity.  

4.4.2.2     Domain Structure 

 EGFR was the fi rst RTK to be characterized [ 61 ], and it shares with the later 
 discovered ERBB members a characteristic domain structure (see Fig.  4.1 ), includ-
ing an extracellular ligand-binding region, that comprises two leucine-rich repeat 
domains (denoted I and III) and two cysteine-rich domains (II and IV), a single 
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  Fig. 4.1    Linear representation of the ERBB family of receptors. Receptors and domains are drawn 
to scale and aligned at the transmembrane domains. The respective ligands and the major phospho-
tyrosine sites (partial list) are indicated, along with their predicted binding partners (note that SRC 
was reported to phosphorylate EGFR on tyrosine number 845). The transmembrane domain pre-
dictions were based on   http://www.cbs.dtu.dk/services/TMHMM/     and other domain predictions 
were based on   http://www.ebi.ac.uk/Tools/pfa/iprscan/    . The tyrosine phosphosites are based on 
published data [ 129 ].  TGFalpha  transforming growth factor alpha,  HB-EGF  heparin-binding EGF- 
like growth factor,  EPR  epiregulin,  EPG  epigen,  BTC  betacellulin,  AR  amphiregulin,  NRG  neu-
regulin,  SRC  sarcoma viral oncogene homologue,  CBL  casitas B-lineage lymphoma proto-oncogene, 
 GRB2  growth factor receptor-bound protein 2,  SHC  SRC homology domain containing,  STAT5  
signal transducers and activators of transcription,  PTP 2C  protein-tyrosine phosphatase 2C, 
 SH3BGRL  SH3 domain-binding glutamic acid-rich protein like,  PI3K  phosphoinositide-3-kinase. 
ERBB3 has two additional GRB2 sites at positions 1199 and 1262, which were not included due 
to space limitations       
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membrane- spanning region, an intracellular bilobular tyrosine kinase domain, and 
a carboxyl- terminal tail harboring multiple phosphorylation sites [ 62 ]. Note that 
domain II serves as a receptor dimerization site, which stabilizes homodimers of 
EGFR, as well as heterodimers with the other three ERBB proteins. Despite the 
common domain structure of all ERBBs, it is notable that two members of the fam-
ily are peculiar; ERBB2 lacks the ligand-binding domain but carries an evolution-
ary conserved kinase domain, whereas ERBB3 retains the ligand-binding ability, 
but its kinase function is impaired [ 18 ,  20 ].   

4.4.2.3     Posttranslational Modifi cations 

 EGFR undergoes phosphorylation on multiple serine, threonine, and tyrosine sites, 
as well as ubiquitination, neddylation, and acetylation. The major modifi cations are 
reviewed below. 

  Phosphorylation Sites and Known Functions     The major target of the activated 
kinase of EGFR is the receptor itself and its dimer partner. The EGFR carboxyl 
terminus is rich in tyrosine residues that serve as phosphorylation targets (see 
Fig.  4.1 ). These phosphotyrosines serve as docking sites for adaptor proteins and 
signaling molecules that are responsible for the downstream signal propagation. 
The major EGFR phosphotyrosine sites are Y845, Y1045, Y1068, Y1086, Y1148, 
and Y1173.  

  EGFR Ubiquitination     Upon EGFR activation, phosphorylated tyrosine residues 
act as docking sites for multiple adaptors, such as the three CBL proteins. These are 
ring-fi nger-containing E3 ubiquitin ligases, which recruit E2 conjugating enzymes 
and mediate EGFR ubiquitination [ 63 ,  64 ]. The interaction between CBL and EGFR 
can occur in a direct or an indirect fashion. CBL proteins possess a tyrosine kinase 
binding (TKB) domain, which allows their interaction with the phosphorylated 
EGFR, via the phosphorylated form of tyrosine residue 1045 (Fig.  4.1 ) [ 63 ,  65 ]. 
Alternatively, GRB2 harbors an SH2 domain, which makes contact with phosphoty-
rosine residues of EGFR, and two SH3 domains able to bind c-CBL and CBL-b [ 65 , 
 66 ]. While initial studies showed that decoration of EGFRs with mono-ubiquitin 
moieties was suffi cient for internalization [ 67 ,  68 ], later mass spectrometry studies 
revealed that EGFR is mono- and poly-ubiquitinated, mainly by means of K63 ubiq-
uitin chains [ 69 ]. Furthermore, upon EGF stimulation, CBL modifi es lysine resi-
dues in the tyrosine kinase domain of EGFR with the ubiquitin-like molecule 
Nedd8, which promotes subsequent ubiquitination [ 70 ].  

  Deubiquitinating Enzymes and Phosphatases     Deubiquitinating enzymes 
(DUBs) that target EGFR oppose the action of CBL. AMSH, UBPY, Cezanne-1, 
and USP18 are DUBs that deubiquitinate this receptor. While USP18 regulates 
EGFR synthesis [ 71 ], AMSH, UBPY, and Cezanne-1 regulate its endocytic traf-
fi cking. AMSH silencing enhanced EGFR degradation in some studies [ 72 ]. In 
mice, UBPY defi ciency caused embryonic lethality and fatal liver failure in adulthood, 
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along with decreased levels of RTKs, such as EGFR [ 73 ]. Cezanne-1, which was 
shown to inhibit EGFR degradation upon EGF stimulation, is amplifi ed in a large 
proportion of breast tumors, and its mRNA abundance predicts relatively short 
patient survival [ 74 ]. Another layer of regulation is attained by protein-tyrosine 
phosphatases (PTPs). RPTP sigma dephosphorylates EGFR, resulting in signal 
attenuation [ 75 ]. PTPN1 and PTPN2 are other examples of PTPs targeting EGFR 
[ 76 ,  77 ]. DEP-1, a transmembrane PTP, is frequently deleted in human cancers 
from diverse origins, such as the colon, lung, breast, and thyroid [ 78 ,  79 ]. Recently, 
DEP-1 was found to dephosphorylate EGFR and play a tumor suppressor role [ 80 ].    

4.4.3     EGFR Ligands 

4.4.3.1     Autocrine, Paracrine, Juxtacrine, and Extracrine Modes 
of Signaling 

 Constant intercellular communication is necessary to achieve homeostasis. Growth 
factors are released to the extracellular environment and interact with receptors on 
the cell of its origin or stimulate a neighboring cell, namely, autocrine and para-
crine modes, respectively. A recent study showed, using a 3D culture model, that 
signaling in breast cancer cells was dependent on an autocrine loop involving a 
protease, ADAM17, and cleavage of two direct ligands of EGFR, amphiregulin and 
TGFalpha, but this loop did not exist in non-tumoral cells [ 81 ]. Moreover, the 
expression of this protease and TGFalpha correlated with a relatively poor progno-
sis in breast cancer. Another form of ligand interaction, coined juxtacrine signaling, 
was unveiled when pro-TGFalpha, the membrane-anchored precursor form, was 
shown to bind to EGFR on adjacent cells, promoting cell proliferation [ 82 ]. Later 
on, juxtacrine signaling was found to involve other ligands. In canine kidney cells, 
stimulation of EGFR with a non-cleavable mutant of the membrane-bound precur-
sor of HB-EGF rescued cells from anoikis and regulated the protein composition of 
tight junctions, in a way that elevated transepithelial resistance [ 83 ]. The membrane 
precursor of amphiregulin interacts with EGFR in a juxtacrine way, while the 
cleaved soluble form of the ligand plays a pivotal role in autocrine activation of 
EGFRs in human mammary epithelial cells [ 84 ]. Recently, a novel EGFR signaling 
mode was identifi ed. Cancer cells of breast and colorectal origin release exosomes 
harboring amphiregulin, TGFalpha, and HB-EGF. Exosomal EGFR ligands are 
displayed in a signaling competent orientation, ready to interact with receptors in 
the target cell. Amphiregulin harbored in exosomes induced invasiveness in breast 
cancer cells. These data suggest that exosomes can be regarded as EGFR ligand 
signaling scaffold, mediating the extracrine (exosomal targeted receptor activation) 
signaling mode [ 85 ].  
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4.4.3.2     Ligands Specifi c to EGFR 

 The EGF-like family of growth factors comprises eleven members (see Fig.  4.1 ), 
which differ in receptor specifi city and affi nity. Some ligands bind exclusively to 
one receptor, such as EGF, TGFalpha, amphiregulin, and epigen, which interact 
solely with EGFR, or neuregulins (NRG) 3 and 4, which bind only with ERBB4. 
Other ligands recognize more than one receptor, such as HB-EGF, epiregulin, and 
betacellulin that bind to both EGFR and ERBB4 (see their description under 
ERBB4) and NRG 1 and 2, which bind both ERBB3 and ERBB4 [ 86 ]. Mature 
ERBB ligands share a characteristic sequence, necessary for interaction with recep-
tors, named the EGF motif. This region is a cysteine-rich domain, where six cyste-
ine residues form three disulfi de bonds [ 87 ]. 

  EGF     This prototypical member of the family of ligands was the fi rst one to be 
discovered. It is peculiar because it is synthesized as a very large precursor, pro- 
EGF, a 1,207-amino acid-long membrane-anchored polypeptide, and proteolytic 
processing of pro-EGF results in the 53-amino acid mature EGF. A systematic study 
aimed at characterizing ligand processing implicated ADAM10 as the protease that 
processes this ligand [ 88 ]. Interestingly, the cytoplasmic domain of EGF (proEGF-
cyt) modulates microtubule dynamics in thyroid cancer cells [ 89 ].  

  TGF Alpha     Transforming growth factor alpha is a 50-amino acid ligand, derived 
from a 160-amino acid length precursor polypeptide [ 90 ]. Processing of this ligand 
is performed predominantly by ADAMS17/TACE (tumor necrosis factor alpha-
converting enzyme) [ 91 ].  

  Amphiregulin     The precursor of amphiregulin (AR) is a transmembrane protein of 
252 amino acids, which following cleavage produces the 78–84-amino acid-long 
mature form [ 92 ]. Recently it was demonstrated that AR plays a protective role 
against Fas- mediated liver injury in a mouse model and is involved in the early 
phases of liver regeneration [ 93 ,  94 ]. In addition, the amphiregulin gene is a tran-
scriptional target of YAP, the main effector of the Hippo pathway, mediating cell 
proliferation and migration [ 95 ].  

  Epigen     Epigen is synthesized as a 152-amino acid membrane-bound precursor, 
and it is cleaved to produce a 72-amino acid peptide by ADAM17 [ 96 ]. Even though 
epigen has as lower receptor-binding affi nity than EGF, it displays a stronger mito-
genic activity [ 97 ].  

  EGF-Like Growth Factors Encoded by Poxviruses     The family of poxviruses, 
which cause an array of pathologies both in humans and animals, utilizes EGF-like 
growth factors as virulence factors. For instance, Shope fi broma growth factor 
(SFGF), myxoma growth factor (MGF), and vaccinia growth factor (VGF) are 
encoded by Shope fi broma, myxoma, and vaccinia viruses, respectively [ 98 ,  99 ]. 
These growth factors display distinct specifi city for different members of the ERBB 
family of receptors. While VGF binds mainly to ERBB1 homodimers and MGF to 
ERBB2-ERBB3 heterodimers, SFGF displays a more promiscuous pattern of 
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 interactions, binding to the ERBB2-ERBB3 pair and to all ERBB-1-containing 
dimers [ 100 ]. Despite having a lower affi nity for their receptors than their mam-
malian counterparts, they display a higher mitogenic potential. This might be 
explained by the fact that interaction with their cognate receptors is coupled to a 
relatively weak downregulation and endocytosis.   

4.4.3.3     Ligand Cleavage 

  EGFR Transactivation     Growth factors belonging to the EGF family are synthe-
sized as transmembrane precursor molecules; hence shedding of the ectodomain by 
proteases is a key step that determines ligand availability. Early studies showed that 
agonists of certain G-protein-coupled receptors lead to EGFR tyrosine phosphory-
lation, by a phenomenon called transactivation [ 101 ]. Later on, in vivo experiments 
showed that mice expressing a mutant ADAM17 exhibited developmental abnor-
malities reminiscent of mice defi cient in TGFalpha [ 91 ]. Nowadays, it is widely 
accepted that metalloproteases belonging to a disintegrin and metalloprotease 
(ADAM) and matrix metalloproteases (MMP) families are accountable for this phe-
nomenon [ 102 ].  

  Processing of Ligands: Role of Proteases     Ligand ectodomain cleavage can be 
elicited by a multiplicity of stimuli, such as WNT binding to Frizzled [ 103 ] or estra-
diol binding to the estrogen receptor [ 104 ]. Two proteases have been thoroughly 
studied, ADAM17 (tumor necrosis factor-alpha converting enzyme; TACE), which 
is involved in the processing of TGFalpha, HB-EGF, amphiregulin, epiregulin, and 
epigen, and ADAM10, which is accountable for ectodomain shedding of proEGF 
and betacellulin [ 105 ]. Recent studies implicate several ADAM members in cancer 
pathogenesis [ 106 ]. For instance, expression of ADAM17 correlates with poor 
prognosis in breast cancer patients [ 81 ], and overexpression of ADAM 9 enhanced 
metastatic potential of non-small cell lung carcinoma cells to the brain [ 107 ]. 
Different EGF-like ligands stimulating a given receptor can elicit dissimilar effects. 
At equipotent concentrations, amphiregulin induced redistribution of E-cadherin 
and a cellular spindle-like conformation in MDKC cells, while TGFalpha did not 
[ 108 ]. Amphiregulin produced more extensive invasive and migratory phenotype 
than EGF in MCF10 cells [ 84 ]. Variations in affi nity and potency, and perhaps also 
intrinsic ligand properties, might be responsible for these divergent cellular out-
comes. Moreover, profi ling of the expression of various ligands in breast cancer 
showed that EGF and amphiregulin were associated with smaller tumors and lower- 
grade histology, whereas high expression of TGFalpha   , HB-EGF, and NRG-2 cor-
related with an aggressive disease course, exemplifying how differential ligand 
expression can exert an impact on prognosis [ 109 ].    
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4.4.4     EGFR Activation and Signaling 

4.4.4.1     EGFR Dimerization 

 Ligand-induced receptor dimerization was originally discovered with EGF and 
EGFR [ 110 ,  111 ] and later extended to all RTKs [ 112 ]. Nevertheless, there is evi-
dence suggesting that receptors of the ERBB family are present in a pre-dimerized 
or an oligomerized state in the absence of ligands [ 113 ,  114 ]. Stimulation of these 
receptors with growth factors promotes the formation of an array of homo- and 
heterodimers, which leads to the activation of the tyrosine kinase domain, subse-
quent tyrosine phosphorylation in the C-terminal tails, and recruitment of down-
stream signaling molecules [ 110 ]. For some RTKs, such as KIT, dimerization is 
mediated by a dimeric ligand, which binds to two receptors, facilitating dimer for-
mation [ 115 ,  116 ]. In the case of ERBB receptors, ligands do not directly take part 
in the dimerization interface; instead, dimer formation is mediated by the receptors 
themselves. A crystal structure of the extracellular region of EGFR in an inactive 
state showed that in the absence of ligand, the receptor is in a “tethered” autoinhibi-
tory conformation, in which the dimerization arm of domain II is obscured by intra-
molecular interactions between domains II and IV [ 117 ,  118 ]. Upon ligand binding, 
conformational changes ensue, which lead to the uncovering of the dimerization 
arm. Studies, representing the crystal structure of EGF or TGFalpha bound to the 
extracellular region of EGFR, showed that these ligands bind simultaneously to 
domains I and III [ 119 ,  120 ]. By bringing these domains together, ligand binding 
causes the receptor to acquire an extended confi guration, which uncovers the dimer-
ization arm of domain II and poises the receptor to interact with another one. 
Interestingly, crystal structure studies revealed that HER2/ERBB2 displays an acti-
vated conformation, similar to the ligand-bound confi guration of other ERBB 
receptors, which could explain why EEBB2 lacks a ligand, and is the preferred 
dimerization partner of other ERBBs [ 121 ,  122 ]. Conformational changes of the 
extracellular domains are followed by asymmetric dimerization of kinase domains, 
by which the C-terminal lobe of the “activator” kinase domain converges with the 
N-terminal lobe of the “receiver” one and activates it [ 95 ,  123 ].  

4.4.4.2     Pathway Activation 

 ERBB activation initiates multiple signal transduction pathways that regulate a 
plethora of biological outcomes, such as proliferation, differentiation, survival, 
adhesion, and migration (see signaling pathways in Fig.  4.2 ). The nature and kinet-
ics of the elicited signal is tightly regulated at several points during the relay of 
information.  

  Signaling Adaptors     Early studies showed that Src homology 2 (SH2) domains, 
small modules harbored in an array of intracytoplasmic signaling adaptors, recog-
nize phosphorylated tyrosine residues of EGFR and PDGFR [ 124 ,  125 ]. Nowadays, 
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SH2 and phosphotyrosine-binding (PTB) domains are recognized as key mediators 
of phosphorylation-dependent protein interactions. The domains bind the phosphor-
ylated tyrosine in a specifi c sequence context, determined by few surrounding 
amino acids [ 126 ], and subsequently trigger the activation of downstream signaling 
cascades. The networks that are mainly activated comprise PLCgamma, phosphati-
dylinositol 3-kinase (PI3K), and STAT signaling pathways, as well as several 
canonical mitogen-activated protein kinase (MAPK) cascades [ 127 ]. SH2 and PTB 
domains allow repositioning of proteins that contain them and link EGFR tyrosine 
phosphorylation with downstream signaling molecules. For instance, binding of 
PLCgamma to activated EGFRs, by means of its SH2 domain, allows its transloca-
tion to the plasma membrane where it meets its substrate, phosphoinositol 4,5 
bisphosphate (PIP 2 ). The SH2 domain of GRB2 interacts with phosphorylated tyro-
sines of EGFR, while the SH3 domains bind to SOS (or to CBL), which is a GTP 
exchange factor of RAS, to activate the MAPK pathway [ 128 ]. A recent proteomic 
study aimed to systematically determine the molecules that interact with all tyrosine 
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residues of the four ERBB receptors. The results showed that each receptor  possesses 
a distinct predilection for a set of interactors, and that each binding partner targets 
several docking sites on each receptor [ 129 ]. Interestingly, EGFR and ERBB4 dis-
played comparable patterns of interaction, implying that they might trigger analo-
gous signaling events. Moreover, ERBB3 was shown to harbor 6 docking sites for 
PI3K, consistent with the propensity of this receptor to ignite this particular signal-
ing cascade.  

  PLCgamma Pathway     Phospholipase Cgamma recognizes phosphotyrosine resi-
dues of an activated receptor via its SH2 domain. This leads to PLCgamma phos-
phorylation and activation, along with recruitment to the plasma membrane, where 
its substrate, phosphatidylinositol 4,5-biphosphate (PtdIns(4,5)P 2 ), is located [ 130 ]. 
Breakdown of PIP2 by PLCgamma produces the second messengers diacylglycerol 
(DAG) and inositol 1,4,5-triphosphate (IP3). The latter, a calcium mobilizer, pro-
motes release of Ca 2+  from the endoplasmic reticulum, whereas DAG recruits and 
activates several protein kinase C isoforms (PKC), a calcium dependent kinase, 
which in turn phosphorylates multiple downstream targets [ 131 ].  

  The PI3K-to-AKT Pathway     The PI3K/AKT pathway can be sparked by ERBB 
receptors either directly or indirectly. The p85 regulatory subunit of PI3K interacts 
with phosphorylated residues of activated receptors by means of its SH2 domain, 
which allows translocation of this kinase to the cell membrane and its subsequent 
activation. Alternatively, PI3K can be activated by RAS [ 132 ]. Subsequently, the 
p110 catalytic subunit of PI3K phosphorylates PIP2, thereby producing phosphati-
dylinositol 3,4,5-triphosphate (PI(3,4,5)P3) in the inner aspect of the plasma 
membrane [ 133 ]. PI(3,4,5)P3 recruits to the plasma membrane proteins that harbor 
a PH domain, such as PDK1, and PKB, called also AKT. Several studies demon-
strated that PDK1 phosphorylates AKT, rendering it active, and consequently, AKT 
acts on downstream targets [ 134 ]. Using an analysis of single-cell protein concen-
trations in MCF10A cells, rather than population averages, one group showed 
cell-to-cell variability in PI3K activity. EGF stimulation elicited a bimodal response 
of AKT activation, which was correlated with cellular PI3K protein levels, such that 
only cells with elevated PI3K in a population activate AKT [ 135 ]. This might serve 
as a protective mechanism against senescence and cancer.  

  Signal Transducer and Activator of Transcription Pathway     Signal transducer 
and activator of transcription (STATs) are transcription factors, which in their inac-
tive state reside as monomers in the cytoplasm. Diverse RTKs can phosphorylate 
and activate them, triggering their dimerization, which is dependent on the interac-
tion between the SH2 domain of one monomer and a phosphorylated tyrosine in the 
C-terminal portion of the other one [ 136 ]. Translocation to the nucleus ensues, 
where STATs promote transcription of target genes [ 137 ] or interact with other tran-
scriptional regulators like c-FOS and c-JUN [ 138 ]. The EGF signaling pathway 
leads to the activation of STAT1, STAT3, and STAT5, which play a role in cancer 
[ 139 ]. For instance, STAT3 has been implicated in the induction of MMP-1 by EGF, 
which is necessary for tumor formation of bladder cancer cells in mice [ 140 ]. 
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PTPN9, a phosphatase with tumor suppressor attributes, impairs ERBB2 signaling 
by the downregulation of STAT3 and STAT5 [ 135 ].  

  The MAPK Pathways     The mitogen-activated protein kinase (MAPK) pathways 
show a layered structure, where three tiers of kinases are phosphorylated sequen-
tially, ultimately resulting in the phosphorylation of a multiplicity of targets, located 
in different subcellular compartments but mainly in the nucleus [ 141 ]. Thus, an 
MAPK is activated by MAPK-kinase (MAPKK), which in turn is the target of a 
MAPKKK (or MAP3K). Oftentimes, additional layers exist, such as MAP4K, a 
component upstream of MAP3K, and MAPKAPK, which can be activated by 
MAPK [ 142 ]. There are four recognized MAPK cascades, which can be triggered 
by members of the ERBB family of receptors. They are named according to their 
MAPK module: ERK1/2, JNK, p38, and ERK5.  

  ERK1/2     Following the activation of the small GTPase RAS by RTKs, a phos-
phorylation cascade ensues. RAS recruits MAP3K/RAF to the cell membrane and 
activates them. Subsequently, serine phosphorylation of the activation loop of the 
downstream MAPKK (MEK) take place [ 143 ]. Thereafter, activation of ERK1/2 
occurs as a result of threonine and tyrosine phosphorylation of the Thr-Glu-Tyr 
motif [ 144 ]. Later on, ERK1/2 target an array of substrates in diverse subcellular 
compartments, such as AP-1 in the nucleus.  

  The JNK Pathway     JNK proteins were originally identifi ed as protein kinases that 
phosphorylate c-JUN in cells exposed to UV-radiation [ 145 ]. While the JNK cas-
cade is predominantly triggered under stress conditions, it is nowadays known that 
it might as well be induced by growth factors [ 146 ]. A diversity of MAP4Ks and 
MAP3Ks bind to different scaffold proteins such as JIPs, which promote specifi city 
and facilitate the signal transmission [ 147 ]. Ensuing activation of MAPKKs like 
MKK4 and MKK7 leads to tyrosine and threonine phosphorylation of JNK1-3 in 
their Thr-Pro-Tyr motif [ 148 ]. Activation of the JNK pathway leads to phosphoryla-
tion of transcription factors such as c-Jun, Jun-A, Jun-B, Elk, and ATF-2, among 
others [ 149 ].  

  The p38 Pathway     p38alpha was originally described as a protein that undergoes 
rapid phosphorylation upon stimulation with lipopolysaccharides [ 150 ]. Currently, 
four splice variants of this protein are known. It is also known that the p38 cascade 
is primarily initiated by stress signals, but growth factors might ignite it as well. 
Diverse MAP3K molecules activate MAPKKs, such as MKK3 and MKK6, which 
afterward result in threonine and tyrosine p38 phosphorylation within the Thr-Gly- 
Tyr motif. Under stress conditions, p38 phosphorylates EGFR on multiple serine 
and threonine residues, to promote clathrin-mediated endocytosis of EGFR into 
RAB5 containing endosomes [ 151 ]. Therefore, by depriving the cell from mitogenic 
receptors on the membrane, p38-induced EGFR endocytosis promotes cell death  

  The ERK5 Cascade     ERK5, also known as Big MAP kinase (Bmk-1), exhibits a 
higher molecular weight than other MAPKs and therefore its name. The ERK5 
cascade is initiated by both stress signals and growth factors [ 152 ]. Upon  stimulation, 

F. Pareja et al.



121

MEKK2 and MEKK3 phosphorylate MEK5 at serine and threonine residues. Like 
other MAPKs, ERK5 is activated by means of threonine and tyrosine phosphoryla-
tion within its Thr-Glu-Tyr motif and targets several molecules, such as MYC, FOS, 
and the serum- and glucocorticoid-inducible kinase (SGK) [ 153 ].    

4.4.5     Regulation of Transcription by ERBB Signaling 

 The robustness of the ERBB system is mainly attained by positive and negative 
feedback loops that control the biological outcomes, and these are often defective in 
cancer [ 154 ]. These regulatory systems can be classifi ed using a temporal criterion 
as immediate or late. Immediate regulatory mechanisms encompass events occur-
ring posttranslationally, such as phosphorylation, ubiquitination, downregulation of 
microRNAs (miRs), and receptor endocytosis, the latter being regarded as the major 
negative regulator of the system. Late regulatory loops entail de novo synthesis of 
new proteins and other components, as detailed below. 

4.4.5.1     Regulation by microRNAs 

 Regulation by microRNAs (miRs) constitutes a recently described regulatory layer 
of signaling via the ERBB network. For instance, in retinal cells miR-7 and Yan 
display reciprocal suppression allowing mutually exclusive expression. Thus, Yan 
inhibits miR-7 in progenitor cells and miR-7 suppresses Yan in photoreceptor cells. 
Following EGF stimulation, EGFR elicits ERK-mediated degradation of Yan, dere-
pressing transcription of miR-7 and promoting a photoreceptor differentiation 
[ 155 ]. A recent study using a genome-wide approach demonstrated that EGF stimu-
lation of mammary cells is followed by a rapid decrease in the abundance of a group 
of 23 miRs, called immediate downregulated microRNAs (ID-miRs). In resting 
cells, ID-miRs suppress transcription of immediate early genes (IEG), such as FOS 
or EGR1, and upon stimulation the rapid decrease of ID-miRs allows upregulation 
of the IEGs [ 156 ]. Importantly, the ID-miR subset was found to be repressed in 
breast and in brain tumors.  

4.4.5.2     Immediate Early Genes 

 Growth factor stimulation activates a complex transcriptional response, character-
ized by temporally defi ned waves of gene expression. The interplay among three 
different subsets of genes shapes the ultimate cellular outcome. In this way, tran-
scripts induced up to 45 min after stimulation are termed immediate early genes 
(IEGs), the ones upregulated from 45 min to 2 h belong to the group of delayed 
early genes (DEGs), and lastly, the family of secondary response genes (SRGs) 
comprise the transcripts that are elevated after 2 h. IEGs were initially described as 
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a group of mRNAs that were upregulated in BALB/c 3T3 fi broblasts after serum or 
growth factor stimulation [ 157 ]. The group includes genes like the AP-1 compo-
nents FOS and JUN and early growth response 1 (EGR1) gene. Since IEGs are 
rapidly induced, their promoters are ready for activation, which is achieved by 
diverse mechanisms. For instance, it was recently shown that in the unstimulated 
state, promoters of IEGs are in a permissive state; thus, they display positive histone 
modifi cations and they preassemble RNA polymerase II [ 158 ]. Under unstimulated 
conditions, the DSIF/NELF complex negatively regulates IEG transcription, by 
stalling Pol II at promoter proximal regions. Upon stimulation, NELF detachment 
allows prompt IEG induction [ 159 ].  

4.4.5.3     Delayed Early Genes 

 Following the rapid surge of IEG, a fast downregulation of this cluster of genes 
ensues. An analysis of the kinetics of transcriptional events triggered by growth fac-
tors showed that the decline of the IEG wave is controlled by another group of 
transcripts called delayed early genes (DEGs) [ 160 ]. The DEG subset comprises 
molecules like dual specifi city phosphatases (DUSPs) as well as DNA- and RNA- 
binding proteins. Some DEGs are induced by IEGs; examples of this scenario are 
dual specifi city phosphatases (DUSPs) that are transcriptionally induced by IEGs 
[ 161 ] and restrain signaling by MAPK pathways. Zfp36 is an RNA-binding protein 
belonging to the DEG subset. It binds to AU-rich elements in the 3′ untranslated 
region (UTR) of unstable mRNAs to promote their exosomal degradation [ 162 ]. In 
line with their tumor suppressor role, DEGs are signifi cantly repressed in a variety 
of epithelial malignancies [ 160 ].  

4.4.5.4     Secondary Response Genes 

 Secondary response genes encode transcripts involved in processes that modify cel-
lular phenotypes, such as the epithelial to mesenchymal transition (EMT). Upon 
growth factor stimulation, there is an induction of transcription factors, such as 
Snail, Slug, ZEB-1, Twist, and Goosecoid, which ultimately lead to the repression 
of E-cadherin [ 163 – 166 ] and in some cases also to the upregulation of N-cadherin 
[ 167 ]. Members of the miR-200 and miR-205 families regulate the expression of 
ZEB1 and SIP1, transcriptional repressors of E-cadherin. Downregulation of these 
microRNAs induces EMT upon growth factor stimulation, and their expression is 
attenuated in invasive breast cancer of the mesenchymal phenotype [ 168 ]. Within 
this context, stimulation with EGF also leads to a reorganization of the actin cyto-
skeleton. Upon exposure of mammary cells to EGF, the expression of tensin-3 is 
downregulated, while an upregulation of Cten takes place, resulting in collapse of 
stress fi bers and the promotion of cell motility [ 127 ].   
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4.4.6     EGFR Endocytosis and Signaling from Endosomes 

4.4.6.1     Receptor Endocytosis 

 RTKs like ERBB proteins can undertake several internalization routes, which 
involve clathrin-independent endocytosis (CIE) and clathrin-mediated endocytosis 
(CME), which is the preferred endocytic route for ERBBs. Well-described CIE por-
tals include caveolin-mediated endocytosis, which like CME is dependent on dyna-
min, and endocytic routes reliant on cortical actin, such as macropinocytosis [ 169 ]. 
It was demonstrated that following stimulation with low doses of EGF, EGFR is 
internalized primarily via the clathrin-dependent way, whereas stimulation with 
high EGF doses drives internalization through a clathrin-independent route [ 170 ]. 
The fi rst step of CME is the nucleation of clathrin-coated pits, which entails recruit-
ment of AP2 and clathrin triskelia at phosphatidylinositol-4,5-biphosphate (PIP2)-
rich membrane microdomains. Similar protein complexes, such as AP-1, AP-3, and 
AP-4, were shown to be associated with clathrin-coated pits [ 171 ]. Alongside, a 
wealth of adaptors, named clathrin-associated sorting proteins (CLASPs), are 
engaged in this scaffolding process. Accordingly, molecules such as epsins, Eps15, 
stonin, and disabled2 contribute to the recognition of cargo, some of which make 
use of ubiquitin-binding domains, which recognize the ubiquitinated form of EGFR 
[ 172 ]. Later, the GTPase dynamin closes the base of the nascent vesicle, and its 
radial twisting, along with longitudinal tension produced by the actin cytoskeleton, 
severs the bud from the plasma membrane [ 173 ]. Following disassembly of the 
clathrin lattice, which is assisted by auxilin and Hsc70 [ 174 ,  175 ], endocytic vesi-
cles fuse with early endosomes that later mature into multivesicular bodies (MVBs). 
Afterwards, MVBs fuse with lysosomes to enable degradation of their contents. 
Traffi cking of endocytic cargo is assisted by an array of molecules, such as RAB 
GTPases, phosphoinositides, and endosomal sorting complexes required for trans-
port (ESCRTs). The four ESCRTs are multiprotein complexes that aid in the forma-
tion of MVBs and harbor a multiplicity of ubiquitin-binding domains, which 
recognize ubiquitinated cargo and mediate its traffi cking [ 176 ].  

4.4.6.2     Signaling from Endosomes 

 While EGFR downregulation is regarded mainly as a desensitizing mechanism, 
depriving the cell from functional receptors on the cell surface, there is evidence 
suggesting that signaling can be generated in endosomal platforms. Early studies 
demonstrated the presence of active EGFRs, along with various downstream effec-
tors, such as SHC, GRB2, and SOS in endosomes, and this was linked to RAS 
activation [ 177 ,  178 ]. Later on, using a dominant-negative mutant of dynamin 
(K44A), it was shown that cells defective in clathrin-dependent receptor endocyto-
sis exhibited suppression of MAPK pathway activation. Nonetheless, the exact con-
tribution of endosomal signaling is yet to be fully understood. For example, upon 
activation of the EGFR, a pool of MEK2 accumulated in a subset of endosomes. 
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However, activated MEK was detected only at the plasma membrane and not in 
endosomes, and MEK2-containing endosomes did not contain active EGFRs, sug-
gesting that the recruitment of MEK2 to endosomes can be a part of the negative 
feedback regulation of the EGFR-MAPK pathway [ 179 ].   

4.4.7     Unique Features of EGFR 

4.4.7.1     Cross Talk with Other Receptor Systems 

 As mentioned above, EGFR can be trans-activated by GPCRs, which activate metal-
loproteinases to release active EGF-like ligands. Several similar cross talk pathways 
exist: a cross talk was reported between an oncogenic mutant form of EGFR, 
EGFRvIII, and c-MET, the hepatocyte growth factor receptor, and a signifi cant effect 
was shown upon dual inhibition of both receptors [ 180 ]. EGFR was also shown to be 
trans-activated by growth hormone (GH), with the Janus kinase (JAK) as a mediator 
[ 181 ]. Specifi cally, growth-hormone-induced activation of MAPK requires phos-
phorylation of tyrosines on EGFR, but not its own intrinsic tyrosine kinase activity. 
Thus, the role of EGFR in signaling by GH is to be phosphorylated by JAK2, thereby 
providing docking sites for GRB2 and activating MAPK. Similarly, autocrine secre-
tion of prolactin stimulates tyrosine phosphorylation of HER2 by JAK2, which pro-
vides docking sites for GRB2 and stimulates the RAS-MAPK cascade [ 182 ].  

4.4.7.2     EGFR Activation in Cancer 

 Recent sequencing efforts of the genomes of a large spectrum of human tumors 
have repeatedly confi rmed that the gene encoding EGFR is one of the most fre-
quently mutated genes in non-hematopoietic cancer (see Table  4.1 ). Importantly, all 
EGFR mutants are characterized by an intact, or hyperactivated, kinase domain. 
Elevated EGFR levels were originally reported in specimens of carcinomas of the 
lung and head/neck tumors [ 8 ]. Later studies confi rmed overexpression of EGFR, 
with or without gene amplifi cation, in a larger spectrum of carcinomas, and in some 
cancers overexpression can serve as an indicator for recurrence or for shorter patient 
survival. An important example is provided by brain tumors of glial origin: EGFR 
gene amplifi cation occurs in approximately 50 % of high-grade gliomas. In addi-
tion, large and small deletions often associate with gene amplifi cation in glioblas-
toma [ 183 ]. The discovery of point mutations within the kinase domain of EGFR of 
non-small cell lung cancer was motivated by the results of international clinical 
trials that tested EGFR’s specifi c kinase inhibitors, which showed that patients 
enrolled in Japan had signifi cantly higher response rates [ 184 ]. Following this and 
similar observations, several groups reported activating mutations within the kinase 
domain of EGFR; these mutations often associate with patient response to kinase 
inhibitors [ 185 – 188 ]. Unfortunately, patients treated with EGFR kinase inhibitors 
show initial responses but their tumors eventually progress. Analyses of patients 
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with acquired resistance to the drugs discovered that progressing tumors contained, 
in addition to a primary drug-sensitive mutation, a secondary, resistance-conferring 
mutation leading to a substitution of threonine for methionine at position 790 [ 189 ]. 
Despite the high frequency of EGFR’s genetic aberrations, it seems that the more 
frequent mode of EGFR activation in tumors entails autocrine loops. In these cases, 
tumor cells co-express both EGFR and one or more EGF-like ligands, leading to 
deregulated receptor activation, which might reduce patient response to conven-
tional and targeted cancer therapies [ 190 ].  

4.4.7.3     Cancer Therapeutic Strategies Targeting EGFR 

 The mAb cetuximab is a human-mouse anti-EGFR chimeric antibody, which has 
shown effi cacy in colorectal cancer, in combination with chemotherapy [ 191 ], and 
in head and neck cancer, in combination with radiotherapy (Fig.  4.3 ) [ 192 ,  193 ]. 
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  Fig. 4.3    Molecular-targeted agents intercepting ERBB receptors and downstream effectors. The 
ERBB family of receptors is illustrated, as well as the major components of the MAPK and PI3K 
pathways.  Yellow boxes  highlight specifi c drugs, some still under ongoing clinical trials. Drugs in 
 italics  indicate the existence of more than one molecular target (e.g., lapatinib intercepting EGFR 
and HER2). Note that the suffi x  mab  refers to monoclonal antibodies and the suffi x  nib  refers to 
kinase inhibitors       
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This antibody displaces EGF and other ligands of EGFR, as well as prevents  receptor 
dimerization and downstream signaling. Panitumumab is a fully human antibody 
specifi c to EGFR, which is effective and well tolerated in colorectal cancer. 
Interestingly, the more recently developed anti-EGFR antibody, nimotuzumab, is 
unique; treatment of patients is characterized by the absence of severe adverse effects 
(e.g., skin rash), which commonly associate with cetuximab and panitumumab 
[ 194 ]. Low toxicity of nimotuzumab might be due to intermediate affi nity and 
incomplete abrogation of the active conformation of EGFR [ 195 ]. Several EGFR 
kinase inhibitors have been developed, but unlike monoclonal antibodies, their target 
specifi city is strictly concentration dependent. The fi rst inhibitor, called erbstatin, 
was identifi ed in the medium of Gram-positive bacteria [ 196 ]. Later inhibitors were 
designed according to the backbone of erbstatin, and they were able to block prolif-
eration of EGFR-overexpressing cells [ 197 ]. Early preclinical studies using a quin-
azoline-based inhibitor, called gefi tinib, demonstrated inhibition of several types of 
tumor xenografts. Following trials in lung cancer [ 198 ], gefi tinib was approved for 
non-small cell lung cancer patients. Another inhibitor, erlotinib, is approved for 
treatment of both lung and pancreatic cancer. Yet a third inhibitor, lapatinib, blocks 
both EGFR and HER2 in vitro and in patients [ 199 ]. Following clinical trials that 
showed effi cacy of lapatinib in combination with another drug, capecitabine, the 
drug was approved for treatment of HER2 positive breast cancer patients [ 200 ].     

4.5     HER2/ERBB2 

 Pioneering studies showed that the introduction of DNA of cell lines derived from 
ethylnitrosourea-induced rat neuro/glioblastomas resulted in the transformation of 
NIH-3T3 fi broblasts. This work led to the discovery of a 185 kDa cell-surface phos-
phoprotein, closely related to EGFR, termed NEU [ 201 ]. Independently other 
groups cloned a novel RTK with high similarity to EGFR [ 14 ,  15 ], which was found 
to be amplifi ed in human adenocarcinoma of the salivary gland [ 202 ]. Later on, 
chromosomal mapping studies revealed that this novel RTK demonstrated to 
correspond to NEU, HER2, or ERBB2 [ 203 ]. Chromosomal mapping determined 
that the HER2 locus is located on human chromosome 17 at q21, which was found 
to be amplifi ed in gastric cancer and in mammary cancer cell lines [ 204 ,  205 ]. Later 
analysis of 189 breast cancer specimens revealed that one third of human breast 
tumors displayed an amplifi cation of the HER2 gene and a corresponding overex-
pression of the HER2/ERBB2 protein [ 17 ]. Moreover, amplifi cation of HER2 was 
a predictor of overall survival in breast cancer patients. Following HER2’s identifi -
cation, the hunt for its putative ligand was led by several groups [ 206 – 208 ]; how-
ever, further studies confi rmed that the ligands they isolated, called neuregulins or 
heregulins, were actually ERBB3 and ERBB4 ligands that activated HER2 by 
means of heterodimerization (see below). Structural studies of HER2 confi rmed 
that no direct ligand binding is required to achieve an active conformation that 
allows dimerization and subsequent signaling [ 121 ,  122 ]. 
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4.5.1     The HER2 Gene 

4.5.1.1     Promoter Structure 

 The human ERBB2 promoter includes typical TATA (nucleotides −22 to −26) and 
CCAAT (−71 to −75) boxes [ 209 ]. In addition to the major start site at +1, a weaker 
upstream site is centered at −69 and is activated mainly in ERBB2-overexpressing 
cells. The two main transcription factors that were shown to bind to the promoter 
and to be essential for its activity are AP-2 (GCTGCAGGC) at −213 to −221 and 
ETS (GAGGAA) at −33 to −28 [ 210 ]. Importantly, ETS and also Sp1 are induced 
by HER2/ERBB2 activation, which enables a positive feedback loop [ 211 ].  

4.5.1.2     The HER2 Amplicon 

 The GRB7 gene, which resides in a chromosomal location close to HER2, was 
found to be amplifi ed in concert with HER2 in breast cancer cell lines and also 
overexpressed in breast tumors [ 212 ]. Later on, systematic surveys of genes in the 
17q12 amplicon in breast cancer unveiled a subset of transcripts consistently dis-
playing an increased copy number and expression in 17q12-amplifi ed cell lines. 
Thus, the smallest region of amplifi cation (SRA), which harbored HER2, spanned 
280 kb and contained GRB7, MLN64, and PNMT [ 213 ,  214 ]. Nowadays it is 
known that the HER2 amplicon is quite complex and encompasses many other 
genes. HER2 amplifi cation is accompanied by severe chromosome 17 rearrange-
ments [ 215 ]. For instance, the TOP2A gene, which codes for a topoisomerase, is 
amplifi ed in 40 % of breast tumors where an amplifi cation of HER2 is often 
observed [ 216 ]. Importantly, TOP2A is a molecular target of anthracyclines and is 
associated with a favorable outcome to anthracycline-based adjuvant chemother-
apy in HER2- amplifi ed breast cancer [ 217 ,  218 ]. Recently a novel SRA including 
HER2 and TOP2A was confi rmed, which besides TOP2A contained four additional 
genes, CASC3, CDC6, RARA, and SMARCE1 [ 219 ], but the contribution of these 
genes to HER2-mediated tumorigenicity remains open. Interestingly, amplifi cation 
of the 17q11–q12 region is present in a wide array of human cancers from diverse 
tissue origin, such as the ovary [ 220 ], endometrium [ 221 ], prostate [ 222 ], and 
stomach [ 223 ].  

4.5.1.3     Transcriptional Regulation of HER2 

 Analysis of the HER2 gene locus in mammary cancer cell lines showed that mRNA 
and protein overexpression occurs also in the absence of gene amplifi cation, sug-
gesting the existence of additional regulatory mechanisms [ 224 ]. PEA3, a DNA- 
binding protein encoded by a gene of the ETS family, binds to the HER2 promoter 
and downregulates its transcription. Moreover, intratumoral injection of PEA3 in 
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mice harboring HER2 overexpressing tumors inhibited growth of the xenografts 
[ 225 ]. Conversely, Foxp3 inactivates the HER2 promoter; tumors that lacked the 
wild-type Foxp3 allele overexpressed HER2, and Foxp3 is frequently deleted or 
downregulated in human breast cancer [ 226 ]. Congruently, female mice heterozy-
gous for a Foxp3 mutation displayed high propensity to develop malignancies, par-
ticularly breast cancer. Other transcriptional modulators of HER2 exist, such as 
GATA4, which transcriptionally represses HER2, but HER2 activates GATA4 in 
breast cancer cells [ 227 ]. The 5′ UTR of HER2 has an upstream open reading frame 
(uORF), which controls translation of the coding region. In mammary cancer cells 
overexpressing HER2, an interplay between the 5′ and 3′ UTR of HER2 modulates 
translation of the transcript; the 3′UTR containing a translational derepression ele-
ment (TDE) overrides the inhibitory activity of the uORF in the 5′UTR [ 228 ].   

4.5.2     The HER2 Protein 

 The overall HER2 domain structure is similar to that of EGFR (see Fig.  4.1 ). The 
major difference is the ligand-binding domain, which cannot bind any known EGF- 
like ligand. HER2’s main phosphorylation sites are Y1023, Y1139, Y1196, 
Y1221/2, and Y1248, with the last three being docking sites for the SHC adaptor 
protein (see Fig.  4.1 ). Approximately 50 % of HER2-overexpressing tumors exhibit 
enhanced expression of truncated HER2 proteins lacking most of the extracellular 
portion. These are generated by alternative translation initiation or by ADAM10- 
mediated proteolytic cleavage of the extracellular domain, resulting in a 95 kDa 
carboxyl-terminal receptor fragment (p95) [ 229 – 235 ]. Importantly, these variants 
exhibit enhanced transforming potential in animal models [ 232 ]. Another HER2 
variant, HER2Δ16, likely generated by alternative mRNA splicing, lacks a small 
part of the extracellular domain. HER2Δ16 potently couples to downstream signal-
ing pathways and correspondingly exhibits transforming activity [ 236 ].  

4.5.3     HER2 Activation and Signaling 

 Due to its nonautonomous nature, HER2 cannot form homodimers, and it can only 
heterodimerize with other ERBB family members (Fig.  4.4 ). As described above, 
the ligand-binding domain of HER2 adopts a conformation similar to the active, 
ligand-bound EGFR. This conformation allows HER2 to interact and dimerize with 
other ERBB receptors without ligand binding. By using a variety of experimental 
strategies, such as intracellular antibodies, to block the delivery of HER2 to the cell 
surface or by expressing selected pairs of ERBB proteins in ERBB-naïve myeloid 
cells, it became clear that HER2 enhances signaling instigated when ligands activate 
the other three ERBB proteins [ 237 – 242 ]. Interestingly, the most potent dimeriza-
tion partner of HER2 is the second nonautonomous member ERBB3 [ 243 ], 
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establishing a potent “oncogenic unit” [ 242 ]. Co-expression of the two proteins 
reconstitutes a high-affi nity receptor for neuregulins [ 244 ]. In addition, within 
ERBB3-ERBB2 heterodimers, the cytoplasmic tail of ERBB3 strongly activates the 
phosphatidylinositol 3′-kinase (PI3K) and the AKT survival pathway, whereas 
HER2 signals through the ERK/MAPK pathway. This combination of signaling 
pathways enhances cell proliferation and evasion of apoptosis [ 245 ,  246 ]. The abil-
ity of HER2 to enhance growth factor signaling in the context of heterodimers has 
been attributed to both augmentation of signal generation and delay of signal desen-
sitization. Thus, HER2 not only enhances ligand-binding affi nity by decreasing the 
rate of ligand dissociation from heterodimers [ 247 ], but it also broadens the 

  Fig. 4.4    Centrality of HER2/ERBB2. The variant ERBB network of tumors overexpressing HER2 
(e.g., signifi cant fractions of breast and gastric cancer) is schematically presented.  Red balls  indi-
cate ERBB ligands,  blue balls  indicate ERBB receptors, and  yellow  and  green balls  represent 
downstream signaling pathways. Due to overexpression, HER2 becomes the preferred heterodimer 
partner of the other three ERBB proteins. However, this centrality of HER2 leads also to network 
fragility: HER2 targeting, either by an antibody like trastuzumab or by a tyrosine kinase inhibitor, 
such as lapatinib, might intercept the majority of growth factor signals, thereby repress HER2- 
overexpressing tumors       
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repertoire of activating ligands of a specifi c heterodimer. For example, within 
 heterodimers, ERBB3 can bind EGF [ 248 ]. In addition, unlike other RTKs, HER2 
only weakly interacts with CBL and undergoes ubiquitination [ 249 ]; hence het-
erodimers display a tendency to recycle rather than undergo sorting for degradation 
in lysosomes [ 250 ,  251 ].   

4.5.4     Nuclear Translocation of HER2 and Other 
Family Members 

 Several lines of evidence propose that HER2, as well as other family members, 
might bypass the membrane and cytoplasmic signaling cascades and shortcut to the 
nucleus, to regulate gene expression. Nuclear shuttling refers to both full-length 
receptors [ 252 – 254 ] and the truncated forms of HER2 [ 229 ] and ERBB4 [ 255 ]. 
ERBB proteins can serve either as nuclear shuttles for transcription factors or they 
can directly associate with nuclear proteins [ 254 ,  256 – 262 ]. Nuclear translocation 
can be instigated by direct ligand binding [ 252 ,  254 ,  263 – 265 ], transmodulation 
[ 266 ,  267 ], or ectodomain cleavage [ 255 ]. In addition, shuttling to the nucleus 
seems to involve receptor endocytosis [ 268 ,  269 ] and the endoplasmic reticulum- 
associated degradation system [ 270 ,  271 ]. On the target side, nuclear entry may 
involve the nuclear import machinery, since all ERBB proteins exhibit a nuclear 
localization sequence (NLS) in their intracellular domain [ 252 ,  257 ,  258 ,  272 ,  273 ], 
and their import depends upon nuclear transport receptors [ 266 ,  268 ,  269 ]. Once in 
the nucleus, ERBBs can act as transcriptional co-activators, corepressors, or binders 
of proteins involved in DNA synthesis and repair [ 254 ,  256 – 262 ]. For example, 
nuclear EGFR might activate the transcription of cyclin D1, c-MYB, and COX-2, 
genes associated with cell proliferation and the nitric oxide pathway [ 257 ].  

4.5.5     Unique Features of HER2: Anti-HER2 Cancer Therapy 

 Unlike other ERBB family members, the mature form of ERBB2 was found to be a 
robust client of the heat shock protein 90 (HSP90). HSP90 inhibition results in a 
dramatic reduction of HER2/ERBB2 levels due to decreased stability [ 274 ,  275 ], 
but so far this unique feature of HER2 has not been translated to a drug targeting 
HER2-overexpressing tumors. Importantly, other efforts to pharmacologically tar-
get HER2 in cancer have been quite successful. Initial studies showed that adminis-
tration of an anti-HER2 antibody inhibited HER2-transformed murine fi broblasts 
[ 276 ]. This was followed by the development of a monoclonal antibody, targeting 
HER2’s extracellular domain, which inhibited proliferation of human mammary 
cancer cells overexpressing HER2 [ 277 ]. Subsequently, the murine monoclonal 
antibody was humanized [ 278 ]. Clinical trials that made use of the humanized anti-
body, called trastuzumab, demonstrated effi cacy in HER2-amplifi ed metastatic 
breast cancer, which led to the approval of trastuzumab in this setting [ 279 ,  280 ]. 

F. Pareja et al.



131

Especially effective is the application of this antibody in fi rst-line chemotherapy 
[ 281 ] and also in the neoadjuvant setting [ 282 ]. More recent trials showed that 
trastuzumab in combination with chemotherapy can confer improved survival in 
patients with HER2-amplifi ed gastric or gastroesophageal junction cancer [ 283 ]. 
Unlike trastuzumab, which is specifi c to HER2, the small molecule GW572016/
lapatinib was shown to dually inhibit EGFR and HER2 (see Fig.  4.3 ). Treatment 
with lapatinib also reduced ERK and AKT activation in cell lines and in human 
tumor xenografts [ 284 ]. A clinical trial involving patients with metastatic malignan-
cies overexpressing EGFR and/or HER2 proved that the use lapatinib was associ-
ated with a positive response [ 199 ]. Moreover, the addition of lapatinib to 
chemotherapy was proven to be superior to chemotherapy alone in patients with 
HER2-positive metastatic breast cancer [ 200 ], which led to the approval of lapatinib 
in combination with chemotherapy in this group of patients [ 285 ].   

4.6     ERBB3 

 More    than 20 years ago, two groups reported the cloning of a novel member of 
the ERBB   family of receptors, called HER3 or ERBB3, which was found to be 
overexpressed in breast cancer cell lines [ 19 ,  286 ]. Afterwards, a study that 
expressed bovine ERBB3 in insect cells showed that this receptor displays an 
impaired tyrosine kinase activity [ 20 ]. Crystal structure studies of the ERBB3 
kinase domain confi rmed locking in an inactive conformation [ 95 ]. Nevertheless, 
this receptor can act as a partner within heterodimers. Accordingly, ERBB3 was 
found to be overexpressed with other members of the ERBB family in various 
malignancies, such as breast cancer and bladder cancer [ 287 ,  288 ]. 

4.6.1     The ERBB3 Gene 

4.6.1.1     Promoter Structure 

 Cloning and sequencing of the human ERBB3 promoter revealed that it is GC rich, 
lacks a TATA box, and harbors multiple transcription start sites. DNase I footprint-
ing showed the existence of binding sites for several transcription factors, such as 
AP-2. Indeed, AP-2 promotes high ERBB3 expression in mammary carcinoma cells 
[ 289 ]. Later on, it was shown that all three AP-2 isoforms were capable of trans- 
activating the ERBB3 promoter in AP-2-defi cient HepG2 cells [ 290 ]. Shortly after, 
studies, in which AP-2Δ, a dominant-negative variant of AP-2, was overexpressed, 
confi rmed these fi ndings. Transfection of AP-2Δ inhibited ERBB3 promoter activ-
ity and transcription, which was coupled with decreased cellular proliferation [ 291 ]. 
Another study demonstrated that estradiol inhibited ERBB3 expression in breast 
cancer cells, while estrogen inhibition enhanced it [ 54 ].  
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4.6.1.2     mRNA Structure 

 The ERBB3 gene is located in chromosome 12q13. This 23.2 kb gene is transcribed 
as a 5.8 kb product [ 19 ]. Multiple alternative transcripts have been identifi ed. 
A 1.4 kb transcript was identifi ed in MKN45 gastric cancer cells. The fi rst 140 
amino acids encoded by this alternative transcript are identical to the N-terminus of 
the full-length ERBB3, but the following 43 amino acids are different [ 292 ]. The 
ratio between the 1.4 kb and the larger ERBB3 transcripts was found to be low in 
ERBB3-overexpressing cells and high in cells expressing low levels of this recep-
tor, implying that transcription of short ERBB3 products inhibits synthesis of full- 
length transcripts. Later on, four other ERBB3 transcripts, of 1.6, 1.7, 2.1, and 
2.3 kb, were isolated from ovarian carcinoma cell lines. It was subsequently shown 
that truncated ERBB3 transcripts, such as p85-soluble ERBB3, binds NRGs with 
high affi nity, and therefore the secreted protein inhibits binding of the ligand to 
cell-surface ERBB3 [ 293 ].  

4.6.1.3    Transcriptional Regulation 

 Suppression of ERBB2 phosphorylation by lapatinib is hindered by an upregula-
tion of ERBB3, which is mediated by FOXO3a. The transcription factor FOXO3a 
has 3 putative binding sites in the promoter of ERBB3. Downregulation of FOXO3 
is coupled to defective upregulation of ERBB3 mRNA following lapatinib treat-
ment [ 294 ]. ZNF217 is another transcription factor implicated in the transcrip-
tional regulation of ERBB3. ZNF217 induces ERBB3 gene expression and is 
amplifi ed in 20 % of breast tumors [ 295 ]. A nuclear variant of ERBB3, named 
ERBB 80kDa , has been described. ERBB3 80kDa  lacks the extracellular domain and 
regulates cellular proliferation through the binding with the promoter of Cyclin D1, 
enhancing its expression. p14 ARF , a tumor suppressor, binds ERBB3 80kDa  and 
sequesters it in the nucleolus, hence inhibiting its interaction with the cyclin D 
promoter [ 296 ]. MicroRNAs participate as well in the regulation of ERBB3 signal-
ing. For instance, miR-205 expression is decreased in breast tumors. It directly 
targets and inhibits ERBB3 expression, with the subsequent interference of the 
PI3K/AKT pathway [ 297 ].   

4.6.2     The ERBB3 Protein 

4.6.2.1    Amino Acid Sequence 

 The protein encoded by the human ERBB3 gene is 1,342-amino acid long and can 
be found in [ 19 ]. 
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   Domain Structure 

 Like other members of the ERBB family, ERBB3 possesses an extracellular 
 ligand- binding domain, a transmembrane domain, and an intracellular kinase 
domain. The extracellular region has four subdomains (I–IV) (See Fig.  4.1 ). 
Crystallization of the un-liganded extracellular domain of ERBB3 showed that 
domains II and IV interact via a short hairpin loop of domain II, which restrains 
the interaction of domain I and III, the ligand-binding domains, and maintains 
ERBB3 in a locked conformation [ 298 ]. Interestingly, domain I of the extracel-
lular region of ERBB3 has a stronger contribution to ligand binding than domain 
III, contrary to EGFR, in which domain III is the dominant one. Domain I of 
the extracellular region of ERBB3 harbors a high-affi nity site for ligand binding 
at a low pH, which might compensate for the weak interactions of NRGs with 
domain III [ 299 ].  

   Posttranslational Modifi cations 

 A yeast two-hybrid screen identifi ed Nrdp1 (neuregulin receptor degradation pro-
tein- 1), a ring-fi nger, B-box, coiled-coil (RBCC) protein that interacts with ERBB3. 
Nrdp1 controls the steady-state levels of ERBB3, ubiquitinating this receptor in the 
absence of growth factors [ 300 ]. Nrdp1 undergoes self-ubiquitination and is 
degraded by the proteasome. The deubiquitinating enzyme USP8 was identifi ed as 
an interactor of Nrdp1 by affi nity chromatography. Upon stimulation of cells with 
NRG-1, threonine phosphorylation of USP8 ensues, which mediates its stability. 
Subsequently, USP8 deubiquitinates Nrdp1, rescuing it from degradation [ 301 ]. In 
MCF7 mammary cancer cells, silencing of USP8 or Nrdp1 prevents degradation of 
ERBB3 following NRG-1 stimulation [ 302 ].  

   Phosphorylation Sites and Their Functions 

 Synthetic phosphopeptide analysis unveiled six binding sites for the p85 subunit of 
PI3K harbored in the C-terminal domain of ERBB3, namely, Y1054, Y1197, 
Y1222, Y1260, Y1276, and Y1289 (see Fig.  4.1 ). The same study showed that 
phosphorylated Y1328, contained in the motif NPXY, serves as a binding site for 
SHC [ 303 ]. An early study identifi ed Y1199 as the main GRB7-binding site and 
Y1262 as a minor GRB7-binding site [ 304 ]. Nevertheless, an analysis using quan-
titative proteomics showed that Y1199 and Y1262 are interaction sites for GRB2 
instead [ 129 ]. ERBB3 harbors three YEY motifs, where two tyrosines are separated 
by a glutamic acid residue, i.e., Y1197 and Y1199, Y1222 and Y1224, and Y1260 
and 1262. However, the identity of their common interactors, if any, remains 
unknown [ 129 ].    
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4.6.3     ERBB3 Ligands 

 Neuregulin-1 was at fi rst identifi ed in the medium of RAS-transformed cells as a 
protein that can induce phosphorylation of ERBB2 [ 208 ]. Later on, NRG-2, NRG- 
3, and NRG-4 were identifi ed [ 305 – 307 ]. While NRG-1 and NRG-2 interact with 
ERBB3 and ERBB4, NRG-3 and NRG-4 bind exclusively to ERBB4. Due to alter-
native splicing and promoters, there is an array of NRG isoforms. Studies using 
mice with mutations that abolish different isoforms showed that they have distinct 
functions [ 308 ]. Specifi c isoforms play critical roles in the development of heart and 
neural tissues and have been linked with pathologies like breast cancer, schizophre-
nia, and multiple sclerosis [ 309 ]. Some neuregulins are synthesized as transmem-
brane proteins, called proNRGs. These precursors are cleaved and processed by 
metalloproteases, producing truncated segments bound to the cell membrane. The 
precursor of NRGbeta (isoform 2a) was found to be partially resistant to cleavage, 
while the 4a isoform was processed in a more effi cient manner. The processing of 
proNRGalpha2c was defective in fi broblasts derived from mice devoid of an active 
TACE/ADAM17, implying that this metalloprotease is involved in the processing of 
NRGs [ 310 ]. Expression of ADAM19 (Meltrin beta) and expression of NRGs 
occurred at the same stages of mouse embryogenesis in the dorsal root ganglia. 
Moreover, overexpression of the wild-type ADAM19 enhanced secretion of soluble 
NRGs, while transfection of a dominant-negative form of this protein inhibited 
NRGs processing [ 311 ].  

4.6.4     ERBB3 Activation and Signaling 

4.6.4.1    ERBB3 Dimerization 

 Tumor cells that overexpress ERBB2 frequently show elevated tyrosine phosphory-
lation of ERBB3, and inducible silencing of ERBB2 in SKBR3 mammary cancer 
cells led to decreased phosphotyrosine content of ERBB3 [ 312 ]. Especially critical 
are ERBB2/ERBB3 heterodimers, which play an important role in breast cancer. 
Inhibition of ERBB3 expression with E3, an artifi cial transcription factor, demon-
strated that ERBB2 requires ERBB3 to induce breast cancer cell proliferation [ 242 ]. 
Likewise, ERBB3 knockdown in HER2 overexpressing cells inhibited tumor growth 
of xenografts [ 313 ]. Heterodimerization of ERBB3 with EGFR [ 314 ] and with 
ERBB4 has also been suggested. It was demonstrated that intestinal epithelial cells 
of mice with intestine-specifi c ERBB3 knockout showed inhibition of ERBB4 
expression. Moreover, inhibition of ERBB3 led to a loss of ERBB4 expression in 
colon cancer cells and to subsequent apoptosis [ 315 ].  
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4.6.4.2    Phosphorylation 

 Because the kinase activity of ERBB3 is extremely weak [ 316 ], it depends on other 
ERBB family members. Although ERBB3 dimerizes preferentially with ERBB2 
[ 239 ], coupling with EGFR and ERBB4 also occurs. Among other kinases that alter 
ERBB3 phosphorylation status is SRC. c-SRC overexpression enhances tyrosine 
phosphorylation of ERBB2 and ERBB3 and triggers downstream signaling in mam-
mary cancer cells [ 317 ]. The intracellular BRK tyrosine kinase, implicated in breast 
oncogenesis, was also shown to interact with ERBB3 and phosphorylate it, fol-
lowed by enhanced signaling via the PI3K/AKT pathway [ 318 ].  

4.6.4.3    Pathway Activation 

 Inactivation of HER2/ERBB2 in breast cancer cells results in loss of activity of 
ERBB3, along with the attenuation of MAPK and PKB/AKT signaling, hinting that 
ERBB2/ERBB3 dimers play a key role in the ERBB signaling network [ 312 ]. The 
carboxyl-terminal domain of ERBB3 possesses a motif capable of interaction with 
the SH2 domain of p85-PI3K. Indeed, following EGF stimulation of A431 cells, 
which express EGFR and ERBB3, PI3K co-precipitated preferentially with ERBB3 
[ 319 ]. Consistent with these fi ndings, ERBB3 was found to be effi ciently coupled 
with the PI3K signaling pathway, in line with the potent PI3K activation triggered 
by ERBB2/ERBB3 heterodimers [ 320 ]. In addition, genetic and pharmacologic 
ablation of ERBB3 inhibits the growth of PI3K/AKT-dependent mammary tumors 
in mice [ 321 ]. SHC constitutes another binding partner of ERBB3 [ 303 ,  322 ]. NRG 
stimulation of NIH-3T3 murine fi broblasts ectopically expressing ERBB3 led to 
signaling through the MAPK and PI3K/AKT pathways. Mutation of the SHC- 
binding site of ERBB3 inhibited stimulation of the MAPK pathway [ 323 ]. 
Association of ERBB3 with other signaling molecules, such as BRK, c-SRC, ABL1, 
ABL2, and RASA1N, has also been reported [ 322 ,  324 ].  

4.6.4.4    Cross Talk with Other Receptor Systems 

 Cross talk between ERBB3 and the interferon alpha signaling complex has been 
demonstrated. IFNalpha-induced ERBB3 phosphorylation has been shown in the 
KAS-6/1 multiple myeloma cell line. Moreover, depletion of ERBB3 in these cells 
inhibited cell proliferation upon stimulation with IFNalpha. Nevertheless, a physi-
cal association between ERBB3 and IFNalpha receptor could not be demonstrated 
[ 325 ]. Shortly after, it was shown that IFNalpha-induced ErBB3 transactivation is 
mediated by the Janus kinase family members Tyk2 and Jak1 [ 326 ].   
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4.6.5    ERBB3 Internalization, Processing, and Attenuation 

 Unlike EGFR, ligand-activated ERBB3 is directed to a short endocytic pathway 
leading to recycling rather than to degradation in lysosomes [ 327 ,  328 ]. Nevertheless, 
following stimulation with NRG, the deubiquitinating enzyme USP8 is stabilized, 
leading to accumulation of Nrdp1, an E3 ubiquitin ligase, and subsequent ERBB3 
ubiquitination and degradation [ 302 ]. Furthermore, analysis of human breast tumors 
overexpressing ERBB3 showed a decreased Nrdp1 expression [ 329 ]. Other mole-
cules potentiate ERBB3 signaling by altering its endocytic traffi cking. For instance, 
Muc4, a transmembrane mucin, induces translocation of ERBB2/HER2 and ERBB3 
to the cell membrane by suppressing their internalization [ 330 ].  

4.6.6     Unique Features of ERBB3 

4.6.6.1    ERBB3 and Cancer 

 ERBB3 is involved in malignancies of diverse tissue origins. Immunohistochemical 
analysis of 130 primary and 87 metastatic melanomas demonstrated a high expression 
of ERBB3 in these tumors [ 331 ]. Moreover, high ERBB3 expression predicted a short 
patient survival. Treatment with monoclonal antibodies directed toward this receptor 
inhibited NRG-induced transformation of melanoma cell lines. Similarly, ERBB3 has 
been implicated in colon cancer. ERBB3 mRNA was identifi ed in 55 % of human 
colorectal carcinomas, compared to 22 % of normal colon mucosa specimens [ 332 ]. 
Additionally, high expression of ERBB3 in colonic tumors correlated with a shorter 
patient survival [ 333 ]. A systematic analysis of all RTKs in NSCLC tumors showed 
that high ERBB3 expression can predict decreased survival [ 334 ]. Likewise, an auto-
crine loop involving NRG1 and ERBB3 was identifi ed in ovarian cancer cell lines and 
tumors [ 335 ]. Ablation of this loop led to longer survival times in an ovarian cancer 
mouse model [ 336 ]. Pilocytic astrocytoma and radiation- induced pediatric glioblasto-
mas are among other malignancies associated with ERBB3 overt signaling [ 337 ].  

4.6.6.2    Therapeutic Implications of ERBB3 

 Along with immunological attempts to target ERBB3 in tumors due to its ability to 
drive proliferation and migration of tumor cells [ 338 ], ERBB3 is attractive because 
it appears to play pivotal roles in the development of drug resistance in a variety of 
malignancies. For example, TKIs display limited activity on HER2-amplifi ed breast 
tumors, due to relocalization of ERBB3 to the membrane, where phosphorylation 
occurs, along with reduced receptor dephosphorylation. Consistent with these fi nd-
ings, silencing of ERBB3 restored response to TKIs [ 339 ]. Another report showed 
that a TKI-sensitive lung cancer cell line acquired resistance to this therapy, by 
means of MET amplifi cation and activation of ERBB3 signaling [ 340 ].    
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4.7     ERBB4 

4.7.1     The ERBB4 Gene 

4.7.1.1    Promoter Structure 

 ERBB4 expression correlates with estrogen receptor (ER) expression in breast 
 cancer. Accordingly, ERBB4 was found to be an estrogen-inducible gene. Moreover, 
three potential estrogen response elements (ERE) are located within the ERBB4 
promoter. Estrogen leads to association of ER with the ERBB4 intracellular domain, 
thereby establishing an ERBB4 autocrine loop regulated by estrogen [ 341 ]. An 
analysis of the ERBB4 promoter identifi ed a novel promoter polymorphism that 
appears to increase the risk for breast and colorectal cancer [ 342 ]. On the other 
hand, a CpG island has been identifi ed in the ERBB4 promoter, and there is an 
inverse correlation between ERBB4 expression and promoter methylation. Elevated 
ERBB4 promoter methylation was associated with worse prognosis of breast cancer 
patients. These fi ndings suggest that ERBB4 might play a tumor suppressor role, 
which is inhibited in mammary tumors by promoter hypermethylation [ 343 ].  

4.7.1.2    mRNA Structure 

 The ERBB4 gene is located in the long arm of chromosome 2q33.3-34 [ 344 ] and it 
spans 1.16 Mb and 28 exons [ 345 ]. ERBB4 is subject to alternative splicing, and 
four splicing variants have been described. JM-a and JM-b have dissimilar extracel-
lular juxtamembrane domains, which differ by the inclusion of exons 16 and 15b, 
respectively. Exon 16 of JM-a encodes a 23-residue sequence, which harbors a 
TACE cleavage site, while exon 15b of JM-b encodes a 13-amino acid sequence 
which lacks the TACE cleavage site [ 346 ]. The ERBB4 CYT isoforms originate 
from the inclusion or exclusion of exon 26. The CYT-1 variant harbors, while 
CYT-2 lacks a 16-residue sequence of the cytoplasmic tail of ERBB4, which con-
stitutes a binding site for PI3K. Tissues like the heart or breast express preferentially 
the ERBB4 CYT-1 variant, while the CYT-2 variant is the dominant form in neural 
tissues and in kidney [ 347 ].  

4.7.1.3    Transcriptional Regulation 

 Silencing of KRAB-associated protein 1 (Kap1) by shRNA was associated with 
increased levels for ERBB4, both at the mRNA and protein levels, which identifi ed 
Kap1 as a corepressor of ERBB4 transcription. The interplay between Kap1 and 
ERBB4 regulates the stabilization of Mdm2 and subsequently of p53 [ 348 ]. The 
WW domain harboring Yes-associated protein (YAP) interacts with ERBB4 and 
serves as a co-transcriptional activator for ERBB4 C-terminal fragment (CTF). 
Such interaction is mediated by the WW domain of YAP and a carboxyl-terminal 
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PPXY motif of ERBB4. Two isoforms of YAP exist, YAP1 and YAP2, with one and 
two WW domains, respectively. YAP2 exerts a higher activation activity than YAP1 
[ 349 ]. WWOX, a WW domain-containing oxidoreductase, interacts with ERBB4 
and opposes the action of YAP [ 350 ].   

4.7.2     The ERBB4 Protein 

 The fourth member of the ERBB family was identifi ed in 1990. ERBB4 encodes a 
180 kD protein primarily expressed in breast cancer cell lines and the normal skel-
etal muscle, heart, and brain [ 21 ]. 

4.7.2.1    Processing of ERBB4 

 The four ERBB4 isoforms, JM-a, JM-b, CYT-1, and CYT-2, differ either in their 
extracellular domains or in their C-terminal cytoplasmic tails [ 346 ]. The JM-a iso-
form is cleaved by TACE, while the JM-b isoform undergoes no known processing 
[ 351 ]. Ectodomain shedding of ERBB4 is followed by intramembrane proteolysis 
by a gamma secretase, followed by the production of an intracellular domain (ICD) 
[ 352 ]. The ICD translocates to the nucleus, where it regulates transcription of target 
genes [ 255 ]. The JM-a isoforms, which can be cleaved by TACE, were found to be 
overexpressed together with TACE in breast tumors. Overexpression of the JM-a 
CYT-2 receptor was associated with higher ERBB4 phosphorylation and breast 
cancer cell proliferation [ 353 ]. ERBB4 ectodomain was found in 75 % of breast 
tumors versus 18 % of paired normal tissues, indicating that ectodomain shedding 
is increased in breast malignancies [ 354 ].  

4.7.2.2    Domain Structure 

 Like other ERBBs, ERBB4 is composed of an extracellular domain harboring the 
ligand-binding site, a juxtamembrane, a transmembrane, and an intracellular domain 
(see Fig.  4.1 ). The intracellular region harbors the tyrosine kinase domain and mul-
tiple phosphotyrosine sites accountable for the interactions with molecules contain-
ing SH2 and PTB domains. The CYT-1 variant contains a PI3K-binding site, while 
the CYT-2 variant lacks it. The ICD harbors also 3 PPXY motifs, which are respon-
sible for the interaction with WW-containing proteins, such as YAP [ 355 ].  

4.7.2.3    Posttranslational Modifi cations 

 ERBB4 stability is regulated by posttranslational modifi cations, such as ubiquitina-
tion. Several E3 ligases targeting this receptor have been identifi ed, such as AIP4/
Itch, a WW domain-containing E3 ligase, which ubiquitinates ERBB4, leading to 
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its degradation [ 356 ]. WWP1 is also involved in the regulation of ERBB4 levels; 
however, it preferentially modifi es the CYT-1 variants of ERBB4 [ 357 ]. An siRNA 
screen of all WWP1 family members identifi ed HECW1/NEDL1 as a novel E3 
involved in the regulation of ERBB4 [ 358 ]. ERBB4 possesses multiple binding sites 
for GRB2 or common GRB2/SHC sites, such as phosphorylated Y1162, Y1188, 
Y1202, Y1208, Y1221, Y1242, and Y1268 (see Fig.  4.1 ). The Y733 and Y1284 
phosphosites were SHC specifi c. The ERBB4 phosphotyrosine interaction partners 
show a high degree of overlap with those of EGFR. ERBB4 and EGFR interact with 
STAT5, with Y984 being the recruitment site in the case of ERBB4. One PI3K- 
binding site, Y1056, is present in ERBB4 [ 129 ].   

4.7.3     ERBB4-Specifi c Ligands 

4.7.3.1    Ligand Structure and Cleavage 

 ERBB4 interacts with a multitude of ligands: HB-EGF, epiregulin, and betacellulin 
bind both ERBB4 and EGFR. While NRG-1 and NRG-2 can engage with both 
ERBB3 and ERBB4, NRG-3 and NRG-4 exclusively bind with ERBB4. 

  HB-EGF     The heparin-binding EGF-like growth factor is an 86-amino acid-long 
product of processing of a 206-amino acid-long transmembrane precursor [ 359 ]. 
ADAM9, ADAM10, ADAM12, and ADAM17 have been implicated in HB-EGF 
processing [ 87 ]. Interestingly, pro-HB-EGF acts as a diphtheria toxin receptor 
[ 360 ]. Monoclonal antibodies targeting the EGF-like domain of this ligand suppress 
processing and inhibit cell proliferation [ 361 ].  

  Epiregulin     This 46-amino acid peptide is cleaved by ADAM17 from a 
162- residue-long transmembrane precursor [ 362 ]. Besides its well-described role in 
oncogenesis, this growth factor plays roles in other pathologies. Epiregulin controls 
homeostasis of human epidermal keratinocytes, and mice lacking this growth factor 
develop chronic dermatitis [ 363 ,  364 ]. A recent study showed that epiregulin expres-
sion is induced by  M. tuberculosis  in a MYD88- and TLR2-dependent manner. 
Moreover, a polymorphism of epiregulin was associated with a higher susceptibility 
for  M. tuberculosis  infection [ 365 ].  

  Betacellulin     Betacellulin (BTC) was originally identifi ed in medium conditioned 
by pancreatic tumor cells derived from mice [ 366 ]. It is produced as a 178-amino 
acid-long precursor, pro-BTC, which is processed to an 80-amino acid mature 
form by ADAM10 [ 367 ]. It was originally shown to have mitogenic action on vas-
cular smooth muscle and retinal pigment epithelial cells. Recently, studies have 
shown that betacellulin is a potent angiogenesis inducer and can promote prolifera-
tion of pancreatic beta cells by activation of ERBB1 and ERBB2 [ 368 ]. In vivo 
studies showed that betacellulin stimulates neurogenesis and neural stem cell pro-
liferation in mice [ 369 ].    
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4.7.4     ERBB4 Activation and Signaling 

4.7.4.1    Dimerization 

 ERBB4 is capable of forming homo- and heterodimers with the three other ERBB 
receptors. ERBB4 heterodimerization with ERBB2 increases its response to ligand 
stimulation. Thus, it was shown that co-expression of ERBB2 and ERBB4 in 32D 
cells, which do not express ERBB receptors endogenously, enhanced their mitogenic 
response to EGF and TGFalpha stimulation [ 370 ]. Likewise, co-expression of 
ERBB4 and EGFR in NIH3T3 murine fi broblasts induced their transformation 
[ 371 ]. Interestingly, loss of ERBB3 in the intestinal epithelium of mice and in human 
colon cancer cells can lead to depletion of ERBB4 and subsequent apoptosis, sug-
gesting that the ERBB3-ERBB4 heterodimer contributes to colon oncogenesis [ 315 ].  

4.7.4.2    Phosphorylation 

 Upon ligand binding, ERBB4 can be autophosphorylated or transphosphorylated by 
other members of the ERBB family. Nevertheless, phosphorylation of the ERBB4 
JM-a CYT-2 variant can occur in a ligand-independent manner [ 353 ]. Expression of 
constitutively active H-, K-, and N-Ras in PC12 cells induced ERBB4 phosphoryla-
tion in a ligand-independent way. However, using a kinase-inactive ERBB4 mutant, 
it was demonstrated that ERBB4 phosphorylation was still dependent on an intact 
kinase activity of ERBB4 [ 372 ].  

4.7.4.3    Pathway Activation 

 Conditional ablation of ERBB4 in the mammary epithelium resulted in the inhibi-
tion of STAT5 activation and consequently in reduced expression of STAT5- 
regulated genes, such as WAP and Csnb [ 373 ]. Nuclear translocation of STAT5A 
depends on nuclear shuttling of the ERBB4’s ICD. These fi ndings suggest that the 
ICD acts as a nuclear chaperone for STAT5A [ 273 ]. Importantly, the different iso-
forms of ERBB4 display signaling differences. For example, the CYT-2 variant, 
which lacks the PI3K-binding site, is able to induce cellular proliferation, but not 
chemotaxis or survival [ 374 ]. On the other hand, the CYT-1 variant was shown to 
enhance survival of medulloblastoma cells by the activation of PI3K/AKT signaling 
pathway [ 375 ].  

4.7.4.4    Cross Talk with Other Receptor Systems 

 A proteomic analysis identifi ed ERBB2 and ERBB4 as interactors of the endothelin 
receptor type A (ET A ), a GPCR. Upon stimulation of myocytes with the GPCR ago-
nist endothelin-1 (ET-1), inhibition of ERBB4 and AKT phosphorylation, both 
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induced by NRG-1beta, took place. Moreover, stimulation with ET-1 abolished the 
negative inotropic action of NRG1beta, thus enhancing the heart contractility [ 376 ]. 
Co-localization of ERBB4’s ICD and ERalpha was evidenced in the nucleus. 
Moreover, the ICD enhances ERalpha-mediated transcription at ER-specifi c ele-
ments in neuronal and nonneuronal cells. In addition, estrogen stimulation triggers 
the interaction of extranuclear ERalpha and ERBB4 and induces nuclear transloca-
tion of the ICD [ 341 ].   

4.7.5     ERBB4 Internalization and Attenuation 

 ERBB4 internalization was observed following NRG-1 stimulation of neurons and 
was shown to be dependent on the tyrosine kinase activity of ERBB4. Moreover, 
blockage of ERBB4 endocytosis inhibits NRG-1-driven phosphorylation of ERK 
and AKT in neurons [ 377 ]. The different ERBB4 isoforms display distinct endocy-
tosis regulation. While CYT-1 variants were found to co-localize with RAB5- and 
RAB7-positive endosomes and are promptly endocytosed, CYT-2 variants undergo 
ineffi cient endocytosis. A PPXY domain, which is carried by the CYT-1 isoforms, 
but absent in CYT-2 variants, is required for ubiquitination and endocytosis of 
CYT-1 variants. The PPXY domain acts as the recruitment site for the WW domain 
E3 ligase Itch, which monoubiquitinates the CYT-1 isoforms [ 378 ].  

4.7.6     Unique Features of ERBB4 

 Immunohistochemical analysis of thyroid tissue samples showed overexpression of 
ERBB3 and ERBB4 in papillary thyroid carcinoma [ 379 ]. ERBB4 was also shown 
to be overexpressed in ovarian granulosa tumor cells [ 380 ] and to play a role in 
breast carcinogenesis [ 378 ]. Furthermore, ERBB4 is frequently overexpressed 
together with ERBB2 in childhood ependymoma [ 381 ] and in medulloblastoma 
[ 382 ]. However, other studies showed that ERBB4 is downregulated in tumors. 
Indeed, overexpression of ERBB4 in breast cancer was found to be associated with 
increased patient survival [ 383 ]. Results on the prognostic signifi cance of ERBB4 
levels in breast cancer are confl icting [ 378 ]. Thus, contrary to other ERBB proteins, 
the prognostic signifi cance of ERBB4 might be context dependent.            

        Receptor at a glance: EGFR   

 Chromosome location  7p12 
 Gene size (bp)  23,760 bases 
 mRNA size (5′, ORF, 3′)  5.616 bp, CDS:247-3,879 (NM_005228.3) 
 Amino acid number  1,210 aa 
 kDa  134,277 Da 

(continued)
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 Posttranslational 
modifi cations 

 Phosphorylation, ubiquitination, acetylation, and neddylation 

 Domains  − Extracellular, ligand-binding domain 
 − Transmembrane domain 
 − Tyrosine kinase domain 
 − Carboxyl-terminal tail 

 Ligands  EGF, TGFalpha, HB-EGF, epiregulin, epigen, betacellulin, and 
amphiregulin 

 Known dimerizing 
partners 

 EGFR, HER2/ERBB2, ERBB3, ERBB4 

 Pathways activated  MAPK, PI3K-AKT, STATs, PLCgamma 
 Tissues expressed  Breast, lung, skin, gastrointestinal system, brain, and more 
 Human diseases  Glioblastoma multiforme, lung and breast cancer, psoriasis 
 Knockout mouse 
phenotype 

 Embryonic lethality. Lung maturation abnormalities, skin defects, 
newborn mice with open eyes, abnormal heart and brain 
development 

     Receptor at a glance: ERBB2   

 Chromosome location  17q11.2-q12 
 Gene size (bp)  40,523 bases 
 mRNA size (5′, ORF, 3′)  4,624 bp, CDS: 239-4,006 
 Amino acid number  1,255 aa 
 kDa  137,910 Da 
 Posttranslational 
modifi cations 

 Phosphorylation, ubiquitination 

 Domains  − Extracellular domain 
 − Transmembrane domain 
 − Tyrosine kinase domain 
 − Carboxyl-terminal tail 

 Ligands  None 
 Known dimerizing 
partners 

 EGFR, ERBB2, ERBB3, ERBB4 

 Pathways activated  MAPK, PI3K-AKT, STATs, PLCgamma 
 Tissues expressed  Gastrointestinal, respiratory, and genitourinary tracts, breast, skin, 

placenta 
 Human diseases  Ovarian, lung, breast, gastric, and colorectal carcinomas 
 Knockout mouse 
phenotype 

 Embryonic lethality, heart and neural abnormal development, 
dilated cardiomyopathy 

     Receptor at a glance: ERBB3   

 Chromosome location  12q13 
 Gene size (bp)  23.2 kb 
 mRNA size  5,765 bp, CDS: 277-4308 (NM_001982.3) 
 Amino acid number  1342 aa 
 kDa  148,098 Da 
 Posttranslational 
modifi cations 

 Phosphorylation, ubiquitination 

(continued)
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 Domains  − Extracellular ligand-binding region 
 − Transmembrane domain 
 − Tyrosine kinase domain 
 − Carboxyl-terminal tail 

 Ligands  NRG-1, NRG-2 
 Known dimerizing 
partners 

 EGFR, ERBB2, ERBB3, ERBB4 

 Pathways activated  SHC, PI3K-AKT 
 Tissues expressed  Gastrointestinal, reproductive, respiratory, and urinary systems, 

nervous and endocrine systems, skin 
 Human diseases  Melanoma, colon cancer, breast cancer, NSCLC, ovarian cancer, 

lethal congenital contractural syndrome type 2 (LCCS2) 
 Knockout mouse 
phenotype 

 Embryonic lethality; neural crest cell migration defects; cardiac, 
cerebellar, and cranial ganglia defects; stomach and pancreas 
defective development; abnormal breast morphogenesis 

     Receptor at a glance: ERBB4   

 Chromosome location  2q33.3-34 
 Gene size (bp)  1.16 Mb 
 mRNA size (5′, ORF, 3′)  11,941 bp, CDS: 99-4025 (JM-a/CYT1) (NM_005235.2) 
 Amino acid number  1,308 aa 
 kDa  146,808 Da 
 Posttranslational 
modifi cations 

 Phosphorylation, ubiquitination 

 Domains  − Extracellular ligand-binding region 
 − Transmembrane domain 
 − Tyrosine kinase domain 
 − Carboxyl-terminal tail 

 Ligands  NRG-1, NRG-2, NRG-3, NRG-4, HB-EGF, betacellulin, epiregulin 
 Known dimerizing 
partners 

 EGFR, ERBB2, ERBB3, ERBB4 

 Pathways activated  MAPK, PI3K-AKT, STATs, PLC-Gamma 
 Tissues expressed  Brain, skeletal muscle, heart, parathyroid, spleen, testis, breast, 

and kidney 
 Human diseases  Breast cancer, schizophrenia, medulloblastoma, lung cancer, 

gastric and colorectal cancer, and melanoma 
 Knockout mouse 
phenotype 

 Embryonic lethality, neural crest cell migration defects with 
abnormal heart development, abnormal architecture of cranial 
nerves, defective mammary gland morphogenesis and maturation, 
and bronchopulmonary dysplasia 
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    Chapter 5   
 The Eph Receptor Family 

           Thomas         Gaitanos*    ,     Irina         Dudanova*    ,     Maria     Sakkou    ,     Rüdiger     Klein     , 
and     Sónia     Paixão*   

5.1                   Introduction to The Eph Receptor Tyrosine 
Kinase Family 

 Eph receptors, named after their expression in an  e rythropoietin- p roducing human 
 h epatocellular carcinoma cell line, represent the largest family of receptor tyrosine 
kinases (RTKs) in the animal kingdom. They are divided into two subclasses, A and 
B. In mammals, nine EphA (EphA1-8 and EphA10; EphA9 is exclusively avian and 
will not be discussed) and fi ve EphB (EphB1-B4 and EphB6; EphB5 is also specifi c 
to the chick and will not be discussed) receptors have been characterized [ 1 ]. 
Structurally, all Eph receptors are highly similar. The extracellular part of Eph 
receptors contains a globular ligand-binding domain [ 2 – 4 ], a cysteine-rich region, 
and two fi bronectin type III domains (FN1 and FN2). FN2 is followed by a trans-
membrane helix, and an intracellular part consisting of a juxtamembrane region 
with several conserved tyrosine residues, a tyrosine kinase domain, a sterile-α motif 
(SAM) protein–protein interaction domain, and a C-terminal Psd-95, Dlg, and ZO1 
domain (PDZ)-binding motif (Fig.  5.1a ). The kinase domains of one receptor from 
each class (EphA10 and EphB6) lack residues that are essential for catalytic activity, 
indicating that these two receptors might not function by phosphorylating 
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  Fig. 5.1    Domain Organization of Eph Receptors and Ephrin Ligands, Cluster Formation, and 
Bidirectional Signaling. ( a ) Structural features of Ephs and ephrins. The Eph receptor is comprised 
of a ligand-binding domain, a cysteine-rich region including sushi and EGF domains, two fi bro-
nectin type III (FN) domains, a transmembrane region (TM), a kinase domain, a C-terminal SAM 
domain, and a PDZ-binding motif. Tyrosine phosphorylation sites are indicated with Ys. Typically, 
ephrinA ligands bind to EphA receptors and ephrinB ligands to EphB receptors however limited 
cross-talk between the two subclasses exists ( dashed arrows ). EphrinA ligands are GPI anchored, 
whereas ephrinB has a TM domain, a PDZ-binding motif and conserved tyrosines that are phos-
phorylated upon activation. Eph/ephrin signaling can be bidirectional. GPI-anchored ephrinAs 
signal by  cis  interacting with transmembrane co-receptors, such as TrkB, p75, and Ret. ( b ) Binding 
of ephrin ligand to Eph receptor in  trans  between two opposing cells initiates signaling and forma-
tion of heterotetramers which further aggregate into higher-order clusters. Cluster formation is 
required for physiological signaling in both the ephrin ligand (reverse) and the Eph receptor 
(forward) expressing cells. Eph–Eph  cis  interactions allow the lateral expansion of clustering and 
enhance signaling within the cells       
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cytoplasmic target proteins. The subdivision into EphA and EphB receptor classes 
was initially based on similarities in the extracellular sequences, but also corre-
sponds to the binding preference for either the fi ve glycosyl phosphatidylinositol 
(GPI) anchor-linked ephrinA ligands (ephrinA1–A5 that bind predominantly A-type 
receptors) or the three transmembrane ephrinB ligands (ephrinB1–B3 that bind 
 predominantly B-type receptors). Receptor–ligand interactions within A or B class 
have considerably varying binding affi nities [ 1 ,  5 ]; however, there is also a limited 
degree of promiscuous cross-binding between members of the two classes.  

 Eph/ephrin interaction requires cell-to-cell contact since both are anchored to 
the plasma membrane (Fig.  5.1b ). In contrast to classical RTKs, Eph/ephrin bind-
ing leads to signal transduction that propagates bidirectionally into both the Eph 
 receptor (in a process known as forward signaling) and the ephrin ligand (reverse 
signaling) expressing cells [ 6 – 8 ]. For ephrinBs, the signal transduction involves 
phosphorylation of several highly conserved tyrosine residues in the cytoplasmic 
domain, and the binding of several cytoplasmic adaptor proteins to the C terminal 
PDZ-binding motif. Although ephrinAs lack a cytoplasmic domain, they are capa-
ble of signaling, either by interacting with co-receptors or by forming plasma 
membrane microdomains [ 9 – 11 ] (Fig.  5.1a ). The neurotrophin receptors TrkB, 
p75, and the receptor tyrosine kinase Ret serve as such co-receptors [ 12 – 14 ]. 
Another distinctive feature of Eph receptors is that functional signaling fi rst 
requires dimerization and activation of the kinase domain followed by a progres-
sive assembly of the Eph/ephrin complexes into larger clusters, the size of which 
depends on the densities of Eph receptors and ephrins on the cell surface [ 15 – 17 ] 
(Fig.  5.1b ). In addition to the binding of Eph/ephrin molecules in  trans, cis  interac-
tions between receptors and ligands expressed in the same cell have been reported. 
 Cis  binding does not lead to active signaling but rather seems to interfere with 
receptor activation by the ephrin ligand presented on surrounding cells. The  cis -
inhibition model can explain how partially overlapping expression of EphAs and 
ephrinAs can generate a gradient of active receptors in the developing visual sys-
tem [ 18 – 20 ]. Finally, some Eph receptors can be proteolytically cleaved, a process 
that regulates Eph expression on the cell surface and initiates signaling by the 
released intracellular domain [ 21 – 25 ]. 

 The variety of processes that are infl uenced by Eph receptors, which include 
roles in development, physiology, as well as pathology, is remarkable; as is the 
sophistication of their mechanism of action and the diversity of their signaling out-
put. Eph signals have widespread effects on the actin cytoskeleton, cell–substrate 
adhesion, intercellular junctions, cell shape, and cell movement. Eph receptor func-
tion contributes to the regulation and the assembly of cells in tissues, and to the 
modulation of cell fate and morphology. Eph/ephrin interaction between cells in 
contact can be stabilized to mediate adhesion, or broken to mediate repulsion. Thus, 
sorting and segregation of mixed Eph- and ephrin-expressing cell subpopulations is 
a major role that has been observed in a variety of biological processes. In this con-
text, cells will migrate in order to minimize Eph/ephrin interactions, so that Eph- 
and ephrin-expressing cells preferentially end up in separate tissue domains [ 26 – 31 ]. 
Eph receptor signaling and their role in development, physiology, and disease will 
be further discussed in detail throughout this chapter.  
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5.2     The Role of the Eph Receptor Tyrosine Kinase Family 
in Embryonic Development and Adult Physiology 

5.2.1     Embryonic Development 

5.2.1.1     Gastrulation and Somitogenesis 

  Gastrulation     Vertebrate gastrulation involves specifi cation and coordinated 
morphogenetic movements of large cell populations that will give rise to the ecto-
dermal, mesodermal, and endodermal germ layers during early development. In 
frog embryos, this process begins with invagination of mesodermal cells and epib-
oly of the non-involuting ectodermal cells. The involuting mesoderm undergoes 
convergent extension (CE) movements which establish the anterior–posterior axis 
of the embryo. CE movements are generated by the polarization of mesodermal 
cells followed by coordinated cell migration toward the dorsal side of the gastrula. 
Mesodermal cells use the ectoderm as a substrate for migration. While the boundary 
between mesoderm and ectoderm is strictly kept, repeated cycles of cell attachment 
and detachment are observed. In Xenopus, loss of EphA4 function results in 
aberrant gastrulation movements, which are due to selective inhibition of tissue 
constriction and separation. At the cellular level, antisense morpholino knockdown 
of EphA4 impairs cell polarization and migratory activity of gastrulating cells but 
not cell fate specifi cation. While EphA4 is expressed in involuting mesodermal 
cells, one of its cognate ligands, ephrinA1, is expressed in a complementary manner 
in non-involuting ectodermal cells. EphA4 controls tissue separation by regulating 
RhoA GTPase activity and Wnt signaling [ 32 ]. Earlier work implicated Wnt signal-
ing, EphB1, and the formin-homology protein Daam1 in CE movements in Zebrafi sh 
embryos [ 33 ]. A complex consisting of EphB receptors and the noncanonical Wnt 
signaling components Daam1 and Disheveled-2, when removed from the cell sur-
face by endocytosis, induces cell repulsion followed by the initiation of CE move-
ments. A link to Wnt signaling was demonstrated, but the exact molecular nature of 
the interactions remains unclear. 

 A more recent study described a new mechanism of mesoderm/ectoderm separa-
tion that involves Eph/ephrin signaling at the interface. Transient attachment of meso-
dermal cells to the ectoderm induces EphB/ephrinB signaling that leads to temporary 
detachment, thereby allowing cells to migrate along the boundary. When cells are 
apart, the repulsive signal decays and cells emit protrusions and reestablish contacts 
(Fig.  5.2 ). Cell contact initiates the next round of EphB/ephrinB signaling. Multiple 
ephrinBs and EphBs are expressed on each side of the boundary. EphB- forward sig-
naling via Rho GTPases seems to be required [ 34 ]. Further in development, the dorsal 
mesoderm separates into the notochord and presomitic mesoderm and, during conver-
gent extension movements, adhesion at their boundaries decreases dramatically. 
This allows the cells to “slide” against each other. The decreased adhesion is not 
caused by downregulation of adhesion molecules, but rather by blebbing-like behav-
ior of the cells along the boundary that inhibits cadherin  clustering. Cell blebbing 
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derives from Eph/ephrin-induced changes in actomyosin-driven contractility [ 35 ]. 
EphA4 and EphB4 in presomitic mesoderm and ephrinB2 in the notochord were 
shown to be contact cues that control separation at the boundary.   

  Somitogenesis     Somitogenesis is used as a model to study the molecular mechanisms 
underlying segmentation and boundary formation. When somites form in the preso-
mitic mesoderm, an intersomitic boundary emerges and the cells on each side of this 
boundary undergo mesenchymal-to-epithelial transition (MET). EphA4 signaling 
in zebrafi sh is important in establishing cell polarity during MET of the paraxial 
mesoderm, required for somite formation [ 36 – 38 ]. In chick somitogenesis, one of 
the regulators that induce EphA4 expression is the bHLH-transcription factor 
cMeso-1, the homologue of mouse Mesp2. cMeso-1 upregulates EphA4 in the cells 
located posteriorly to the forming boundary. This in turn activates ephrinB2 reverse 
signaling in the anteriorly opposed cells. Moreover, phosphorylation of tyrosine 
residues on ephrinB2 represses Cdc42 GTPase, leading to gap formation and cell 
autonomous MET [ 39 ]. 

 Somitogenesis also depends on the segmental assembly of extracellular matrix 
(ECM) and integrin clustering at the nascent somite boundary. Integrin transmem-
brane proteins can be activated by cytoplasmic signals in a process called “inside- 
out” signaling by inducing a conformational change to a high-affi nity ligand binding 
state. EphA4  trans  interaction at the somite boundary induces ephrinB2 reverse 
signaling, which is suffi cient to initiate integrinα5 clustering and ECM assembly 
specifi cally at the boundary [ 40 ].   

5.2.1.2     Neural Development 

 The development of the nervous system starts with the formation of the neural plate, 
a specialized area of the ectoderm which folds to form the neural tube in a process 
called neurulation. Regionalization of the neural tube then leads to the formation of 
the main structures of the central nervous system, whose development proceeds 
according to the same basic principles. Neurons are generated from progenitor cells 
in the proliferative zones, undergo differentiation, and migrate from their place of 
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  Fig. 5.2    EphB/ephrinB Signaling During Gastrulation. Model for tissue separation during gastru-
lation. Mesodermal and ectodermal cells go through cycles of attachment and detachment. 
Attachment of cells at the boundary via adhesion molecules triggers EphB/ephrinB signaling, 
which induces repulsion and detachment. This allows cells to migrate along the boundary. When 
cells are separated, the repulsive signal from EphB receptors decays and cells grow protrusions, 
and re-establish contacts. Contact initiates the next round of EphB/ephrinB signaling       

 

5 The Eph Receptor Family



170

birth to their defi ned locations where they start growing axons and dendrites. 
The axons then extend toward their target tissue, directed by guidance cues along 
the way. Within the target tissue, they recognize and form synaptic contacts with their 
partner cells. Inappropriate or excessive contacts are then pruned, leading to the 
refi nement of neuronal connectivity map. Different members of the Eph family are 
involved in all these major steps of neuronal development. Cell-contact-dependent 
Eph/ephrin interactions are required to mediate cell sorting, migration, and estab-
lishment of selective connections between neurons. 

  Early Morphogenesis and Patterning     During neurulation, ephinA5 and EphA7 
are expressed at the dorsal edge of neural folds, and their interaction is required for 
neural tube closure. Interestingly, both full-length and truncated isoforms of EphA7 
are present. The short splice variants, devoid of the kinase domain, inhibit phos-
phorylation and repulsive signaling of the co-expressed full-length EphA7 and make 
the ephrinA5/EphA7 interaction adhesive. Deletion of ephrinA5 in the mouse leads 
to defects of neural tube closure, in some cases resulting in anencephaly [ 41 ]. 

 As in several other tissues, in the developing nervous system Eph receptors play 
a role in segmentation and boundary formation by restricting cell intermingling. 
For example, segmentation of the developing hindbrain results in the formation of 
rhombomeres, which are defi ned by restricted expression of several genes and are 
important for the orderly formation of cranial nerves and specifi cation of neural 
crest cells. Ephs and ephrins show a complementary expression pattern in the hind-
brain, with EphA4, EphB2, and EphB3 receptors restricted to odd-numbered rhom-
bomeres (r3 and r5), while the ligands ephrinB1, ephrinB2, and ephrinB3 are found 
in even-numbered rhombomeres (r2/r4/r6) [ 42 – 45 ]. Studies in Zebrafi sh and 
Xenopus embryos showed that overexpression of a dominant-negative truncated 
EphA4 receptor as well as morpholino knockdowns of EphA4 and ephrinB2 all 
lead to disruption of rhombomere boundaries, with expression of r3/r5 markers spread-
ing into even-numbered rhombomeres [ 46 ,  47 ]. Eph/ephrin signaling at the rhombo-
mere boundaries appears to operate bidirectionally, so that Eph-forward signaling 
mediates cell sorting in odd-numbered rhombomeres, while ephrin reverse signaling 
performs this function in even-numbered rhombomeres [ 31 ]. These fi ndings indi-
cate that repulsive interactions between ephrins and Ephs restrict movement and 
intermingling of cells between neighboring segments and thereby stabilize rhombo-
mere boundaries. In addition to these repulsive effects, Eph receptors might contrib-
ute to rhombomere formation by mediating adhesion within the odd-numbered 
rhombomeres [ 47 ]. Furthermore, EphA4 has been implicated in Zebrafi sh forebrain 
patterning, where it is expressed in the developing diencephalon and required for the 
formation of the boundary between the diencephalon and the eye fi eld. Overexpression 
of a truncated version of EphA4 disrupted this boundary, leading to an increase in the 
size of the eye fi eld at the expense of diencephalic structures [ 48 ]. 

 Neural crest cell (NCC) migration, which also follows a segmental pattern, occurs 
in parallel to hindbrain patterning. NCCs are a group of cells that derive from the 
dorsal neural tube, migrate ventrally along stereotypic trajectories, and give rise to a 
number of different cell types in the periphery, including sensory and sympathetic 
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ganglia, as well as bones of the skull. A role of Ephs in separating the streams of 
migrating NCCs has been demonstrated in Xenopus embryos. Expression of EphA4 
and EphB2 is observed in the NCCs of the third branchial arch, whereas ephrinB2 is 
present in the adjacent second arch NCCs. Overexpression of ephrinB2 or truncated 
dominant-negative variants of EphA4 and EphB2 both resulted in disturbed migra-
tion of third arch NCCs, which invaded neighboring second and forth arch territories 
[ 49 ]. Experiments in chick embryos indicated that Ephs might also be involved in 
trunk NCC migration through the somites. EphB3-expressing trunk NCCs migrate 
through the rostral half of the somitic sclerotome, avoiding the caudal half where 
ephrinB1 is present [ 50 ,  51 ].  

  Proliferation, Migration, and Sorting of Neurons     Several studies have impli-
cated Ephs in regulating neurogenesis and cell death in the developing cortex. 
Overactivation of EphA7 signaling in cortical progenitors by conditional transgenic 
overexpression of ephrinA5 resulted in enhanced apoptosis of neuronal progenitors 
and as a consequence a dramatic decrease in cortical size. Conversely, cell death 
was suppressed and cortical size increased in EphA7 knockout mice [ 52 ]. In con-
trast to the apoptosis-promoting effects of EphA7, EphA4 signaling stimulates pro-
liferation of cortical progenitors, as demonstrated by diminished cortical size and 
reduced BrdU incorporation in EphA4 knockout mice. Since ephrinB1 is strongly 
expressed in progenitor cells and has proliferation-promoting effects, it was proposed 
to be the ligand for EphA4 in this system [ 53 ]. 

 Eph/ephrin-mediated contact repulsion also contributes to the dispersion of 
Cajal-Retzius (CR) that are born in discrete regions of the pallium, from which they 
migrate tangentially to colonize the entire cortex [ 54 ]. Once CR cells reach their 
cortical marginal zone destination, they secrete reelin which besides binding its 
receptors from the LDL protein family also interacts with Ephs and ephrins. Mice 
defi cient in ephrinBs or EphBs display typical reeler-like changes in migration of 
neurons in cerebral cortex and hippocampus, respectively [ 55 ,  56 ]. 

 Newborn cortical neurons migrate radially from the proliferative zone to the 
cortical plate, where they form vertically oriented cortical columns, the main 
information- processing units in the cortex. A fraction of neurons diverge laterally and 
integrate into neighboring columns, a process that requires forward EphA/ephrinA sig-
naling. Interfering with ephrin expression by knockout of multiple ephrin genes impairs 
the lateral intermixing of neuronal clones and disrupts the organization of columns, 
while overexpression of EphAs leads to formation of columns of multiclonal nature 
[ 57 ]. EphrinB1 also controls the columnar distribution of cortical pyramidal neurons by 
inhibiting their tangential migration [ 58 ]. Further work will be required to tease apart the 
relative contributions of ephrinAs and ephrinBs in this process. 

 Finally, patterning of the striatum involves sorting of cells between two morpho-
logically and functionally distinct compartments, matrix and striosomes. EphrinA5 
is predominantly expressed in striosomes, while EphA4 is selectively enriched in 
the later developing matrix cells. Experiments with organotypic striatal slices and 
analysis of EphA4 knockout mutants revealed a role for EphA4/ephrin signaling in 
striatal compartmentalization [ 30 ].  
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  Axon Guidance     The roles of Ephs in axon guidance are among the most diverse 
and well-studied functions for this receptor family. In different neuronal popula-
tions, Ephs have been implicated in gradient mapping, midline crossing, and binary 
pathway choices. Eph/ephrin interactions in  trans  can lead to repulsive or attractive 
responses, mediated by forward or reverse signaling. In addition,  cis -binding of 
receptors and ligands co-expressed on the same axons seems to regulate their sig-
naling output (Fig.  5.3a, b ).   

  Axon Guidance in the Brain     Establishment of thalamocortical and corticothalamic 
projections represents an example of gradient mapping. EphrinAs and EphAs are 
expressed in complementary gradients in the developing cortex and thalamus and 
regulate reciprocal wiring of these structures. The development of thalamocortical 
connections proceeds in several steps: The axons undergo initial sorting in the ventral 
telencephalon, where the broad areal map of the cortex is defi ned, and later topo-
graphic maps are also formed within the cortical areas. EphA/ephrinA interactions are 
required for specifying both the inter-areal and intra-areal topography [ 59 – 62 ]. 
Furthermore, studies of several EphA4 signaling mutants revealed that EphA4 kinase 
activity regulation is required for thalamocortical mapping, while the noncatalytic 
intracellular domains are dispensable [ 63 ,  64 ]. The formation of corticothalamic 
projections proceeds independently of thalamocortical mapping, but also relies on 
EphA/ephrinA interactions, as shown by EphA7 overexpression and knockdown in 
the cortex by in utero electroporation [ 65 ]. EphB receptors have also been implicated 
in thalamocortical axon guidance. EphB1- and EphB2-forward signaling and the 
ephrinB1 ligand are required during the early navigation of subpopulations of 
thalamic fi bers in the ventral telencephalon, and the misguided thalamic fi bers appear 
to infl uence the reciprocal cortical fi bers guidance. These results are consistent with 
the “handshake hypothesis” that proposes that cofasciculation of specifi c thalamic and 
cortical axons controls proper cortical and thalamic interconnectivity [ 66 ]. 

 In the developing hippocampus, multiple EphA receptors are also expressed in a 
gradient, whereas ephrinA gradients are detected in the lateral septum, a major tar-
get region of hippocampal axons [ 67 – 69 ]. Transgenic expression of a truncated 
dominant-negative EphA5 mutant resulted in mistargeting of hippocamposeptal 
projections [ 69 ]. Several Ephs have been implicated in the formation of the major 
brain commissures connecting the two hemispheres, the anterior commissure (AC) 
and corpus callosum (CC). In a large fraction of EphA4 null mutants, a total agen-
esis of AC was observed with both the anterior and posterior branches (aAC and 
pAC, respectively) missing [ 70 ]. In contrast, in the absence of EphB2 only pAC 
failed to form, due to misguidance of pAC axons into the ventral forebrain [ 71 ]. 
EphrinB ligand expression is detected in the AC axons, whereas EphA4 and EphB2 
receptors are expressed in the adjacent tissue. Knockins of EphA4 and EphB2 sig-
naling mutants rescued the AC guidance defects, pointing to a role of ephrinB 
reverse signaling in AC formation [ 70 ,  71 ]. MRI analysis of AC structure in various 
mouse mutants further suggested that EphA4 prevents the intermingling of pAC 
axons with the aAC bundle and that both EphA4 and EphB2 act synergistically to 
prevent aAC fi bers from projecting along the pAC trajectory [ 72 ]. 
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  Fig. 5.3    Ephrin/Eph 
Signaling in Axon Guidance. 
( a ) Axon guidance choices 
can be mediated by forward 
and reverse Eph/ephrin 
signaling, both of which can 
lead either to attraction or 
repulsion. In addition to 
 trans -binding of ligands and 
receptors expressed on 
opposing cells,  cis  
interactions can occur 
between Eph receptors and 
ephrins on the same 
membrane, leading to the 
inhibition of signaling. ( b ) 
Eph receptors and ephrins 
mediate various types of 
guidance decisions: 
topographic mapping of 
axonal projections along a 
continuous gradient of a 
guidance cue ( left ), binary 
choices between areas with 
high and low ligand 
expression ( middle ), and 
axon–axons interactions 
where one type of axons 
closely follows the trajectory 
of the other type ( right ). ( c ) 
Gradient expression patterns 
of Eph receptors and ephrins 
in the retina and tectum/
superior colliculus (SC) and 
topographic mapping of 
retinotectal projections. 
Axons with high abundance 
of Ephs (e.g. from temporal 
retina) target regions with 
low abundance of ephrins 
(e.g., anterior tectum/SC).  D  
dorsal,  V  ventral,  N  nasal,  T  
temporal,  A  anterior,  P  
posterior,  M  medial,  L  lateral       
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 In the case of CC, expression of multiple Eph receptors and ephrin ligands was 
detected both in the callosal fi bers and in the adjacent tissues at the midline. 
EphrinB3 mutants and several EphB receptor knockouts were reported to show 
defects in CC formation. The severity of the phenotype in different mutants varied 
from mild hypoplasia to total agenesis of CC and was generally higher in double 
knockouts, suggesting complex genetic interactions between several ephrins and 
Ephs in callosal axon guidance. In the most severe cases, callosal axons failed to 
cross the midline and accumulated on both sides within so-called Probst’s bundles 
[ 73 ,  74 ]. Delayed growth and guidance errors of CC projections were also found in 
transgenic mice expressing a truncated version of EphA5 receptor lacking the intra-
cellular domain, which presumably acted as a dominant-negative isoform and inter-
fered with the activation of endogenous EphAs [ 75 ]. Interestingly, projections from 
different parts of the cortex are arranged in an ordered manner within the CC, so that 
axons from the medial cortex occupy a more dorsal position, whereas those from the 
lateral cortex are found more ventrally. In vitro experiments with cortical explants 
and in vivo knockdown in mice demonstrated that EphA3 receptor is required for 
this segregation as well as for correct pathfi nding of callosal axons [ 76 ]. 

 Finally, a defect in midline guidance was also observed in EphA8 knockout 
mice, where a group of commissural fi bers connecting the superior colliculus with 
the contralateral inferior colliculus was found misguided into the ipsilateral spinal 
cord [ 77 ].  

  Axon Guidance in the Spinal Cord     EphA4 is required for the development of 
the corticospinal tract (CST), which is thought to be important for fi ne movement 
control. CST fi bers start from layer V pyramidal neurons, cross the midline in the 
medulla, and descend along the contralateral side of the spinal cord. In the absence 
of EphA4-forward signaling, many CST axons abnormally recross the spinal cord 
midline and exhibit premature branching [ 70 ,  78 – 80 ]. In addition, EphA4-forward 
signaling is also required for the guidance of an ascending ipsilateral dorsal spinal 
tract [ 80 ]. The dorsal funiculus of the spinal cord, which contains the CST along 
with several other fi ber tracts, has an altered shallow shape in EphA4 knockouts [ 70 , 
 78 ,  80 ]. All of these defects are also observed in mice lacking ephrinB3, which is 
expressed at the spinal cord midline and serves as a repulsive signal for EphA4- 
expressing axons [ 81 ]. 

 EphrinB3/EphA4 interaction is also important for the correct assembly of central 
pattern generators (CPG), local circuits of spinal interneurons controlling coordi-
nated limb locomotion during walking. In the absence of EphA4 signaling, the dis-
turbed wiring of the CPG leads to synchronous activation of motor neurons on both 
sides of the spinal cord instead of the normal left–right alternation, causing the 
characteristic rabbit-like hopping gait of ephrinB3 and EphA4 null mutant mice 
[ 82 ]. This abnormality has been attributed to the mistargeting of a population of 
ipsilateral excitatory EphA4-expressing interneurons, which aberrantly cross the 
midline in EphA4 mutants and disturb the balance of excitatory and inhibitory signals 
in the CPG [ 82 – 84 ]. 

 Forward ephrinB3/EphA4 signaling in cortical motor neurons and in the CPG is 
mediated by the RacGAP alpha2-chimaerin, which was shown to interact with 
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EphA4 and to mediate growth cone collapse in response to ephrins [ 85 – 88 ]. Alpha2- 
chimaerin knockout mice show phenotypes similar to ephrinB3 and EphA4 mutants, 
such as defects in CST guidance, dorsal funiculus shape, and CPG wiring [ 85 – 87 ]. 
The same impairments, as well as a reduction in the posterior branch of the AC, 
were observed in mice lacking Nck1 and Nck2 in the nervous system, indicating 
that Nck adaptor proteins also act downstream of EphA4 [ 89 ].  

  Axon Guidance in the Periphery     Spinal sensory-motor circuits have proven a very 
useful system to study various modes of Eph/ephrin interactions in axon guidance. 
Ephs have a well-established role in the binary dorsal–ventral guidance of motor 
neuron projections to the limb. Limb muscles receive innervation from motor neu-
rons situated within the lateral motor column (LMC) of the spinal cord. Motor neu-
rons located in the medial subdivision of the LMC (LMC M  neurons) send their 
axons to the ventrally derived limb muscles, while the cells of the lateral subdivision 
(LMC L  neurons) innervate the dorsally derived muscles. EphA4 is enriched in 
LMC L  neurons, whereas ephrinAs are found in the ventral compartment of the limb 
[ 90 – 92 ]. Genetic deletion of EphA4 leads to LMC L  misprojections into the ventral 
limb [ 92 ], while overexpression of EphA4 in LMC M  cells causes some of the ven-
trally fated LMC M  axons to choose the dorsal trajectory [ 91 ,  93 ], suggesting that a 
repulsive ephrinA/EphA4 interaction is required for directing motor axons to the 
dorsal pathway in the limb. In mirror symmetry to the effects of EphA4 signaling in 
the LMC L  population, LMC M  neurons express EphB receptors, and are repelled 
from ephrinB2 in the dorsal limb mesenchyme [ 94 ]. Experiments in chick embryos 
suggested that Src family kinases are among the downstream effectors of both 
EphA4 and EphB signaling in motor neurons. Inhibition of Src family kinase activity 
attenuated the guidance errors caused by overexpression of EphA4 and EphB2 in 
LMC cells [ 95 ]. 

 Motor neurons express ephrin ligands in addition to Eph receptors [ 90 ,  96 ,  97 ]. 
Intriguingly, co-expressed receptors and ligands were proposed to preferentially 
engage in  cis  or  trans  interactions in different motor neuron populations (Fig.  5.3a ). 
In LMC M  neurons, ephrinAs are more abundant and bind EphAs in  cis , preventing 
them from transmitting repulsive signals from ligands in  trans  and allowing the 
ingrowth of LMC M  axons into the ephrinA-rich ventral limb [ 97 ]. In contrast, in 
LMC L  neurons, ephrinAs and EphAs were shown to spatially segregate into different 
domains of the membrane, and to independently mediate parallel forward and reverse 
signaling [ 96 ,  97 ]. Reverse ephrinA signaling in motor neurons is attractive [ 96 ], and 
contributes to guiding LMC L  axons toward dorsally expressed EphAs in vivo 
[ 14 ,  98 ]. Extracellular proteolytic cleavage of EphA4 has been recently shown to 
also play a role in limb axon guidance by regulating the expression levels of EphA4 in 
the limb mesenchyme, where it can interact with ephrinAs in  cis  and thereby deter-
mine the effective concentration of the ligands available for inducing forward EphA 
signaling in axons [ 25 ]. Later in development, Eph/ephrin signaling might mediate 
positional mapping of motor axons within individual muscles, as muscle topography 
was disturbed in loss- and gain-of-function ephrinA mouse mutants [ 99 ]. 

 The growth of motor axons has to be coordinated with the development of 
sensory fi bers, which follow a very similar pattern of innervation and are bundled 
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together with motor axons within mixed nerves. Sensory-motor axon–axon interactions 
also largely rely on the Eph/ephrin system. Forward EphA signaling is required in 
motor axons innervating the axial musculature to segregate them from the neighbor-
ing ephrinA-expressing sensory fi bers. Genetic deletion of EphA3 and EphA4 
receptors leads to sensory-motor miswiring, with motor fi bers invading the dorsal 
root ganglia [ 100 ]. Interestingly, the same signaling partners are then reused to 
guide sensory projections along the grid of the earlier developing motor nerves. 
Time-lapse imaging of cocultured sensory and motor neurons suggested that sensory 
axons track along the preestablished motor fi bers toward their distal ends, and this 
interesting behavior is dependent on reverse ephrinA signaling, elicited by EphA3 
and EphA4 expressed in motor axons (Fig.  5.3b ). Genetic interference with reverse 
signaling therefore leads to a disrupted map of sensory projections [ 101 ].  

  Topographic Mapping in Sensory Systems     Eph/ephrin signaling has been implicated 
in the development of topographic maps in several sensory modalities. The best-
studied sensory system that relies on Eph/ephrin signaling is the retinotectal projection. 
Multiple Eph receptors are expressed in the retina: A low-nasal to high- temporal 
gradient of expression is observed for EphA5 and EphA6 in the mouse and EphA3 in 
the chick, while EphA4 is also detected, but does not show a gradient pattern 
[ 102 – 107 ]. The target tissues of retinal ganglion cell (RGC) axons, the superior col-
liculus (SC) in mammals and tectum in nonmammalian vertebrates, display a com-
plementary low-anterior-to-high-posterior gradient of ephrinA2 and ephrinA5 
[ 103 – 106 ,  108 ,  109 ] (Fig.  5.3c ). High Eph-expressing temporal axons project to 
the anterior regions of the superior colliculus with low ephrin levels, whereas low 
Eph- expressing nasal axons map onto the ephrin-rich posterior regions, consistent 
with a repulsive EphA/ephrinA interaction (Fig.  5.3c ). This axonal behavior can be 
recapitulated in vitro with the help of the stripe assay, where temporal RGC axons 
are repelled from stripes containing posterior tectal membranes or coated with 
ephrinAs, while nasal axons are not sensitive to these stripes [ 104 ,  106 ,  110 ,  111 ]. 
In ephrinA knockout mice, temporal axons form ectopic more posterior termination 
zones, and posterior SC membranes from ephrin mutants lose their repulsive activ-
ity toward temporal RGC axons in vitro [ 103 ,  104 ,  109 ,  112 ]. Changes in RGC 
axons’ responsiveness to tectal membranes in vitro and/or disruption of the retino-
tectal map in vivo were also observed in mice overexpressing EphA6 in the retina 
and mouse mutants lacking the EphA5 intracellular domain, as well as in chick 
embryos overexpressing ephrinA2 in the tectum or a dominant-negative truncated 
version of EphA3 in the retina [ 111 ,  113 ,  114 ]. Interestingly, deletion of one copy 
of Tsc2 gene also led to a shift of RGC termination zones similar to the one observed 
in ephrinA mutants and changed the sensitivity of RGC axons to ephrinAs in vitro. 
These fi ndings suggested that the effects of EphA/ephrinA signaling in the retino-
tectal system are at least in part mediated by the Tsc2–mTOR pathway [ 115 ]. 

 Further studies demonstrated that retinocollicular mapping depends on relative 
rather than absolute differences in Eph signaling levels between RGCs [ 102 ,  116 , 
 117 ]. Thus, overexpression of EphA3 in a subset of RGCs interspersed between the 
cells with endogenous amounts of receptors led to the duplication of the retinotopic 
map in the superior colliculus. Cells with elevated EphA levels formed an independent 
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map in the anterior (low ephrin) part of the superior colliculus, while the map 
established by axons with endogenous EphA levels was shifted posteriorly into the 
ephrin-rich region [ 102 ]. 

 EphrinAs are also expressed in the retina in a nasotemporal countergradient to 
EphA receptors, while EphAs are detected in the SC in a high-anterior to low- 
posterior gradient reciprocal to the ephrinA ligands [ 18 ,  107 ,  118 ,  119 ] (Fig.  5.3c ). 
On the one hand, there is evidence that ephrins present on RGC axons might con-
vey a repulsive signal from Ephs in the target tissue. For instance, in EphA7 knock-
out mice, nasal (ephrinA-rich) axons form ectopic termination zones in the anterior 
SC. In agreement with the knockout phenotype, in vitro stripe assay demonstrated 
repulsion of retinal axons from EphA7 stripes [ 120 ]. On the other hand, ephrinAs 
were proposed to engage in a  cis  interaction with the co-expressed axonal EphAs, 
leading to inhibition of EphA-forward signaling. A countergradient of ephrinAs in 
the retina may therefore serve to enhance the differences in EphA activation in 
RGC axons along the nasal-temporal axis and thereby fi ne-tune their ephrin sensi-
tivity [ 18 ,  19 ]. Current models of retinotopic mapping were recently challenged by 
the analysis of conditional knockout mice in which ephrinA5 was deleted selec-
tively from the retina or the SC. This study demonstrated that axon–axon interac-
tions play crucial roles in retino-collicular mapping [ 121 ]. These fi ndings suggest 
that topographic maps form in part by the ability of retinal axons to self-organize 
into a map. 

 Guidance of RGC axons by Eph/ephrin reverse signaling seems to require 
endocytosis of Eph receptors. Transgenic mice expressing an endocytosis-defi cient 
EphA8 mutant displayed an anterior shift of nasal axon projections, consistent with 
a diminished repulsion from EphAs in the anterior SC [ 122 ]. 

 In a similar way to ephrinAs and EphAs, ephrinBs and EphBs are expressed in 
countergradients in RGCs, and their interactions mediate the mapping of the dorsal–
ventral axis of the retina onto the lateral–medial axis of the SC. EphB receptors are 
enriched in the ventral retina and ephrinBs in the dorsal retina. In the SC, EphB 
expression is present, but does not follow a clear gradient pattern, while ephrinB1 is 
detected in a high-medial to low-lateral gradient [ 107 ,  118 ,  119 ,  123 – 127 ] 
(Fig.  5.3c ). Gain- and loss-of-function genetic manipulations have suggested that 
both EphB/ephrinB forward and reverse signaling contribute to the medial-lateral 
guidance of RGC axons, probably by an attractive mechanism [ 123 ,  126 – 128 ], 
although one study suggested that ephrinB1 might have both attractive and repul-
sive properties depending on the dorsoventral origin of the axons [ 128 ]. In addition, 
EphB/ephrinB reverse signaling was reported to mediate an earlier step in the 
guidance of RGC axons, directing them toward the optic disc in the eye [ 125 ]. 

 Interestingly, in binocular animals like primates the retinal expression pattern of 
Ephs and ephrins appears different from that in the commonly studied predominantly 
monocular model organisms. For example, in humans EphA5 and EphA6 are expressed 
in a bidirectional gradient along the nasal-temporal axis, peaking in the center of the 
retina and declining toward the periphery, while ephrinA5 shows a complementary 
pattern with high levels at the periphery and low in the center. In the target tissue, the 
dorsal lateral geniculate nucleus, the distribution of EphAs and ephrinAs follows a 
single gradient, similar to the pattern described in the mouse [ 129 ]. 
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 While the great majority of RGC axons in the mouse cross the midline at the 
optic chiasm to innervate the contralateral SC, a small population of early-born 
RGCs located in the ventrotemporal crescent of the retina form ipsilateral projections. 
These cells express EphB1 and are sensitive to the repulsive action of ephrinB2, 
which is present at the chiasm midline during the development of the uncrossed 
projection [ 130 ]. Genetic deletion of EphB1 in mice led to a marked reduction in the 
number of ipsilateral axons, while precocious ectopic expression of ephrinB2 at the 
chiasm in Xenopus resulted in the opposite phenotype with increased numbers of 
uncrossed fi bers [ 130 ,  131 ]. The crossed and uncrossed RGCs selectively express 
the transcription factors Islet2 and Zic2, respectively. Mice lacking Islet2 show an 
upregulation of EphB1 expression in the ventrotemporal retina and have an increased 
ipsilateral projection [ 132 ]. In contrast, in FoxD1 knockout mice that display a 
downregulation of Zic2 and EphB1, the ipsilateral part of optic tract is reduced 
[ 133 ]. A defect in the ipsilateral projection was also observed in mice defi cient for 
the Rho GEFs Vav2 and Vav3, suggesting that these proteins mediate Eph-forward 
signaling in vivo [ 134 ]. 

 In the vestibular system, ephrinB/EphB signaling is required for the guidance of 
efferent fi bers innervating the inner ear. In EphB2 knockouts and EphB2/EphB3 dou-
ble mutants, the development of these fi bers is delayed, and some axons show guid-
ance errors at the midline. It should be noted that the vestibular phenotypes (see also 
“Adult physiology”) seem to be dependent on genetic background, as they were only 
observed in CD1 mice [ 135 ]. Peripheral axons from auditory spiral ganglion neurons 
(SGNs) form an elaborate series of radially and spirally oriented projections that relay 
sound stimuli to the brain. SGN fascicles project through the otic mesenchyme to 
form synapses within the cochlea. EphA4 expressed in the otic mesenchyme pro-
vides a cue that promotes the fasciculation of SGNs via binding to ephrinB2 on 
their surfaces [ 136 ]. EphA4-forward signaling was also shown to control the target-
ing of SGN afferent fi bers to inner and outer hair cells expressing ephrinA5 [ 137 ]. 

 Attractive EphA/ephrinA reverse signaling has been implicated in the guidance of 
olfactory and vomeronasal axons. Sensory neurons expressing the same odorant 
receptor are widely distributed within the olfactory sensory epithelium or vomerona-
sal organ, but their axons coalesce into one or several glomeruli with stereotypic 
positions within the olfactory bulb and accessory olfactory bulb, respectively. 
EphrinAs are expressed on olfactory sensory axons, showing different expression 
levels on axons with different olfactory receptor identity, while EphA5 is detected in 
the olfactory bulb [ 138 ]. Similarly, ephrinA5 is present on a subpopulation of vom-
eronasal axons, and EphA6 is detected in the accessory olfactory bulb, although in 
this case EphA6 is expressed in a gradient. Vomeronasal axons with high ephrinA 
levels map onto the EphA6-rich area of the accessory olfactory bulb, suggesting an 
attractive/adhesive interaction between EphAs and ephrinAs, which was confi rmed 
in in vitro stripe assays [ 139 ]. Analysis of ephrinA mouse mutants and mice overex-
pressing ephrinA5 demonstrated that reverse ephrinA signaling is required in both 
olfactory and vomeronasal systems for correct glomerular map formation [ 138 ,  139 ]. 
Another study also found ephrinAs and EphAs among molecules differentially 
expressed in olfactory glomeruli, and furthermore demonstrated that their expression 
is activity regulated [ 140 ]. 
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 The involvement of Ephs in synapse formation and plasticity is described below 
in the section “Adult physiology.”   

5.2.1.3     Cardiovascular Development 

 The vascular system is hierarchically organized in arteries, veins, and capillaries. 
During development, some vascular structures, such as the dorsal aorta and the fi rst 
primitive capillary plexus, are formed by vasculogenesis, the de novo assembly of 
vascular tubes by progenitor endothelial cells. Later, the capillary plexus is remodeled 
and new capillaries form by sprouting from preexisting blood vessels, processes 
that are summarized under the term angiogenesis. 

 The EphB4 receptor and its cognate ligand ephrinB2 are expressed very early and 
are required for vascular development. Knockout mice lacking either EphB2/EphB3 
have severe defects in angiogenesis and in remodeling of the yolk sac vasculature 
and do not survive past embryonic development [ 141 ,  142 ]. EphB4 expression is 
highest in the venous endothelium, whereas ephrinB2 shows a complementary pat-
tern, being most prominent in arterial endothelial cells [ 143 ,  144 ]. Since EphB4 
and ephrinB2 are expressed in the primitive capillary plexus prior to remodeling, 
the current view is that ephrinB2/EphB4 signaling occurs at the arterial/venous 
boundary and mediates vascular remodeling in the early embryo (Fig.  5.4a ). 
Endothelial cell-to-cell interactions via ephrins and Ephs are not restricted to the 
border between arteries and veins. Vascular defects in  EphB2/EphB3  double 
knockouts and expression of EphB2 in mesenchyme adjacent to blood vessels sug-
gest a requirement for Eph/ephrin signaling at the domain boundaries between 
endothelial cells and surrounding tissue [ 144 ]. The chemokine SDF-1 and EphB2/
EphB4 receptors orchestrate endothelial cell movement and morphogenesis into 
capillary-like structures [ 145 ].  

 EphB4 and ephrinB2 regulate the formation of two major blood vessels that connect 
the heart with the vascular system: the dorsal aorta, which carries the blood from the 
heart to the periphery, and the cardinal vein, which returns the blood from the trunk to 
the heart. Work in zebrafi sh has challenged the prevailing view that these two major 
vessels form by vasculogenesis. Instead, early zebrafi sh embryos have only one com-
mon precursor vessel that co-expresses EphB4 (EphB4a) and ephrinB2 (ephrinB2a). 
Bidirectional repulsion between ephrinB2a- and EphB4a- expressing angioblasts 
induces ventral sprouting of EphB4a-positive angioblasts that eventually segregate 
from the dorsal aorta to form the cardinal vein (Fig.  5.4b ) [ 146 ]. 

 EphB4 is also expressed in lymphatic vessels that carry lymph unidirectionally 
toward the heart. EphB4 appears to act as a “ligand” for ephrinB2 whose activation 
drives lymphatic vessel sprouting during development [ 147 ,  148 ]. EphrinB2 acts in 
part by regulating the spatial activation of vascular endothelial growth factor 
(VEGF) receptor endocytosis and signaling [ 149 ,  150 ]. 

 EphA2 is expressed in blood and lymphatic vessels in airways of juvenile mice. 
EphA2-defi cient mice have fewer capillaries, a larger number of endothelial sprouts, 
and greater capillary diameters. This may be in part caused by defective coverage of 
vessels with pericytes which normally wrap around the endothelial cells, thereby 
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providing stability and regulating blood fl ow, amongst other functions. It was 
 concluded that lack of EphA2 causes abnormal interactions between endothelial 
cells and pericytes [ 151 ]. 

 EphA3 and its ligand ephrinA1 are expressed in adjacent cells in the developing 
heart in the so-called endocardial cushions. This mesenchyme-derived tissue under-
goes morphological changes to result in the formation of the heart valves and 
septa. EphA3 knockouts have defects in the development of their atrial septa and 
endocardial cushions, and these abnormalities lead to the death of 75 % of homozy-
gous EphA3 mutants [ 152 ]. 

 During development, EphA4 is expressed by endothelial cells in the central 
nervous system. EphA4 null mice exhibit an abnormal CNS vascular structure in 
cerebral cortex and spinal cord, with disorganized branching and smaller diameter 
vessels [ 153 ].  
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  Fig. 5.4    EphB/ephrinB Signaling During Angiogenesis. ( a ) Model for EphB4/ephrinB2 function 
at the arterial/venous boundary. During vasculogenesis, early endothelial precursor cells assemble 
a primitive vascular network (plexus). Future arterial and venous territories are already marked by 
complementary expression of ephrinB2 and EphB4. EphB4/ephrinB2 signaling at the boundary 
initiates remodeling of the primitive plexus into a hierarchically organized vascular network. ( b ) In 
zebrafi sh embryos, the two major axial blood vessels, dorsal aorta and cardinal vein, develop from 
a single common precursor vessel. EphB4/ephrinB2 signaling in endothelial cells of the precursor 
vessel triggers EphB4-expressing cells (EphB4a) to migrate ventrally where they contribute in the 
assembly of the future cardinal vein       
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5.2.1.4     Other Organ Development 

  Skeletal Patterning     During development of the embryonic thorax, paired ribs 
extend from the vertebral column and fuse ventrally to form the sternum. The ster-
num eventually ossifi es into segmented sternebrae. EphB2/EphB3 and ephrinB1 are 
involved in the assembly and segmentation of mesenchymal condensations and 
their differentiation into cartilage and bone. Double EphB2/EphB3 and ephrinB1 
mouse mutants display skeletal abnormalities. In the thorax, sternocostal connec-
tions are arranged asymmetrically and sternebrae are fused. Heterozygous ephrinB1 
female mice, in which expression of the X-linked  ephrinB1  gene is mosaic and 
ectopic EphB–ephrinB1 interactions take place, display additional bone malforma-
tions, such as preaxial polydactyly. These results point to an important role of EphB 
receptors in providing positional cues required for the normal morphogenesis of 
skeletal elements [ 27 ]. EphrinB1 loss-of-function mutations in humans cause simi-
lar developmental bone defects including craniofrontonasal syndrome (CFNS), 
with greater severity in heterozygous females than in hemizygous males [ 154 ].  

  Palate Formation     The development of the secondary palate in mammals is a 
complex process which when disturbed results in the birth defect cleft palate. The 
process involves the formation of two palatal shelves, the elevation of these shelves to 
a horizontal position, and subsequent midline fusion. EphB2/EphB3 double mutant 
mice display a cleft palate phenotype [ 73 ]. Similarly, knockout mice lacking the Wnt 
kinase-dead receptor, Ryk, exhibit craniofacial defects including cleft palate. In mice, 
Ryk was shown to modulate EphB signaling, possibly by involving the scaffolding 
protein Af-6 (Afadin) [ 155 ]; however this was not reciprocated in human studies 
[ 156 ]. More recent work indicates that midline fusion at the palate requires EphB/
ephrinB bidirectional signaling [ 157 ]. Similar mechanisms seem to underlie midline 
cell–cell adhesion and fusion events during urorectal development [ 158 ].  

  Pancreas     The pancreas develops from an endoderm-derived protodifferentiated 
epithelium. EphB2 and EphB3 are expressed in the pancreatic epithelium, and dou-
ble mutants display defects in the overall morphology and branching of the pancreas 
gland. A decrease of membrane-associated β-catenin in the outer cap cells was 
found in these mice, suggesting that EphB signaling regulates β-catenin expression 
and cellular localization. E-cadherin also seems to be decreased. In summary, EphB 
signaling plays a role in epithelial remodeling during pancreatic branching [ 159 ].  

  Thymus     The development of the thymus occurs in several phases, comprising a post-
natal T-cell developmental phase when bone marrow precursor cells enter the thymus 
and differentiate in a mature and compartmented thymic stroma. EphA4 knockout mice 
have an altered maturation of the thymic epithelium that results in defective T-cell 
development, with a decreased proportion of double-positive (CD4–CD8) cells [ 160 ].  

  Thyroid     EphA4 is a regulator of postnatal thyroid morphogenesis and infl uences 
the development of the two major endocrine cell lineages of the differentiating gland, 
the follicular epithelium and the parafollicular C cells, which produce calcitonin. 
EphA4-forward signaling in the follicular epithelium and ephrin reverse signaling 
in the C cells are probably functionally important [ 161 ].    
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5.2.2     Adult Physiology 

5.2.2.1     Nervous System 

  Synaptogenesis and Spine Morphogenesis     Dendritic spines are small protru-
sions from neuronal dendrites that form the postsynaptic component of most excit-
atory synapses in the brain. The formation and remodeling of spines, processes that 
underlie synaptic development and plasticity, are regulated in part by Eph receptors. 
EphB signaling has been associated with the formation of glutamatergic synapses in 
dissociated neuronal cultures. EphB2 was found to interact directly with NMDA 
receptors (NMDAR), resulting in NMDAR recruitment to Eph receptor clusters 
[ 162 ,  163 ], and enhanced NMDAR-mediated Ca 2+  infl ux and gene expression [ 164 ]. 
Knockdown experiments in dissociated neurons have shown that different EphB2 
domains are required for different aspects of synapse formation. Trans-synaptic 
interaction with ephrinBs promotes presynaptic differentiation; the EphB2 ectodo-
main seems to be important for the interaction with NMDAR, whereas the EphB2 
intracellular PDZ interacting motif regulates the localization of AMPA-type recep-
tors (AMPAR) [ 165 ]. EphB function in synaptic differentiation has also been linked 
to the regulation of spine motility; EphB knockdown reduces fi lopodia motility 
hampering synaptogenesis [ 166 ]. Moreover, in vivo, EphB2 knockout mice display 
reduced hippocampal NMDAR-mediated currents and NR1 (GluN1) synaptic lev-
els [ 167 ], supporting the role of EphB2 in the regulation of synaptic function. In the 
context of spine morphogenesis, there seems to be functional redundancy between 
EphB receptors (EphB1–B3), as synapse morphology appears to be normal in 
EphB2 knockout mice [ 167 ,  168 ], whereas EphB1, B2, B3 triple knockouts show 
reduced spine density in the hippocampus [ 169 ]. The defects seen in cortical neu-
rons of EphB triple knockouts could, nonetheless, be rescued by postnatal re-
expression of EphB2 in single neurons in slice cultures [ 165 ]. 

 EphB receptors regulate spine morphogenesis by modulating the activity of Rho 
family GTPases, key regulators of actin dynamics that infl uence spine morphogenesis 
(Fig.  5.5a ). In cultured hippocampal neurons, activation of EphB signaling by 

Fig. 5.5 (continued) tyrosine phosphorylation of the heparin sulfate proteoglycan syndecan. 
EphB2 phosphorylates the RhoA GTPase ephexin5 thereby triggering its degradation via the ubiq-
uitin pathway. Ephexin5 expression suppresses synapse development by activating the small G 
protein RhoA that functions to antagonize the effects of Rac1. ( b ) EphrinA3 expressed on astro-
cytes activates EphA4 on the postsynaptic neuron and restricts the growth of dendritic spines. 
EphA4-forward signaling involves tyrosine phosphorylation and subsequent activation of the 
serine/threonine kinase Cdk5, which then activates the RhoA-specifi c GEF ephexin1 via serine 
phosphorylation, leading to increased RhoA activity. EphA4 activation inhibits the integrin path-
way, disrupting integrin- mediated attachment to the extracellular matrix. Mechanistically, EphA4 
signaling causes the disassembly and inactivation of integrin signaling complexes, reducing tyro-
sine phosphorylation of the downstream targets Cas, Fyn, and Pyk2. EphA4 activation also causes 
the actin depolymerization factor cofi lin to dissociate from the plasma membrane upon activation 
of PLCγ, leading to actin depolymerization and spine retraction. EphA signaling has also been 
proposed to induce spine formation via a different mechanism. Upon binding of ephrinAs, EphA4 
is cleaved by γ-secretase. The EphA4 intracellular domain (ICD) then activates Rac1, thus inducing 
spine formation       
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  Fig. 5.5    Signal transduction mechanisms of Eph receptor forward signaling in spine formation 
and morphology. ( a ) EphBs in the dendritic spines are thought to be activated by presynaptic eph-
rinBs. EphB-forward signaling promotes spine growth by increasing the activity of the Rho 
GTPases Rac1 and Cdc42 through regulation of the GEFs Intersectin, Kalirin and Tiam1. Activation 
of postsynaptic EphB2 receptor also leads to clustering of glutamatergic ion channels via direct 
interaction (NMDA receptor) or indirectly through the PDZ scaffold protein GRIP (AMPA receptor). 
EphB2 receptor may also have a global effect on synapse formation by facilitating NMDA receptor-
mediated Ca 2+  infl ux and gene expression. In addition, the formation of mature spines involves
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ephrinBs induces phosphorylation and clustering of Kalirin and Tiam1, Rac1- specifi c 
GEFs. Expression of catalytically inactive Kalirin, dominant-negative Tiam1, and 
dominant-negative Rac1, as well as knockdown of Tiam1, inhibits ephrinB- dependent 
spine development [ 170 ,  171 ]. Activated Rac1 acts on P21- activated kinase (PAK), 
which is required downstream of EphB receptors for spine and synapse formation 
[ 166 ,  170 ]. EphB2 also interacts with and activates the GEF intersectin-1, which in 
turn activates another Rho GTPase, Cdc42 [ 172 ]. It was also shown that upon binding 
of ephrinBs, EphB2 phosphorylates the RhoA GTPase ephexin5, thereby triggering 
its degradation. Ephexin5 normally suppresses synapse development by activating 
RhoA, which antagonizes Rac1 GTPase function [ 173 ]. Finally, activation of EphB2 
results in the phosphorylation of the heparin sulfate proteoglycan syndecan-2, a 
known regulator of spine morphogenesis [ 174 ]. Paradoxically, EphB tyrosine kinase 
activity does not seem to be required for the formation or maintenance of functional 
synapses, as shown by acutely blocking tyrosine kinase activity of EphB1,B2,B3 in 
triple knock-in mice, suggesting a possible role for cytoplasmic domain oligomeriza-
tion and other forms of protein–protein interactions in this process [ 175 ].  

 Whereas EphB signaling promotes spine growth, EphA signaling appears to 
have the opposite effect, preventing excessive spine growth. Activation of EphA4 
signaling by ephrinA3 in hippocampal slice cultures decreases spine length and 
density. In addition, EphA4 and ephrinA3 knockouts display longer and disorga-
nized spines [ 176 ,  177 ]. EphA4 seems to regulate spine morphology through a 
repulsive interaction with ephrinA3 expressed in glial cells. 

 As in the case of EphB2, the modulation of spine retraction by EphA4 signaling 
involves the regulation of Rho GTPases (Fig.  5.5b ). In hippocampal brain slices, 
stimulation with ephrinAs results in the recruitment and activation of cyclin- 
dependent kinase 5 (Cdk5) to EphA4. Cdk5 activates ephexin1, a RhoA-specifi c 
GEF, which promotes RhoA activity and thereby regulates actin reorganization in 
spines [ 178 ]. EphA4 was also shown to regulate the activity levels of Ras proteins 
Rap1 and Rap2, two GTPases involved in the regulation of spine morphology. The 
EphA4 C-terminus binds to the PDZ domain of the GTPase-activating protein 
spine-associated RapGAP (SPAR). In a neuronal cell line, ephrinA stimulation was 
shown to induce SPAR-dependent inactivation of Rap1 and Rap2 [ 179 ]. Furthermore, 
in hippocampal slices EphA4 was shown to interact with and activate phospholipase 
Cγ (PLCγ) through its juxtamembrane tyrosines, leading to the reduction of the 
cofi lin pool that is associated with the membrane. This leads to the release of cofi lin 
into the cytoplasm and its binding to actin fi laments, triggering their depolymeriza-
tion [ 180 ]. Moreover, EphA4 signaling causes the inactivation of integrin signaling 
by decreasing the phosphorylation of Crk-associated substrate (Cas), focal adhesion 
kinase (FAK), and proline-rich tyrosine kinase 2 (Pyk2)[ 181 ], leading to a reduction 
of adhesion to the extracellular matrix. Furthermore, EphA4 was shown to be an 
activity-dependent substrate of γ-secretase. Cleavage by γ-secretase results in the 
release of the EphA4 intracellular domain, which induces the formation of dendritic 
spines in hippocampal cultured neurons through activation of Rac1 [ 22 ]. 

 In summary, there is good evidence that EphBs and EphA4 signal cell- autonomously 
to induce spine morphogenesis and synapse formation. Reverse signaling by ephrinBs, 
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not discussed in this chapter, is also crucial for synapse formation and plasticity 
(for reviews, see [ 182 ,  183 ]).  

  Synaptic Plasticity     Eph receptors are largely known for their involvement in brain 
development, but they are also expressed in the adult central nervous system, where 
their involvement in synaptic plasticity, learning and memory has also emerged. The 
storage of information in the brain during learning and memory requires persistent 
alterations in the strength of synaptic transmission, a property best known as synap-
tic plasticity. A widely studied form of synaptic plasticity is long-term potentiation 
(LTP). LTP is defi ned as a lasting increase in synaptic strength induced by high- 
frequency electrical stimulation. In vertebrates, LTP has most extensively been 
studied in the hippocampus. It is generally agreed that LTP in the mossy fi bers, 
which connect granule cells of the dentate gyrus with pyramidal CA3 neurons in the 
hippocampus, is NMDAR independent and expressed presynaptically as an 
increased probability of neurotransmitter release. Mossy fi ber LTP was reduced 
when postsynaptic neurons were treated with a peptide that disrupts the interaction 
between the EphB2 PDZ-binding motif and scaffolding protein GRIP1, arguing that 
postsynaptic mechanisms dependent on EphB2–PDZ binding interactions might 
contribute to LTP induction. Mossy fi ber LTP was also reduced by the extracellular 
application of soluble ephrinBs, which block EphB/ephrin interactions, confi rming 
that a trans-synaptic Eph/ephrin signal is required for the presynaptic changes that 
underlie potentiation [ 184 ]. 

 LTP in the Schaffer collaterals (CA3-CA1), unlike in the mossy fi bers, is post-
synaptic and dependent on NMDAR. EphB2 and EphA4 knockout mice show 
impairments in both LTP and LTD (long-term depression). Interestingly, 
C-terminally truncated EphB2 and EphA4 receptors consisting of ecto- and trans-
membrane domains rescued these defects, indicating that the kinase domains and 
noncatalytic modules such as the PDZ-binding motifs are dispensable [ 167 ,  168 , 
 185 ]. EphB2 might regulate synaptic plasticity through the ability to interact with 
and modulate NMDAR function [ 164 ,  167 ,  168 ,  185 ]. Alternatively, Eph receptors 
could act as ligands at this synapse, inducing reverse signaling through postsynaptic 
ephrinBs. In agreement, ephrinB2 mutants lacking tyrosine phosphorylation sites 
or the PDZ-binding motif show defects in long-term potentiation [ 186 ]. EphA4 in 
the postsynaptic neuron has been proposed to modulate LTP by interacting with 
ephrinA3 expressed in astrocytes. Disruption of EphA4/ephrinA3 signaling leads to 
an upregulation of glial glutamate transporters and an increase of glutamate uptake 
by astrocytes [ 176 ,  187 ]. 

 Eph receptors also seem to be required for synaptic plasticity in other brain 
regions. EphA4 knockout mice have impaired amygdala LTP. Rin1, a Rab5 GEF, 
was shown to infl uence EphA4 endocytosis and thereby control EphA4 surface dis-
tribution and plasticity in the amygdala [ 188 ]. In addition, EphB2 in the amygdala 
regulates stress-induced plasticity and anxiety-like behavior. It was shown that upon 
stress EphB2 is cleaved by the serine protease neuropsin, causing dissociation of 
EphB2 from NMDA receptors. The dynamic interaction of EphB2 and GluN1 results 
in increased excitatory synaptic currents and enhanced behavioral signatures of 
anxiety [ 23 ]. 
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 Changes in synaptic plasticity often translate into behavioral defects in learning 
and memory. EphB2 and ephrinA3 knockout mice have defi ciencies in some forms 
of spatial learning [ 168 ,  176 ]. Other less well-studied Eph receptors may also be 
involved in learning and memory formation. For example, EphA6 knockout mice 
display learning and memory impairments [ 189 ] and EphA5 knockouts show alter-
ations in aggressive behavior, which correlate with altered concentrations of the 
neurotransmitter serotonin in the hypothalamus [ 190 ]. 

 Synaptic plasticity, the modulation of the synapse strength, may also be accompa-
nied by structural plasticity, the formation and elimination of synapses. Hippocampal 
mossy fi ber terminal arborizations (TAs) exhibit prominent structural plasticity in 
early postnatal development, a process requiring EphA4. Interference with EphA4 
function by a short peptide in organotypic slice culture experiments increased the 
number and reduced remodeling of TAs [ 191 ]. In cortical neuronal cultures, overex-
pression of EphA4 by in utero electroporation seems to be associated with an increased 
network activity, accompanied by an increase in mature spines in a cell-autonomous 
manner [ 192 ]. 

 Homeostatic synaptic plasticity is a compensatory mechanism of synaptic 
strength regulation to counterbalance excessive excitation or inhibition in the neu-
ronal network activity. A study in the Drosophila neuromuscular junction reported 
a requirement for Eph signaling in motor neurons for homeostatic control of synap-
tic transmission, where an impairment of postsynaptic activity leads to upregulation 
of presynaptic neurotransmitter release. Eph receptor signaling regulates the pre-
synaptic Ca v 2.1 calcium channel through the Rho GEF ephexin and the Rho GTPase 
Cdc42, thus enhancing presynaptic calcium infl ux and neurotransmitter release 
[ 193 ]. In cultured hippocampal neurons, EphA4 is activated by elevated synaptic 
activity and is required for the scaling down of the network activity. EphA4 activa-
tion leads to a reduction of the amplitude of miniature excitatory postsynaptic cur-
rents (mEPSC), by targeting AMPAR subunits for degradation through the ubiquitin 
pathway [ 194 ].  

  Regeneration     Damage in the adult CNS usually results in very limited regenera-
tion of lesioned axons, which are inhibited by the environment of the injured site. 
The glial environment of the adult CNS, which includes inhibitory molecules like 
myelin, as well as the formation of astroglial scarring, have been implicated in 
 inhibition of axonal regeneration. In addition to these myelin components, repulsive 
guidance molecules with roles in axon pathfi nding during development, such as the 
Eph receptors, have also been implicated as inhibitors of axon repair in the adult, 
but in some situations they may provide guidance cues in the reestablishment of 
connections. Upregulation of multiple Eph receptors has been detected at sites of 
nervous system injury [ 195 – 197 ]. In  C. elegans,  signaling by the Eph receptor 
VAB-1 was shown to increase guidance errors of regenerating mechanosensory 
axons after laser axotomy [ 198 ]. On the other hand, EphB3 expressed in the macro-
phages recruited to the injured mouse optic nerve is necessary for the re-extension 
and sprouting of the injured RGC axons, which express ephrinB3 [ 199 ]. Furthermore, 
the interplay between EphB2 expressed in Schwann cells and ephrinB2 expressed 
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in fi broblasts after sciatic nerve transection mediates the segregation of the two cell 
types, promoting the migration of the Schwann cells and axonal regrowth [ 200 ]. 

 The EphA4 receptor is emerging as an inhibitor of nerve regeneration. After spinal 
cord injury (SCI), EphA4 accumulates in corticospinal tract axons and reactive astro-
cytes, and its ligand ephrinB2 is upregulated in astrocytes in the glial scar [ 201 – 203 ]. 
EphA4 knockout mice show functional regrowth of corticospinal and rubrospinal tract 
fi bers after spinal cord hemisection, attributed to reduced astrocytic gliosis [ 202 ]. 
Administration of blockers of EphA4 following SCI was also shown to promote axo-
nal regeneration and functional recovery [ 204 ,  205 ]. Work by another group, however, 
did not provide evidence for reduction of fi brotic scar formation in EphA4 mutants 
following SCI [ 206 ]. Furthermore, prevention of EphA4 upregulation at the lesion site 
after SCI by injection of antisense oligonucleotides did not induce functional motor 
recovery but instead led to increased chronic pain [ 203 ].   

5.2.2.2     Cardiovascular System 

 The assembly of blood vessels involves the recruitment of endothelial cells, 
supporting mural cells such as pericytes that cover blood vessel capillaries and 
post- capillary venules, as well as vascular smooth muscle cells (VSMC) that are 
associated with arteries and larger veins. Despite their well-described role during 
development (see above), less is known about the involvement of Eph receptors 
and ephrins in physiological adult angiogenesis. In the retinal vasculature, which 
has been used as a model of postnatal angiogenesis, EphB4 overexpression favors 
the formation of large blood vessels, disorganized branching, and reduced vascular 
permeability [ 207 ]. These effects are mainly mediated by ephrinB reverse signal-
ing. EphrinB2 expression is maintained in adult arteries and arterial smooth muscle 
cells at sites of neovascularization [ 208 ,  209 ], but a functional role for this ligand 
has yet to be demonstrated. EphB4 expression persists in adult veins and deter-
mines their identity. Venous adaptation to the arterial environment, which is 
observed in vein grafts, is characterized by thickening of the venous walls and loss 
of EphB4 expression. EphrinB2-Fc stimulation of adult vein grafts or adenoviral 
induced EphB4 overexpression prevented venous remodeling by inducing EphB4-
forward signaling and subsequent binding and phosphorylation of caveolin-1. 
In addition, vein grafts derived from EphB4 heterozygous, EphB2 kinase-dead, or 
Cav-1 null mutant mice failed to inhibit wall thickening [ 210 ]. Thus, stimulation of 
EphB4 during vein graft adaptation promotes retention of venous identity by pre-
venting vein wall thickening. EphA4 is also highly expressed throughout adulthood 
in VSMCs whose contractility regulates vascular tone to maintain blood circulation. 
Upon stimulation with ephrinA1, EphA4 phosphorylation enhances Vsm-RhoGEF 
activity of RhoA and promotes the assembly of actin stress fi bers [ 211 ]. This 
suggests that upon activation, EphA4 regulates VSMC contractility, vascular tone, 
and blood pressure via RhoA activation. 

 The role of Eph/ephrin signaling in tumor angiogenesis is controversial, with 
opposite functions proposed depending on the experimental model used. For example, 
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EphB4 reverse signaling negatively regulates the formation of blood vasculature in 
malignant brain tumor models by inducing circumferential vessel growth instead 
of branching angiogenesis and by reducing the permeability of the tumor vascular 
system [ 207 ]. However, overexpression of kinase-dead EphB4 in breast cancer 
cells demonstrates that this receptor acts as a positive cue to ephrinB2- expressing 
endothelial cells and promotes tumor vascularization [ 212 ]. Furthermore, EphA2 
and its ligand, ephrinA1, are also expressed by tumor endothelial cells [ 213 ]. It was 
shown that EphA2 defi ciency inhibits tumor angiogenesis in a mouse model of mam-
mary adenocarcinoma [ 214 ], while ephrinA1 promotes angiogenesis- dependent 
metastasis [ 215 ]. 

 EphB signaling plays an important role in stabilizing and promoting thrombus 
growth [ 216 – 218 ]. Vascular injury induces the initiation of thrombus formation and 
involves platelet activation and aggregation as well as fi brin clot formation. EphA4, 
EphB1, and ephrinB1 are expressed on the surface of circulating human platelets. 
Activation of integrin-dependent sustained contacts between platelets allows inter-
actions between Ephs and ephrinB1. Eph/ephrin signals induce the phosphorylation 
of integrin αIIbβ3, facilitating binding to myosin. This subsequently promotes clot 
retraction which is thought to enhance thrombus stability and to prevent its premature 
dissolution.  

5.2.2.3     Other Systems 

  Immune System     Certain T-cell functions depend on the expression of the EphB6 
receptor. In vitro assays in Jurkat cells revealed that both proliferation and lympho-
kine production are reduced in EphB6 null mutant T cells. In vivo, the response to 
T-cell receptor stimulation is compromised in mice defi cient for EphB6 [ 219 ]. 
EphB6-mediated T-cell co-stimulation seems to be triggered by ephrinB1, -B2, and 
-B3. A requirement for ephrinB1 and ephrinB2 in T-cell activation has been indeed 
demonstrated. EphA receptors and their ligands are also expressed by T cells and 
are thought to reduce apoptosis by inhibiting T-cell receptor signaling [ 220 ,  221 ]. 
While expression of Eph receptors and ephrins has been detected in B lymphocytes, 
their function in these cells is unclear [ 222 ].  

  Pancreas Physiology     Communication between endocrine β cells in the pancreas is 
required to inhibit basal insulin secretion during fasting periods, as well as to 
enhance glucose-stimulated insulin release after food intake. EphA5 receptor and 
ephrinA5 ligand are co-expressed in β cells. When blood glucose levels are low, 
EphA5 receptor forward signaling prevents insulin release from secretory granules, 
whereas upon increased glucose concentration, EphA5 receptor is dephosphory-
lated. Under these conditions, reverse ephrinA5 signaling prevails, inducing insulin 
secretion from β cells [ 223 ]. This observation may have therapeutic implications for 
treatment of diabetes.  

  Intestinal Epithelium     Eph/ephrin signaling is an important regulator of the intestinal 
epithelium architecture. The innermost layer of the intestinal tube is an epithelium 
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layer which is folded into invaginations called crypts. The base of each crypt is 
populated by a limited number of active stem cells which continuously regenerate 
the epithelium, comprised of mucosecreting, absorptive, enteroendocrine, and 
Paneth cells [ 224 ]. The fi rst three cell types migrate upward toward the lumen as 
they undergo terminal differentiation, whereas Paneth cells unlike the other cell 
types remain at the base of the crypts. Wnt signaling which is active in a gradient, 
with the highest activity at the crypt bottom, regulates cell renewal in the crypt and 
promotes β-catenin/Tcf-driven transcription in intestinal stem cells (ISCs) and Paneth 
cells (PCs) localized within this niche [ 225 ,  226 ]. Expression of EphB2 and EphB3 
receptors in crypts is induced by Wnt signaling [ 26 ]. EphB2 is highly expressed in 
ISCs and in a gradient manner along the villus–crypt axis with the highest expres-
sion at the bottom of the crypt, whereas EphB3 expression is restricted to ISCs and 
PCs at the bottommost of the crypt. Conversely, ephrinB1 and ephrinB2 ligands that 
are negatively regulated by β-catenin/Tcf activity show highest levels in differenti-
ated cells [ 26 ]. EphB/ephrinB signaling is pivotal in establishing cell compartments 
and in organizing ordered migration of epithelial cells along the crypt–villus axis. In 
EphB3 null mice and intestine-specifi c ephrinB1 mutant mice, localization of PCs 
is no longer restricted to the crypt base; instead PCs migrate upward and are found 
dispersed throughout the epithelium [ 26 ,  227 ]. In EphB2/EphB3 double knockout 
mice, ISCs intermingle instead of undergoing unidirectional upward migration, and 
the boundary between the proliferative and differentiated cell compartments is lost. 
Furthermore, these mice show decreased proliferation in the intestinal crypts despite 
a paradoxical increase in the number of ISCs within the stem cell niche as a result 
of PCs mislocalization [ 228 ].  

  Other Epithelial Tissue     Eph receptor forward signaling is also involved in the 
maintenance of the cellular architecture of other epithelia. For example, EphA2, 
EphB4, and ephrinB2 are highly expressed in the mammary gland epithelium and 
are regulated by estrogens [ 229 ]. EphB4 receptor overexpression throughout the 
different stages of adult mammary development results in delayed proliferation and 
incomplete branching of the ductal tree during the pubertal and pregnancy phases, 
as well as in retarded cell apoptosis at the time of post-lactational gland reduction 
[ 230 ]. Furthermore, EphB2 and ephrinB1 display partially overlapping expression 
patterns along the nephron. EphB2 activation induces cell retraction and adhesion to 
the substrate, suggesting a possible involvement in the regulation of the permeabil-
ity of tubule cells in the renal medulla [ 231 ], yet further in vivo experiments are still 
lacking to support this hypothesis.  

  Bone Homeostasis     The coupling of bone resorption and bone formation is critical 
during the normal process of bone remodeling, which is necessary for skeletal 
growth and replacement of damaged and/or aged bone. Dysregulation of this cou-
pling results in the development of a range of bone diseases including osteoporosis, 
rheumatoid arthritis, and metastatic cancer. Interaction between EphB4 receptor 
and its cognate ephrinB2 ligand seems to be a key component regulating the switch 
between resorption and formation. EphB4 is expressed on osteoblasts whereas 
ephrinB2 on osteoclasts [ 232 ]. Forward signaling through EphB4 stimulates bone 
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formation, whereas reverse signaling through ephrinB2 inhibits bone resorption. 
With the exception of an implication in cancer bone metastasis, the role of the EphA 
/ephrinA family has not been investigated [ 233 ].  

  Vestibular Function     EphB2 and EphB3 null mice exhibit a circling behavior 
pointing to a role for these receptors in vestibular function. EphB2 receptor is spe-
cifi cally expressed in the single-cell layer of dark cells within the vestibular epithe-
lium and its cognate ligand ephrinB2 is highly expressed in adjacent transitional 
cells. Upon activation, EphB2 receptor co-clusters with aquaporins and anion 
exchangers through a molecular bridge formed by Pick-1 and Syntenin and thus 
regulates endolymph production and vestibular function [ 135 ].    

5.2.3     Stem Cells 

5.2.3.1     Embryonic Stem Cells 

 Early embryonic stem cells (ESCs) harbor the capacity for unlimited self-renewal 
and differentiation into any cell type that constitute the hallmarks of pluripotency. 
In early embryos, cells in the inner cell mass (ICM) are pluripotent and develop into 
the cells that form the tissues and the germ cells of the adult organism. The ICM 
cells persist only transiently as they undergo differentiation and become progres-
sively restricted in their developmental potential. Various Eph receptors have been 
found to be highly expressed in totipotent cells derived from the ICM (EphA1, 
EphA2, EphA3, EphA4, EphB2, and EphB4) [ 234 ], but little is known about either 
their role in self-renewal or their engagement in various differentiation pathways. 
EphB4, a receptor mainly involved in the organization of blood vessels, was found 
to modify the rate and magnitude of ESCs’ differentiation into mesodermal layer 
cells [ 235 ]. EphB4 knockout ES cells displayed impaired hemangioblast, blood 
cell, cardiomyocyte, and vascular differentiation. Re-expression of full-length 
EphB4 was able to restore the cardiomyocyte development in EphB4 null ES cells, 
while a truncated EphB4 lacking the intracellular domain failed to do so, suggesting 
that EphB4-forward signaling is essential for the development of cardiomyocytes 
[ 236 ]. In addition, decreased expression of mesoderm-associated genes in EphB4 null 
ICM suggests that EphB4 is a key regulator of the response to mesoderm induction 
signals. Emerging proof has highlighted the role of Eph signaling in infl uencing cell 
fate in various stages of development. Further in vitro analysis of the various null or 
signaling mutant alleles for Eph receptors could give greater insight into their role 
in ESC proliferation, differentiation, and fate determination.  

5.2.3.2     Adult Stem Cells 

 Emerging evidence points to a role of Eph signaling in the regulation of the balance 
between adult stem cell renewal and differentiation and fate determination. Ephs and 
ephrins are commonly expressed in adult stem cell niches. Most studies to date have 
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focused on the intestinal crypt and the nervous system, although an increasing 
number of studies also implicate Ephs in other organs. EphB4 and ephrinB2 are 
expressed in a complementary pattern in the mammary gland [ 237 ], where they are 
implicated in the development of the mammary epithelium [ 230 ]. Moreover, hair 
follicle bulge stem cells express high levels of EphA4, EphB4, and ephrinB1[ 238 ], 
and EphA2 and ephrinA1 are expressed in a complementary pattern in the epider-
mis allowing for receptor–ligand interaction only at the proliferative basal layer of 
the epidermis [ 239 ]. Both the A and B Eph classes negatively regulate proliferation 
of hair follicle and epidermal progenitor cells in the adult mouse [ 240 ], although it 
is unclear whether this is mediated by forward or reverse signaling. 

 Stem cell maintenance and progenitor cell proliferation in the intestinal epithelium 
are regulated by canonical Wnt signaling involving β-catenin and Tcf/LEF family 
transcription factors [ 225 ,  241 ]. Within the intestinal crypt, Wnt pathway is active 
in a gradient, with the highest activity at the crypt bottom (described above). 
Postmitotic Paneth cells preferentially express EphB3, whereas proliferating pro-
genitor cells are positive for EphB2. In the absence of EphB2 and EphB3, stem cells 
are no longer confi ned to the lateral crypts but scattered along the villus–crypt axis 
[ 228 ]. In addition to its role in cell sorting of the stem cell population from postmi-
totic neighboring cells in the intestinal epithelium, EphB2 promotes progenitor 
cell proliferation in a kinase activity and ligand-dependent manner, by activating 
Abl–cyclinD1 pathway and cell cycle reentry [ 228 ]. 

 Active adult neurogenesis, a process of generating functional neurons from adult 
neural precursors, is spatially restricted to two neurogenic brain regions, the sub-
granular zone (SGZ) in the dentate gyrus of the hippocampus, where new dentate 
granule cells are generated, and the subventricular zone (SVZ) of the lateral ven-
tricles, where new neurons are generated and then migrate through the rostral 
migratory stream to the olfactory bulb to become interneurons [ 242 ]. Both SGZ and 
SVZ display complementary expression patterns of Eph receptors and ephrin 
ligands. Progenitor cells and neuroblasts in SVZ express ephrinA2, whereas 
 quiescent ependymal cells, as well as some GFAP-positive putative stem cells, 
express EphA7. EphA7 induces ephrinA2 reverse signaling, negatively regulating 
adult neural progenitor cell proliferation [ 243 ,  244 ]. Moreover, cells in the SVZ 
express all three ephrinB ligands, as well as EphB1, EphB2, and EphB3. Blocking 
the interaction between ephrinBs and Eph receptors as well as genetic ablation of 
ephrinB3 leads to an increase in the number of dividing cells in the SVZ [ 244 – 246 ]. 
Furthermore, EphB3 represses proliferation of progenitor cells in the SVZ by 
increasing the expression of p53, a negative regulator of cell renewal [ 247 ]. Thus, 
both the A and B receptor classes negatively regulate neural progenitor proliferation 
in the adult SVZ. Hippocampal progenitor cells present in the SGZ of the dentate 
gyrus express EphB1 and EphB2 receptors. EphB-forward signaling positively reg-
ulates neurogenesis and migration of progenitor cells when stimulated with eph-
rinB3 expressed by mature granule cells in the dentate gyrus inner molecular layer 
[ 248 ]. Decreased neurogenesis in the dentate gyrus of ephrinA5 null mice indicates 
a similar role for EphA receptors [ 249 ]. In addition to infl uencing the progenitor 
cells in the adult brain, EphB-forward signaling also acts as a key regulator of the 
main stem cell niche in the lateral ventricle walls [ 250 ]. However, during forebrain 
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neurogenesis, EphA7-forward signaling was shown to have a direct pro-apoptotic 
effect on embryonic cortical progenitors without infl uencing their proliferation rate 
[ 52 ]. Furthermore, EphA4 signaling has been implicated in maintaining neural stem 
cells in an undifferentiated state and in regulating the number of adult neuroblasts 
in the SVZ [ 251 ].    

5.3     The Role of the Eph Receptor Tyrosine Kinase Family 
in Human Disease 

5.3.1     Cancer 

 EphA1 was fi rst cloned from hepatocellular carcinoma cell line [ 252 ], and Eph 
receptors have subsequently been implicated in many different cancers, including 
breast and colorectal cancer, neuroblastoma, glioma, myeloma, and lymphomas 
(for a comprehensive list, see [ 253 ]). Given their role in cell adhesion, migration, 
boundary formation, and positioning, it is not surprising that changes in Eph expres-
sion or function correlate with tumor progression and metastasis. Despite this, the 
complex and at times contradictory role of Eph receptors in cancer has yet to be 
clearly defi ned. The response appears to be specifi c for Eph type, tumor type, local 
microenvironment, and tumor stage. Given their involvement in many different can-
cer types, Eph receptors provide a valid drug target option; however, their complex 
role produces a challenging caveat to overcome. 

5.3.1.1     Eph Expression in Cancer 

 Changes in Eph receptor expression, both overexpression and downregulation, 
seem to play a signifi cant role in cancer progression, depending on cell type and 
context. EphA2 is the most studied Eph receptor in cancer. It is overexpressed in 
many different cancer types, in particular in malignant tumors originating in 
breast, skin, and colorectal tissue [ 253 ]. In breast cancer cells, EphA2 overexpres-
sion has been proposed to occur through deregulation of the negative feedback 
loop with the Ras–Raf–MAPK pathway. Ligand-induced EphA2 activation blocks 
Ras activity, while EphA2 is itself a transcriptional target of Ras. Interestingly, 
MAPK activity downregulated ephrinA1 expression, an effect that contradicts the 
negative feedback loop seen for the receptor [ 254 – 256 ]. Alternatively, EphB6 has 
been seen to be downregulated in breast cancer, resulting in increased invasive 
properties [ 257 ]. Restoring EphB6 levels promoted actin-induced spreading and 
cell–cell attachment, thus reducing the invasiveness. The kinase-defective EphB6 
signaling is mediated by EphB4 interaction, leading to activation of the Abl kinase 
c-Cbl [ 258 ]. 

 In colon carcinomas high expression of both EphA2 and EphA4 has been 
correlated with the formation of metastasis and signifi cantly shorter overall survival 
periods [ 259 ,  260 ]. EphB2-4 and EphA1 receptor expression levels in colorectal 
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tumors, however, change from high to low in correlation with a transition from 
adenoma to a metastatic state and are associated with poor patient survival. 
Adenomas are formed by activation of Wnt/β-catenin signaling that results in ecto-
pic crypt progenitor state-like cells, inducing expression of genes including EphB2 
and EphB3 (see above, Fig.  5.6a ). The expression of Eph receptors inhibits tumor 
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  Fig. 5.6    Eph/ephrin signaling in cancer. ( a ) The role of EphB in the formation of intestinal adeno-
mas and the transition to carcinomas. [ 1 ] In normal tissue, EphB expression is restricted to pro-
genitor cells at the base of the crypt, whereas ephrinB-expressing differentiated epithelial cells are 
located at the crypt–villus boundary. EphB/ephrinB interactions are required to position the cells 
in the intestine. Activation of ectopic Wnt signaling results in EphB expression and adenoma for-
mation on the walls of the crypt [ 2 ]. EphrinB expression across the top of the crypt induces EphB 
repulsive signaling and inhibits cell metastasis. Loss of EphB expression in the proliferating cells 
removes the repulsive signal and allows for carcinoma formation [ 3 ]. ( b ) A model for invasion of 
prostate tumor cells into the surrounding non-tumor tissue. PC-3 tumor cells express both EphA 
and EphB receptors, as well as ephrinA ligand. Homotypic cell interactions between PC-3 cells 
activate the Rho GTPase pathway via EphA–ephrinA signaling, inducing contact inhibition of 
locomotion (CIL) resulting in cell repulsion. When the PC-3 cells come into contact with the 
surrounding fi broblasts that express high amounts of ephrinB2, however, EphB signaling blocks 
CIL by inducing cell–cell attraction via Cdc42 activation, thus promoting tissue invasion       
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growth by activating repulsive signals. The decrease in Eph expression upon 
transition to the malignant state is therefore necessary, but surprising given the 
high Wnt/β-catenin activity. This contradiction has been explained epigenetically, 
with hypermethylation of the promoter region of the receptor suppressing its expres-
sion (Fig.  5.6a ). As with other tumors, re-expressing the receptor in cells with low 
levels reduced tumor progression potential [ 261 – 264 ]. Interestingly, another study 
showed that although there was a decrease in EphB2 expression upon transition 
from adenomatous polyp to metastatic cancer, EphB4 expression increased and cor-
related with poor prognosis. The change in expression was due to a switch in the 
Wnt pathway transcriptional coactivators from p300, which regulates EphB2 
expression, to cyclic AMP-responsive element binding protein (CBP) that induces 
EphB4 expression [ 265 ].  

 As with human studies, mouse models indicate differing levels of Eph recep-
tors result in different outcomes for cancer development depending on cellular 
context. For example, EphA2 has been shown to complex with ErbB2 and enhance 
Ras–MAPK signaling and Rho GTPase activity. Ablation of EphA2 in mouse 
mammary epithelium reduced tumor initiation and metastases when ErbB2 was 
overexpressed, whereas tumor progression increased in mice overexpressing the 
polyomavirus middle T antigen [ 214 ]. In the case of skin carcinogenesis, tumors 
in EphA2 null mice grew faster and were twice as likely to show invasive malig-
nant progression. In wild-type mice EphA2 and ephrinA1 are co-expressed in the 
basal layer of the epidermis, and in vitro treatment of EphA2-expressing cells 
with ephrinA1 suppressed proliferation. Despite this suppressive function, as with 
humans, EphA2 is often overexpressed in mouse tumor models [ 239 ], thus indi-
cating the importance of the local environment and potential ligand-independent 
mode of action. 

 In colorectal cancer, mouse models show that reduced EphB4 expression 
greatly increases the rate of tumor growth, supporting the findings that EphB4 
is down regulated in many human colon cancers (see above) [ 261 ,  266 ]. Loss 
of EphB3 and EphB4 allows for intermingling of cell layers within the intesti-
nal epithelium that are normally separated by ephrinB1–EphB boundary for-
mation, thus removing the cell invasion inhibition present in the wild-type 
situation [ 79 ,  227 ]. Moreover, low expression of EphB4 correlated with 
changes in transcription of genes related to cell proliferation, including many 
growth factors, extracellular matrix reorganization proteins, and cell attachment 
proteins [ 266 ]. 

 Aside from expression levels of the Eph receptors, somatic mutations within 
the receptor are common and can have a profound effect in tumor progression. 
For example, EphA3, EphB2, and EphB6 have all been described with multiple 
different mutations in a range of unrelated cancer types. Many mutations were found 
to be at sites that disrupted kinase activity, ligand binding, or localization of the 
receptor to the cell membrane, thereby implying a ligand-induced, kinase-dependent 
role for the receptors in cancer suppression [ 267 – 269 ].  
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5.3.1.2     The Role of Ephrins in Eph-Induced Cancer Progression 

 Interestingly, Eph-induced cancer progression is often independent of ligand 
interaction, and in some cases ligand-induced receptor activation can be considered 
anti- mitogenic. Ligand-activated Eph receptors have been shown to suppress 
oncogenic signaling pathways, such as the AKT and Ras–Raf–MAPK pathways 
[ 239 ,  254 ,  270 ,  271 ]. Another possibility for ligand-induced reduction of EphA 
activity is by endocytic removal of the receptor cluster from the cell membrane 
[ 254 ]. This response requires a spatial rearrangement of the individual Eph–ephrin 
dimers into higher-order clusters prior to internalization. By inhibiting this rear-
rangement, the Eph receptor remains on the cell surface. Molecularly this can occur 
due to the different recruitment properties of receptor–ligand dimers compared to 
higher-order clusters. For example, dimers are unable to recruit the metalloprotease 
ADAM10, which cleaves the ephrin from the opposing cell and potentially allows 
endocytosis after EphA2 cluster formation [ 272 ]. Importantly, a strong correlation 
was observed between invasiveness of breast cancer cell lines and their ability to 
cluster EphA2, and moreover, problems with receptor spatial rearrangement also 
correlated with expression levels of proteins in MAPK, ErbB, and other pathways 
already implemented in EphA2-induced invasiveness [ 272 ]. 

 How Eph receptors promote tumorigenesis in a ligand-independent way is still 
unresolved. Ligand-independent EphA2 promotion of migration of glioma cells 
requires AKT-dependent phosphorylation on serine 897 of the carboxy tail of the 
receptor, and a non-phosphorylatable mutation of this site, or exposure to ephrinA1 
abolished the response [ 270 ]. In breast cancer cells, EphA2 has been shown to act 
downstream of the EGF receptor independently of ephrin stimulation. This has been 
shown to occur by an interaction between EphA2 and the Rho GEF, Ephexin4, which 
in turn activates another Rho GEF, ELMO2, and the Rac GEF Dock4 at the tips of 
cortactin protrusions, causing the cells to grow toward an EGF stimulus [ 273 ]. 

 Ligand-independent activation is not restricted to EphA family members. In 
breast cancer cells, although EphB4 expression is often increased, ephrinB2 levels 
are found to be reduced. Stimulation by ephrinB2, acting via the Abl–Crk pathway, 
and independently of Src and MAPK pathways, inhibits tumor growth both in vitro 
and in vivo [ 212 ,  274 ]. Other studies, however, have shown that EphB4 is stimulated 
by ephrinB2 in breast epithelial cells and knockdown of the receptor decreased sur-
vival, increased apoptosis via TRIAL, decreased migration, and inhibited tumor 
growth in vivo [ 275 ]. This illustrates that ephrin activation of Ephs still plays a 
major role in certain cancer types. In prostate tumors, where EphB4 has been shown 
to be increased, ephrinB2 was expressed in a subset of surrounding tissue including 
smooth muscle, vascular endothelial cells, and nerve fi bers. The interaction between 
ephrinB2 expressed in nonmalignant fi broblasts and EphB3 and EphB4 expressed 
in prostate cancer (PC) cells promoted cell invasion by a loss of contact inhibition 
of locomotion via activation of the Cdc42 GTPase pathway. Conversely, cell–cell 
contact inhibition occurs between homotypic tumor cells via EphAs/ephrinAs and 
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the ROCK signaling pathway, further promoting metastasis (Fig.  5.6b ). The relative 
ratio between ephrinA and ephrinB on the contacted cell thereby regulates tumor 
invasion [ 276 ]. 

 Ligand–receptor induced promotion of metastasis has also been described to 
occur by an increased adherence of EphB4-expressing tumor cells and ephrinB2- 
expressing tissue in the surrounding area [ 277 ]. Full-length EphB4-expressing A375 
melanoma cells bound strongly to HUVEC cells expressing ephrinB2. Moreover, 
A375 intravenously injected into mice homed into tissues that express ephrinB2 in 
the vasculature, such as lungs. They did not migrate into tissue where ephrinB2 was 
not expressed, such as the heart, despite its extreme vascularization. These effects 
were reduced when cells expressing a C-terminally truncated form of EphB4 were 
injected, suggesting a requirement for an active receptor. Again, these effects rely on 
specifi c cellular environment. Xenografts of B16 melanoma cells that overexpress 
EphB4 suppressed tumor growth. In these tumors, arterial vasculature endogenously 
expressing ephrinB2 was reduced, whereas venous vessels that do not express eph-
rinB2 were unaffected. In vitro experiments showed that the ephrinB2- expressing 
cells died via apoptosis; however the EphB-positive cells were unaffected [ 278 ].  

5.3.1.3     Targeting Ephs for Research and Disease Treatment 

 As overexpression of Eph receptors is a common trait in many tumors, researchers 
have looked at the outcome of reducing their levels or activity, not only to clarify the 
role of the receptor in tumor progression but also to see if they are valid druggable 
targets [ 279 ]. RNAi of EphA2 in melanoma cell lines resulted in a reduction in cel-
lular viability, colony formation, and migration in vitro; and in vivo resulted in a 
loss of its tumorigenic potential [ 280 ]. Similarly, high EphA2-expressing head and 
neck squamous cell carcinoma (HNSCC) cells showed reduced viability following 
EphA2 RNAi treatment or exposure to ephrinA1 ligand, a result that was associated 
with a downregulation of AKT and ERK signaling [ 271 ]. EphA4 was found upregu-
lated in the malignant transformation of prostatic intraepithelial neoplasia to inva-
sive PC tumors. Downregulation of EphA4 by RNAi in PC cells led to attenuation 
of PC cell viability [ 281 ]. EphA4 is also upregulated in pancreatic ductal adenocar-
cinoma (PDAC) cells. Knocking down EphA4 expression by RNAi, attenuated 
PDAC cell viability, and constitutive expression of EphA4 in PDAC-derived cells 
led to a more rapid growth rate [ 282 ]. 

 Small molecule inhibitors are a useful tool both for treatment of disease and to 
study protein function. To date only a few inhibitors have been described that spe-
cifi cally target Eph receptors (see [ 253 ]). Often the kinase activity is targeted or the 
ephrin binding domain is blocked, as has been described for EphA2, EphA4, and 
EphB4 [ 283 ,  284 ]. Interestingly, Eph receptors are also targeted by multi-kinase 
inhibitors, such as dasatinib, which along with inhibiting Src and Abl kinases, also 
blocks EphA2 kinase activity [ 285 ,  286 ]. How EphA2 regulates the effi cacy of 
dasatinib treatment, both alone and in combination with paclitaxel and carboplatin, 
is currently the primary objective of a pilot and translational clinical study 
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(NSC #732517). In follicular lymphoma cells, it has been shown that a truncated 
splice variant of EphA7 (EphA7 TR ) possesses tumor suppressor properties by poten-
tially acting as a decoy receptor for EphA2 and thereby inhibiting its oncogenic 
signaling. Administration of purifi ed EphA7 TR  was able to inhibit xenografted 
tumor progression, and moreover, antibody fusion of EphA7 TR  targeted the treat-
ment to lymphomas in vivo [ 287 ]. Alternatively, activation, and subsequent down-
regulation of the receptor by Eph-specifi c monoclonal antibodies, has been studied 
to target tumor cells overexpressing Ephs while not affecting non-tumor tissue. For 
example, antibodies against the extracellular domain of EphA2 suppressed breast 
cancer cells’ ability to colonize the surrounding area but did not affect the mono-
layer growth of nontransformed cells [ 288 ]. Moreover, administration of a cytotoxic 
compound linked to an ephrin ligand to patients provides novel mechanism of 
tumor-specifi c drug delivery to cancers where Eph receptors are overexpressed 
[ 289 ]. Finally, with the advent of nanotechnology, Eph receptors can be strategi-
cally targeted within a desired microenvironment by nanoparticles conjugated either 
directly to ephrins or to second-generation antagonists Shaw [ 290 ,  291 ]. Given the 
fi ne balance of Eph expression in cancer and the dire results seen in some cases 
when Eph receptors are downregulated, targeting Ephs will need to be precisely 
controlled to avoid detrimental effects; thus the development of nanotherapeutics 
provides a promising novel approach.   

5.3.2     Neurological Disorders 

 Aberrant synaptic activity impairs cognitive functions, which is believed to be a 
major hallmark for several neurological disorders, such as neurodegenerative and 
psychiatric disorders. Given the prominent function of Eph receptors in the regula-
tion of dendritic spine morphology and synaptic plasticity, their dysfunction may 
underlie cognitive impairments in neurological disorders. 

 Alzheimer’s disease (AD) is a neurodegenerative disorder characterized by the 
progressive loss of cognitive functions. AD is associated with the accumulation of 
amyloid-β containing senile plaques due to the aberrant processing of the amyloid 
precursor protein (APP) by γ-secretase. A reduction in hippocampal EphA4 and 
EphB2 has been observed in a mouse model of AD, prior to the development of 
cognitive defi cits [ 292 ]. In addition, in a mouse model for AD where mutant human 
APP is overexpressed, amyloid-β interacts with the FN domain of EphB2 leading to 
its proteasomal degradation. Reduction of cell surface EphB2 abundance leads to a 
decrease of NMDAR currents and impaired LTP. Conversely, overexpression of 
EphB2 in the APP mouse reversed the NMDAR-dependent LTP defect and the 
AD-associated behavioral and cognitive defi cits [ 293 ]. Moreover, EphA4 was 
shown to be an activity-dependent substrate of γ-secretase, being processed in the 
intracellular domain. The EphA4 intracellular domain induces the formation of den-
dritic spines in hippocampal cultured neurons through activation of Rac1. EphA4 
cleavage by γ-secretase was reduced in cells expressing mutant presenilin, which is 
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linked to familial AD, suggesting that the processing of EphA4 could affect the 
pathogenesis of AD [ 22 ]. 

 The control of the levels of the neurotransmitter glutamate is crucial for brain 
physiology, since insuffi cient glutamate hinders synaptic transmission, while exces-
sive glutamate can trigger excitotoxicity and cell death. Numerous neurodegenera-
tive diseases such as Alzheimer’s disease, Huntington’s disease, and amyotrophic 
lateral sclerosis (ALS) are accompanied by dysfunctions in glutamate transporters 
and abnormal concentrations of extracellular glutamate. Genetic deletion of the post-
synaptic EphA4 or its ligand partner in astrocytes, ephrinA3, increases the expres-
sion of glial glutamate transporters and the uptake of glutamate from the synaptic 
cleft, thus impairing LTP in these animals. Conversely, the overexpression of eph-
rinA3 in astrocytes downregulates glutamate transporter levels, leading to dendrite 
degeneration and exacerbated susceptibility to epileptic seizures [ 187 ]. The amyo-
trophic lateral sclerosis type 8 protein, VAPB, was shown to be cleaved and secreted 
as a diffusible binding protein for EphA4 that antagonizes its interaction with ephrin. 
A VAPB mutation identifi ed in ALS patients may increase EphA/ephrin signaling by 
inactivating the processing of VAPB [ 294 ]. Furthermore, inhibition of EphA4 
signaling increased survival in mouse and rat models of ALS [ 295 ]. 

 Angelman syndrome is a neurogenetic disorder that is characterized by develop-
mental delay and neurological problems, caused by mutations in the maternally 
inherited E3 ubiquitin ligase (Ube3) gene. The RhoA guanine exchange factor 
ephexin5 is one of the substrates identifi ed for Ube3. Ephexin5 activates RhoA 
which leads to suppression of excitatory synapses during development, until eph-
rinB binding to EphB2 receptor triggers ephexin5 to degradation. Ube3A is the 
ubiquitin ligase that controls EphB-mediated ephexin5 degradation raising the pos-
sibility that the cognitive defects in Angelman syndrome might result from increased 
levels of ephexin5. Consistent with this possibility, in a mouse model of Angelman 
syndrome in which the maternally inherited copy of Ube3A is deleted, the levels of 
ephexin5 expression are increased and neurons are insensitive to ephrinB treatment 
[ 173 ]. Ube3A is duplicated in some forms of Autism Spectrum Disorders, raising 
the possibility that altered levels of ephexin5 might also be relevant to the etiology 
of autism. In addition, EphA3 has been identifi ed in a large homozygous haplotype 
mapping screen for genes associated with autism spectrum disorders [ 296 ]. 

 Emerging evidence implicates the deregulation of Eph/ephrin signaling in aberrant 
synaptic functions associated with cognitive impairments in several neurological 
disorders. Sequencing of Eph receptor and ephrin genes may in future reveal mutations 
or polymorphisms that are involved in susceptibility to these diseases.  

5.3.3     Viral Infection 

 Hepatitis C virus (HCV) is a major cause of liver disease for which new antiviral 
strategies are urgently needed. HCV entry is a multistep process involving viral 
glycoproteins and several cellular factors. Using a functional RNAi kinase screen, 
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both EGF receptor and EphA2 were identifi ed as host cofactors for HCV entry. 
Blocking receptor kinase activity by inhibitors impaired infection by all major HCV 
variants in cell culture and in a human liver chimeric mouse model in vivo. 
Mechanistically, EGFR and EphA2 mediate HCV entry by regulating CD81-claudin- 1 
co-receptor association and viral glycoprotein-dependent membrane fusion [ 297 ].   

5.4     Specifi cations of Individual Eph Receptors 

5.4.1     EphA1 

5.4.1.1     EphA1 Gene 

•     Promoter structure    

 The EphA1 promoter structure is largely unknown.

•    mRNA structure    

 Human: 5′ UTR—1 to 87; 3′ UTR—3,019 to 3,363. Mouse: 5′ UTR—1 to 58; 
3′ UTR—2,993 to 3,273. 18 exons. 7 splice variants are predicted for the human 
gene and 1 for the mouse gene (See note 1).

•    Transcriptional regulation    

 The EphA1 promoter is hypermethylated and EphA1 expression is downregu-
lated in advanced colorectal cancer [ 253 ].  

5.4.1.2     EphA1 Protein 

•     Amino acid sequence    

 Human:   Q60750    . Mouse:   P21709    .

•    Processing    

 No information is available.

•    Domain structure    

 The domain structure of EphA1 protein is similar to other Eph receptors: 
The extracellular region includes an N-terminal ligand-binding domain (LBD), a 
cysteine- rich region, and two fi bronectin type III domains (FN1 and FN2), followed 
by a transmembrane sequence. The intracellular part is composed of a juxtamembrane 
region, a tyrosine kinase domain, a sterile-α motif (SAM) domain, and a C-terminal 
PSD-95, Dlg, and ZO1 domain (PDZ)-binding motif.
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•    Posttranslational modifi cations    

 Phosphorylation, N-glycosylation (See note 2) 

•    Phosphorylation sites and known functions    

 EphA1 is phosphorylated on tyrosine residues. Juxtamembrane Y599 and Y605 
and active site Y781 (human) are likely phosphorylation sites (See note 3) .  

5.4.1.3     EphA1 Ligands 

•     Ligand structure    

 EphA1 interacts with all GPI-anchored A-class ephrin ligands.

•    Ligand cleavage    

 No information is available.  

5.4.1.4     EphA1 Activation and Signaling 

•     Dimerization    

 Heterotetramer is formed upon ligand binding. The heterotetramer consists of an 
ephrin dimer and a receptor dimer. Higher-order cluster formation is required to 
induce biological responses and signaling.

•    Phosphorylation    

 Receptor tyrosine phosphorylation is induced by binding of ligand dimers.

•    Pathway activation    

 EphA1 directly binds integrin-linked kinase (ILK). This interaction requires the 
SAM domain of EphA1 and the ankyrin region of ILK. The interaction does not 
depend on EphA1 kinase activity, although it is triggered by ephrinA1 ligand bind-
ing. Activation of EphA1 kinase signaling inhibits ILK, leading to a reduction in 
Rac1 signaling and stimulation of RhoA–ROCK pathway, which regulates cell mor-
phology and movement [ 298 ].

•    Major genes regulated    

 No transcriptional targets of EphA1 have been reported.

•    Cross talk with other receptor systems    

 No information is available.  
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5.4.1.5     EphA1 Internalization, Processing, and Attenuation 

 No information is available.  

5.4.1.6     Unique Features of the EphA1 Receptor 

 No unique features.   

5.4.2     EphA2 

5.4.2.1     EphA2 Gene 

•     Promoter structure    

 A canonical cAMP-responsive element (CRE) was identifi ed within the human 
EphA2 promoter. This regulatory element seems to be required for basal as well as 
Src kinase-induced activity of the EphA2 promoter [ 300 ].

•    mRNA structure    

 Human: 5′ UTR—1 to 155; 3′ UTR—3,087–3,964. Mouse: 5′ UTR—1–113; 3′ 
UTR—3,048–3,913. 17 exons. 4 splice variants are predicted for the human and 
mouse genes (See note 1).

•    Transcriptional regulation    

 EphA2 expression is enhanced by the Ras–Raf–MAPK pathway. EphA2 signal-
ing in turn suppresses activation of Ras in response to growth factor treatment, 
creating a negative feedback loop that controls Ras signaling. In addition, the 
MAPK pathway negatively regulates ephrinA1 expression, and ephrinA1 in turn 
reduces EphA2 expression. This might explain the mutually exclusive expression of 
EphA2 and ephrinA1 in many breast cancer cell lines [ 254 ]. 

 EphA2 is also regulated by the transcriptional repressor hypermethylated in can-
cer 1 (HIC1), which is known to be a tumor suppressor [ 301 ].  

5.4.2.2     EphA2 Protein 

•     Amino acid sequence    

 Human:   P29317    . Mouse:   Q03145    .

•    Processing    

 No information is available.

•    Domain structure    
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 The domain structure of EphA2 protein is similar to other Eph receptors    (see 
Table “Receptor at a glance :  EphA2”). 

 The crystal structure of the complete ectodomain of EphA2 has been solved. 
It revealed that the cysteine-rich region of EphA2 consists of a Sushi (CCP) domain 
and an epidermal growth factor (EGF)-like domain. The EphA2 ectodomain 
displays an elongated architecture that is stabilized by  cis  interactions involving the 
ephrin ligand-binding domain and the Sushi domains [ 302 ,  303 ]. It was suggested 
that ephrin binding at “nucleation” points could trigger more widespread recruit-
ment of EphA2 into signaling assemblies [ 302 ,  303 ].

•    Posttranslational modifi cations    

 Phosphorylation, N-glycosylation (See note 2)

•    Phosphorylation sites and known functions    

 EphA2 is phosphorylated on tyrosine residues (Y588, Y594, Y735, Y771, 
Y930 in the human protein), and possibly on serine/threonine residues (S892, 
S897, T898, S899, S901 in the human protein) (see note 3). Phosphorylated 
residues Y588/587 (human/mouse) and Y594/593 (human/mouse) are required 
for binding Vav2 and Vav3 GEFs, while phosphorylated residues Y735/734 
(human/mouse) and possibly Y930 are required for association with the p85 
regulatory subunit of phosphatidylinositol 3-kinase (PI3K) [ 270 ,  304 ]. Mutations 
in the juxtamembrane (Y587F, Y593F, Y587E/Y593E), kinase domain (Y734F), 
or SAM domain (Y929F) tyrosines impaired ephrinA1-induced assembly of 
endothelial cells into vascular tubules in vitro. Furthermore, endothelial cells 
expressing these EphA2 point mutants failed to integrate into tumor vasculature 
in vivo [ 304 ]. 

 Ligand-independent EphA2 phosphorylation on S897 by Akt stimulates motility 
in glioma and prostate cancer cells. EphrinA1 binding leads to S897 dephosphory-
lation, prevents Akt activation, and inhibits cell migration [ 270 ].  

5.4.2.3    EphA2 Ligands 

•     Ligand structure    

 EphA2 interacts with all A-class ephrin ligands. EphrinA1 is the preferred ligand 
for EphA2.

•    Ligand cleavage    

 Soluble monomeric ephrinA1 was found to be secreted by glioblastoma multiforme 
and breast adenocarcinoma cells. Surprisingly, this form of ephrinA1 appears to be 
functional, since it triggers EphA2 internalization and downregulation and 
suppresses the Ras–MAPK pathway. Moreover, monomeric soluble ephrinA1 is 
able to induce growth cone collapse in primary neurons [ 305 ].  
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5.4.2.4    EphA2 Activation and Signaling 

•     Dimerization    

 A heterotetramer is formed upon ligand binding. The heterotetramer consists of 
an ephrin dimer and a receptor dimer. Higher-order array formation is required to 
induce biological responses and signaling.

•    Phosphorylation    

 Receptor tyrosine phosphorylation is induced by binding of ligand dimers.

•    Pathway activation    

 EphA2 stimulation by ephrinA1 ligand suppresses Akt activation and inhibits 
migration of glioma and prostate cancer cells. Conversely, phosphorylation of 
EphA2 by Akt promotes cell migration and invasion. Hence, if cancer cells down-
regulate ephrin expression and at the same time the PI3K/Akt pathway is activated, 
the EphA2 receptor converts from a tumor suppressor inhibiting migration to a 
tumor promoter driving malignant progression [ 270 ]. 

 Association of EphA2 with Vav GEFs and p85 results in activation of Rac1 
GTPase, which regulates cell migration [ 270 ,  304 ]. 

 EphA2/EphrinA1 signaling leads to phosphorylation of p190 RhoGAP-A and 
subsequent suppression of RhoA. This causes dephosphorylation and inhibition of 
Ezrin, which is activated by Rho kinase. Ezrin is a known regulator of epithelial 
morphology and polarity, and its inactivation by Eph/ephrin signaling results in 
altered shape and increased polarization of kidney epithelial cells [ 306 ]. 

 A positive feedback loop was proposed where EphA/ephrinA signaling is poten-
tiated at E-cadherin-mediated cell contacts. Eph signaling in turn suppresses Arf6 
activity, thereby strengthening E-cadherin-based cell adhesion and promoting the 
apical–basal polarization of epithelial cells [ 307 ]. 

 Binding of EphA2 to the RhoGEF Ephexin4 was demonstrated in breast cancer 
cells. Activation of RhoG by Ephexin4 downstream of EphA2 enhances migration 
and stimulated invasive properties of a breast cancer cell line. This response requires 
the recruitment of the RhoG effector ELMO2 and the ELMO binding partner Dock4 
into a ternary complex with EphA2. Dock4 activates Rac, which is known to play a 
crucial role in cancer cell migration by regulating the formation of cellular protru-
sions [ 273 ]. 

 EphA2 signaling leads to inactivation of integrins and dephosphorylation of 
paxillin and focal adhesion kinase, inhibiting cell spreading, migration, and adhe-
sion [ 308 ].

•    Major genes regulated    

 No transcriptional targets of EphA2 have been reported.

•    Cross talk with other receptor systems    

 No information is available.  
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5.4.2.5    EphA2 Internalization, Processing, and Attenuation 

 The interaction of EphA2 and the related EphA4 receptor with their cognate ephrin 
ligands can be specifi cally and competitively inhibited by dimethyl-pyrrole derivatives. 
These compounds prevent ephrin-induced phosphorylation of EphA4 and EphA2 
receptors and effi ciently inhibit the cellular responses to Eph signaling, such as 
EphA-dependent growth cone collapse in neurons and EphA2-induced changes in 
prostate cancer cell morphology [ 284 ]. In follicular lymphoma cells, EphA2 
oncogenic signaling is attenuated by the binding of a truncated splice variant of 
EphA7, which acts as a tumor suppressor [ 287 ]. Furthermore, binding of the soluble 
monomeric ephrinA1 ectodomain was shown to induce EphA2 internalization and 
downregulation [ 305 ].  

5.4.2.6    Unique Features of the EphA2 Receptor 

 EphA2 may be unique among other Eph receptors in its ability to respond to soluble, 
monomeric ephrinA1 [ 305 ]. The formation of extended arrays by EphA2 in 
complex with ephrinA5 appears to promote adhesive responses in contrast to the 
smaller EphA4 clusters that mediate repulsion [ 309 ].   

5.4.3     EphA3 

5.4.3.1    EphA3 Gene 

•     Promoter structure    

 The basal promoter of the human EphA3 gene is 86 bp long and located between 
−348 bp and −262 bp upstream of the transcription start site. In addition, a CpG-rich 
region with several DNA methylation sites was found downstream of the basal pro-
moter [ 312 ].

•    mRNA structure    

 Human: 5′ UTR—1–225, 3′ UTR—3,177–5,809. Mouse: 5′ UTR—1–111, 3′ 
UTR—3,066–5,659. 17 exons. 3 splice variants are predicted for the human gene 
and 1 for the mouse gene (See note 1).

•    Transcriptional regulation    

 The methylation state of the CpG-rich region correlates with the levels of EphA3 
gene expression. While no methylation was detected in normal adult human tissues, 
EphA3 was extensively methylated in a subset of samples from leukemia patients 
[ 312 ]. EphA3 DNA hypermethylation also occurs in colorectal cancers [ 313 ]. 

 In the mouse limb, EphA3 expression was shown to be under reciprocal control 
of transcription factors of the Hox and Sall families. While EphA3 expression was 

T. Gaitanos et al.



205

upregulated and expanded in the limbs of Hoxd13 and Hoxa13 mouse mutants 
[ 314 ,  315 ], it was downregulated in Sall1; Sall3 double knockout mice [ 315 ]. 

 Two more homeobox-containing genes, SOHo1 and GH6, expressed in a 
complementary pattern to EphA3 in the developing chick retina, were shown to 
specifi cally repress EphA3 expression in this tissue [ 316 ]. In addition, chick brain 
factor-1 (CBF1) represses EphA3 in the nasal retina. Ectopic overexpression of 
CBF1 in the temporal retina led to downregulation of EphA3 [ 317 ]. 

 In Jurkat cells, upregulation of EphA3 expression was observed in response to 
stimulation with CD28 and insulin-like growth factor-1 (IGF-1), as well as upon 
overexpression of IGF-1 receptor [ 318 ]. 

 In neonatal rat cardiomyocytes, EphA3 transcription was downregulated upon 
exposure to interleukin-1β [ 319 ].  

5.4.3.2    EphA3 Protein 

•     Amino acid sequence    

 Human:   P29320    . Mouse:   P29318    .

•    Processing    

 No information is available.

•    Domain structure    

 The domain structure of EphA3 is similar to other Eph receptors (see Table 
“Receptor at a glance :  EphA3”).

•    Posttranslational modifi cations    

 Phosphorylation, N-glycosylation (See note 2)

•    Phosphorylation sites and known functions    

 EphA3 is phosphorylated on several tyrosine residues: Y596, Y602, Y779 
(human and mouse). In melanoma cells and in Jurkat cells, EphA3 phosphorylation 
leads to the recruitment of the adaptor protein CrkII via its SH3 domain and to the 
activation of RhoA. The RhoA-dependent changes in cell morphology were delayed 
upon mutations of Y596 or Y602, and completely abolished when Y779 or all three 
tyrosine residues were mutated [ 320 ]. Phosphorylation on Tyr-602 also mediates 
the interaction with the SH2 domain of Nck1 [ 321 ].  

5.4.3.3    EphA3 Ligands 

•     Ligand structure    

 EphA3 interacts with all A-class ephrin ligands.

•    Ligand cleavage    
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 The metalloprotease ADAM10 was described to constitutively associate with 
EphA3. Upon binding of ephrinA5 to EphA3, the ligand is cleaved by ADAM10 
located on the opposing membrane [ 322 ].  

5.4.3.4    EphA3 Activation and Signaling 

•     Dimerization    

 A heterotetramer is formed upon ligand binding. The heterotetramer consists of 
an ephrin dimer and a receptor dimer. Higher-order cluster formation is required to 
induce biological responses and signaling.

•    Phosphorylation    

 Receptor tyrosine phosphorylation is induced by binding of ligand dimers.

•    Pathway activation    

 EphA3 was shown to activate RhoA via the recruitment of the adaptor CrkII, 
resulting in cell rounding, membrane blebbing, and de-adhesion [ 318 ,  320 ]. 

 Phosphorylated EphA3 binds Src family kinases Src, Yes, and Fyn in chick 
embryonic retina [ 323 ]. 

 EphA3 also interacts with Nck1, leading to the inhibition of cell migration and 
process outgrowth, as was demonstrated in HEK293 cells [ 321 ].

•    Major genes regulated    

 No transcriptional targets of EphA3 have been reported.

•    Cross talk with other receptor systems    

 No information is available.  

5.4.3.5    EphA3 Internalization, Processing, and Attenuation 

 EphA3 is endocytosed upon ligand binding. A study in HEK293 cells showed that 
EphA3 interacts with and is dephosphorylated by the phosphatase PTP1B, which 
also controls EphA3 endocytosis and cells surface localization, and regulates the 
effects of EphA3 on cell morphology and cell sorting [ 324 ].  

5.4.3.6    Unique Features of the EphA3 Receptor 

 EphA3 has been shown to heterodimerize with the EphB2 receptor [ 325 ].   
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5.4.4     EphA4 

5.4.4.1    EphA4 Gene 

•     Promoter structure    

 The EphA4 promoter structure is largely unknown.

•    mRNA structure    

 Human: 5′UTR—1–57; 3′UTR—3,004–6,346. Mouse: 5′ UTR—1–57; 3′ UTR—
3,019–6,328. 18 exons. 15 splice variants are predicted for the human gene and 2 for 
the mouse gene (See note 1).

•    Transcriptional regulation    

 A somite-specifi c enhancer for EphA4 expression was identifi ed. Mesp2, a 
bHLH transcription factor, was shown to bind directly to this enhancer of EphA4 
[ 326 ]. A 470 bp enhancer element drives specifi c expression of EphA4 in rhombo-
mers 3 and 5, where Krox-20 was shown to be the direct transcriptional activator of 
EphA4 [ 327 ]. Hoxa13 and Hoxd13 repress, while Sall1 and Sall3 activate EphA4 
expression in the limb bud. Hox and Sall transcription factors compete for the 
binding of a common AT-rich sequence in the upstream region of EphA4; this 
mechanism could contribute to the mutual antagonistic function between Sall and 
Hox proteins [ 315 ]. Zic2 transcription factor binds to the EphA4 promoter immedi-
ately upstream of the transcription starting site, positively regulating EphA4 expres-
sion [ 328 ]. Pou3f4 binds to and positively regulates expression of EphA4 in otic 
mesenchyme cells [ 136 ].  

5.4.4.2    EphA4 Protein 

•     Amino acid sequence    

 Human:   P54764    . Mouse   Q03137    .

•    Processing    

 EphA4 is a substrate of matrix metalloproteases and γ-secretase. The processed 
intracellular domain increases the number of dendritic spines [ 22 ], and EphA4 
processing regulates the expression levels of the receptor itself [ 25 ].

•    Domain structure    

 The domain structure of EphA4 is similar to other Eph receptors (see Table 
“Receptor at a glance :  EphA4”). The crystal structure of the ligand-binding domain 
shows the same jellyroll β-sandwich architecture as described for EphB receptors 
[ 329 ]. Several studies have addressed the promiscuity of EphA4 in binding both A 
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and B ephrin ligands; one study has shown two specifi c residues as important 
contributors to the class specifi city [ 330 ], while another study proposed that the 
crystal structure of the EphA4 ligand-binding domain in complex with ephrinA2 
resembles other class A Eph receptors but on binding ephrinB2 assumes structural 
hallmarks of the class B Eph receptors [ 3 ]. The tyrosine kinase domain of EphA4, 
as well as a tight regulation of its activity (via the phosphorylation of the two juxta-
membrane tyrosine residues), has been shown to be required in vivo for corticospi-
nal tract guidance and thalamocortical topographic mapping [ 63 ,  64 ,  70 ]; but not for 
anterior commissure formation or Schaffer-Collateral LTP. The noncatalytic struc-
tural modules, such as the PDZ-binding motif (PBM) and the sterile-α motif (SAM) 
domain, have no required function described so far for EphA4 signaling in vivo [ 64 , 
 70 ]. The crystal structure of the EphA4 SAM domain indicated its contribution to 
the formation of homodimers [ 331 ].

•    Posttranslational modifi cation    

 Phosphorylation, N-glycosylation (See note 2)

•    Phosphorylation sites and known functions    

 The juxtamembrane tyrosines Y596 and Y602 [ 332 ], the kinase domain Y779 
[ 333 ], and SAM domain Y928 [ 334 ] are EphA4 phosphorylation sites. The two jux-
tamembrane tyrosine residues regulate kinase activity [ 70 ]. The proto-oncogene pro-
tein kinase Fyn binds to the Y602 juxtamembrane autophosphorylation site [ 332 ].  

5.4.4.3    EphA4 Ligands 

•     Ligand structure    

 EphA4 binds with high affi nity to ephrinAs, but is also able to bind ephrinBs. In 
addition, VAPB was shown to be a ligand for EphA4 [ 294 ]. However, this observa-
tion remains to be confi rmed by others.

•    Ligand cleavage    

 VAPB is cleaved and secreted as a diffusible binding protein for EphA4 [ 294 ].  

5.4.4.4    EphA4 Activation and Signaling 

•     Dimerization    

 A heterotetramer is formed upon ligand binding. The heterotetramer consists of 
an ephrin dimer and a receptor dimer. The formation of higher-order clusters is 
required to induce biological responses and signaling [ 63 ]. The formation of small 
circular clusters by EphA4 in complex with ephrinA5 appears to promote repulsion 
in contrast to the larger EphA2 arrays that mediate adhesion [ 309 ].

•    Phosphorylation    
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 Receptor tyrosine phosphorylation is induced by binding of ligand dimers.

•    Pathway activation    

 The neuronal RacGAP α2-chimaerin and Nck1 and Nck2 SH2/SH3 adaptor pro-
teins were identifi ed as effectors for EphA4 in cortical and spinal motor circuits. 
EphA4 interacts with α2-chimaerin through its Src homology 2 domain. Activated 
EphA4 induces tyrosine phosphorylation of α2-chimaerin and enhances Rac1 
GTPase activity. Biochemical evidence suggests that EphA4, Nck, and α2-chimaerin 
could function in a signaling pathway [ 85 – 89 ]. 

 EphA4 signaling leads to tyrosine phosphorylation of ephexin1, a RhoA- 
GEF. Ephexin1 is required for EphA4-dependent axonal growth cone collapse [ 335 , 
 336 ]. The association of EphA4 and ephexin1 was shown to be mediated through 
the activation of Cdk5, which promotes RhoA activity [ 178 ]. 

 In vascular smooth muscle cells, EphA4 activation enhances Vsm-RhoGEF 
activity for RhoA and promotes the assembly of actin stress fi bers [ 211 ]. 

 EphA4 binds to the PDZ domain of the GTPase-activating protein spine- 
associated RapGAP (SPAR). EphA4 signaling induces SPAR-dependent inactiva-
tion of Rap1 and Rap2, two GTPases involved in the regulation of spine morphology. 
In vitro experiments in a neuronal cell line demonstrated that inactivation of Rap1 
by SPAR is required for ephrinA-induced growth cone collapse, as well as for regu-
lation of integrin-mediated cell adhesion [ 179 ]. 

 EphA4 activation by ephrinA3 inhibits integrin signaling pathways that stabilize 
dendritic spines. EphA4 activation decreases tyrosine phosphorylation of the scaffold-
ing protein Crk-associated substrate (Cas), the tyrosine kinase focal adhesion kinase 
(Fak), and the proline-rich tyrosine kinase 2 (Pyk2), and also reduces the association of 
Cas with the Src family kinase Fyn and the adaptor Crk [ 181 ]. Stimulation of EphA4 
by ephrinA also leads to the recruitment and activation of phospholipase Cγ1 (PLCγ1). 
This interaction occurs through EphA4 juxtamembrane tyrosines and Src homology 2 
domain of PLCγ1. EphA4 and PLCγ1 activity modulate the association of the actin 
depolymerizing/severing factor cofi lin with the plasma membrane [ 180 ].

•    Major genes regulated    

 No transcriptional targets of EphA4 have been reported.

•    Cross talk with other receptor systems    

 EphA4 cooperates with Ret receptor signaling in the guidance of LMC L  axons in 
the limb [ 14 ,  337 ,  338 ]. 

 EphA4 enhances FGFR signaling pathway in the proliferation and migration of 
glioblastoma cells [ 339 ].  

5.4.4.5    EphA4 Internalization, Processing, and Attenuation 

 EphA4 is endocytosed upon ligand binding. Rin1, a postnatal brain-specifi c 
Rab5- GEF, mediates EphA4 endocytosis in amygdala neurons [ 188 ]. EphA4 was 
also shown to be cleaved by a metalloprotease extracellularly and subsequently by 
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γ-secretase intracellularly, enhancing the formation and maintenance of dendritic 
spines through the activation of the Rac signaling pathway [ 22 ].  

5.4.4.6    Unique Features of the EphA4 Receptor 

 EphA4 is the most promiscuous receptor of the family, due to its property of being 
activated by both ephrinAs and ephrinBs.   

5.4.5     EphA5 

5.4.5.1    EphA5 Gene 

•     Promoter structure    

 The mouse EphA5 promoter region contains two CpG islands, the fi rst one 
stretching from −327 to +387 relative to the transcription initiation site, and the 
second one located in the coding region of exon 1 and extending into intron 1, from 
+557 to +1348 [ 340 ].

•    mRNA structure    

 Human: 5′ UTR—1–601, 3′ UTR—3,716–8,266. Mouse: 5′ UTR—1–416; 3′ 
UTR—3,084–4,298. 18 exons. 4 splice variants are predicted for the human gene, 
12 for the mouse gene (See note 1).

•    Transcriptional regulation    

 In the mouse retina, increased methylation of the CpG island of the EphA5 
promoter correlated with lower levels of receptor mRNA expression [ 340 ]. High 
methylation levels also correlated with a dramatic reduction in EphA5 mRNA in 
breast cancer cell lines and tissue samples from breast cancer patients [ 341 ]. 

 EphA5 transcription is regulated by cAMP, as was shown in a human neuroepi-
thelioma cell line [ 342 ].  

5.4.5.2    EphA5 Protein 

•     Amino acid sequence    

 Human:   P54756    . Mouse:   Q60629    .

•    Processing    

 No information available.

•    Domain structure    
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 The domain structure of EphA5 is similar to other Eph receptors (see Table 
“Receptor at a glance :  EphA5”).

•    Posttranslational modifi cation    

 Phosphorylation, N-glycosylation (See note 2)

•    Phosphorylation sites and known functions    

 Mouse EphA5 is phosphorylated on Y672 (human Y833) (see note 3).  

5.4.5.3    EphA5 Ligands 

•     Ligand structure    

 EphA5 interacts with all A-class ephrin ligands.

•    Ligand cleavage    

 No information available.  

5.4.5.4    EphA5 Activation and Signaling 

•     Dimerization    

 Heterotetramer is formed upon ligand binding. The heterotetramer consists of an 
ephrin dimer and a receptor dimer. Higher-order cluster formation is required to 
induce biological responses and signaling.

•    Phosphorylation    

 Receptor tyrosine phosphorylation is induced by binding of ligand dimers.

•    Pathway activation    

 In cholangiocytes (epithelial cells of the biliary ducts), EphA5 was shown to 
activate the Rho family GTPase Cdc42. This effect was abolished in the presence of 
the PI3K inhibitor wortmannin, suggesting that the EphA5-Cdc42 pathway requires 
PI3K activation [ 343 ].

•    Major genes regulated    

 No transcriptional targets of EphA5 have been reported.

•    Cross talk with other receptor systems    

 No information is available.  

5.4.5.5    EphA5 Internalization, Processing, and Attenuation 

 No information is available.  
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5.4.5.6    Unique Features of the EphA5 Receptor 

 No unique features.   

5.4.6     EphA6 

5.4.6.1    EphA6 Gene 

•     Promoter structure    

 The EphA6 promoter structure is largely unknown.

•    mRNA structure    

 Human: 5′ UTR—1–38; 3′ UTR—3,432–3,971. Mouse: 5′ UTR—no information; 
3′ UTR—3,109–3,643. 18 exons. 11 splice variants are predicted for the human 
gene, 5 for the mouse gene (See note 1).

•    Transcriptional regulation    

 The Homeobox transcription factor Hoxa13 directly regulates EphA6 expression 
in the developing genital tubercle (GT) vasculature. GT chromatin immunoprecipi-
tation revealed in vivo binding of Hoxa13 to a number of conserved  cis -regulatory 
elements in the EphA6 promoter region. Moreover, activation of gene expression by 
Hoxa13 through the EphA6 gene-regulatory elements was demonstrated by in vitro 
experiments [ 344 ]. The transcription factor Foxd1 regulates EphA6 expression in 
the developing temporal retina and thereby contributes to topographic mapping of 
the visual system [ 114 ].  

5.4.6.2    EphA6 Protein 

•     Amino acid sequence    

 Human:   Q9UF33    . Mouse:   Q62413    .

•    Processing    

 No information is available.

•    Domain structure    

 The domain structure of EphA6 is similar to other Eph receptors (see Table 
“Receptor at a glance :  EphA6”).

•    Posttranslational modifi cation    

 Phosphorylation, N-glycosylation (See note 2)

•    Phosphorylation sites and known functions    
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 EphA6 is probably phosphorylated on tyrosine residues (see note 3). No 
information is available about the functions of specifi c EphA6 phosphorylation 
sites.  

5.4.6.3    EphA6 Ligands 

•     Ligand structure    

 EphA6 interacts with all A-class ephrin ligands.

•    Ligand cleavage    

 No information is available.  

5.4.6.4    EphA6 Activation and Signaling 

•     Dimerization    

 A heterotetramer is formed upon ligand binding. The heterotetramer consists of 
an ephrin dimer and a receptor dimer. Higher-order cluster formation is probably 
required to induce biological responses and signaling.

•    Phosphorylation    

 Receptor tyrosine phosphorylation is probably induced by binding of ligand 
dimers.

•    Pathway activation    

 No information on downstream signaling is available.  

5.4.6.5    EphA6 Internalization, Processing, and Attenuation 

 No information is available.  

5.4.6.6    Unique Features of the EphA6 Receptor 

 No unique features.   

5.4.7     EphA7 

5.4.7.1    EphA7 Gene 

•     Promoter structure    
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 The EphA7 promoter was proposed to localize within ∼2 kb upstream of the 
transcription start site [ 346 ]. Another study described a region of ∼6 kb upstream of 
the start site, which contained the regulatory elements necessary to reproduce the 
endogenous expression pattern of EphA7, while truncated versions of this sequence 
proved insuffi cient [ 347 ].

•    mRNA structure    

 Human: 5′ UTR—1–185, 3′ UTR—3,183–6,588. Mouse: 5′ UTR—1–253, 3′ 
UTR—3,251–6,746. 17 exons. 2 splice variants are predicted for the human gene, 8 
for the mouse gene (See note 1).

•    Transcriptional regulation    

 EphA7 is a direct target of the homeobox transcription factors Hoxa13 and 
Hoxd13 [ 344 ,  346 ]. A marked downregulation of EphA7 was observed in the 
forelimbs and in the genital tubercle vasculature of Hoxa13 knockout embryos 
[ 344 ,  348 ]. Moreover, several Hoxa13 and Hoxd13 binding sites were identifi ed 
within the putative EphA7 promoter, and both Hox proteins were found to associate 
with the EphA7 promoter in vivo. Activation of EphA7 transcription by Hoxd13 
and Hoxa13 was also demonstrated with luciferase assay [ 344 ,  346 ]. 

 In addition, EphA7 transcriptional regulation was investigated in the developing 
cortex [ 347 ]. In this study, multiple putative binding sites for the transcription factor 
Pbx1 were described within the EphA7 promoter, and Pbx1 was found to bind 
directly to the EphA7 promoter in vivo. 

 EphA7 was also identifi ed as a direct target of ALL1 proteins in acute leukemia. 
The ALL1 gene is known to be involved in chromosomal translocations, leading to 
the production of several ALL1 fusion proteins, which are associated with poor 
prognosis in acute leukemia patients. ALL1 fusion proteins bind to the EphA7 pro-
moter and induce EphA7 transcription [ 349 ]. 

 Downregulation of EphA7 expression due to promoter hypermethylation was 
observed in colorectal cancers [ 350 ].  

5.4.7.2    EphA7 Protein 

•     Amino acid sequence    

 Human:   Q15375    . Mouse:   Q61772    . 
 In addition to the full-length protein, which is 998 amino acids long, C termi-

nally truncated isoforms of EphA7 are also produced [ 41 ,  287 ,  351 – 353 ]. The two 
truncated membrane-bound isoforms described in the mouse contain 610 and 626 
amino acids. The secreted EphA7 isoform found in human cancers contains 450 
amino acids (See note 2).

•    Processing    

 No information is available.

•    Domain structure    
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 The domain structure of full-length EphA7 is similar to other Eph receptors 
(see Table “Receptor at a glance :  EphA7”). The truncated transmembrane mouse 
isoforms lack the kinase domain as well as the sterile-α motif and PDZ-binding 
motif. The secreted human isoform lacks the second fi bronectin type III domain and 
all following domains.

•    Posttranslational modifi cation    

 Phosphorylation, N-glycosylation (See note 2)

•    Phosphorylation sites and known functions    

 EphA7 is phosphorylated on tyrosine residues. No information is available about 
the functions of specifi c EphA7 phosphorylation sites.  

5.4.7.3    EphA7 Ligands 

•     Ligand structure    

 EphA7 interacts with all A-class ephrin ligands.

•    Ligand cleavage    

 No information is available.  

5.4.7.4    EphA7 Activation and Signaling 

•     Dimerization    

 A heterotetramer is formed upon ligand binding. The heterotetramer consists of 
an ephrin dimer and a receptor dimer. Higher-order cluster formation is required to 
induce biological responses and signaling.

•    Phosphorylation    

 Receptor tyrosine phosphorylation is induced by binding of ligand dimers.

•    Pathway activation    

 In cortical progenitor cells, EphA7 signaling results in caspase 3 activation and 
induces apoptosis in vitro and in vivo [ 52 ]. ERK phosphorylation has also been 
observed downstream of EphA7 [ 349 ]. In addition, EphA7 interacts with the PDZ 
domain-containing proteins GRIP1, PICK1, and syntenin; this interaction requires 
the C-terminal PDZ-binding motif of EphA7 [ 354 ].

•    Major genes regulated    

 No transcriptional targets of EphA7 have been reported.

•    Cross talk with other receptor systems    

 No information is available.  

5 The Eph Receptor Family



216

5.4.7.5    EphA7 Internalization, Processing, and Attenuation 

 Interaction with truncated EphA7 isoforms suppresses full-length receptor 
phosphorylation [ 41 ].  

5.4.7.6    Unique Features of the EphA7 Receptor 

 In addition to the full-length receptor, short kinase domain-defi cient splice iso-
forms of EphA7 have been described [ 351 ,  352 ]. In the mouse, two membrane-
bound truncated isoforms were detected in the neural folds. Interaction of these 
isoforms with the co-expressed full-length EphA7 inhibits phosphorylation of the 
latter and turns ephrinA5/EphA7 repulsion into adhesion, allowing for neural tube 
closure [ 41 ]. 

 In addition, a secreted EphA7 isoform was described in human follicular lymphoma 
as well as in lung cancer cells [ 287 ,  353 ]. In lymphoma cells, secreted EphA7 was 
shown to act as a tumor suppressor by binding to and inhibiting oncogenic signaling 
of the EphA2 receptor [ 287 ].   

5.4.8     EphA8 

5.4.8.1    EphA8 Gene 

•     Promoter structure    

 The minimal EphA8 promoter lacks a TATA box and contains fi ve copies of the 
putative binding sequence of the Sp1 transcription factor located upstream of the 
transcription start site. In addition, there is a CpG island spanning exon 1 and its 
fl anking sequence [ 355 ].

•    mRNA structure    

 Human: 5′ UTR—1–72; 3′ UTR—3,091–4,943. Mouse: 5′ UTR—1–69; 3′ 
UTR—3,085–4,713. 17 exons. 3 splice variants are predicted for the human gene, 1 
splice variant for the mouse gene (See note 1).

•    Transcriptional regulation    

 EphA8 enhancer region contains DNA binding sites for the TALE homeobox 
transcription factors Meis2 and Pbx1/2. In vitro experiments showed that Meis2 and 
Pbx2 synergistically bind to the EphA8 regulatory sequences and cooperate in acti-
vating EphA8 transcription. In vivo, overexpression of a dominant-negative form of 
Meis in the developing midbrain resulted in the downregulation of endogenous 
EphA8 [ 356 ].  
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5.4.8.2    EphA8 Protein 

•     Amino acid sequence    

 Human:   P29322    . Mouse:   O09127    .

•    Processing    

 No information is available.

•    Domain structure    

 The domain structure of EphA8 is similar to other Eph receptors (see Table 
“Receptor at a glance :  EphA8”).

•    Posttranslational modifi cation    

 Phosphorylation, N-glycosylation, ubiquitination (See note 2).

•    Phosphorylation sites and known functions    

 Mouse EphA8 is phosphorylated on Y615 in the juxtamembrane domain and 
Y838 in the kinase domain (Y616 and Y839 for the human). Phosphorylation of 
Y615 is important for the binding of Fyn via its SH2 domain [ 357 ].  

5.4.8.3    EphA8 Ligands 

•     Ligand structure    

 EphA8 interacts with A-class ephrin ligands.

•    Ligand cleavage    

 No information available.  

5.4.8.4    EphA8 Activation and Signaling 

•     Dimerization    

 A heterotetramer is formed upon ligand binding. The heterotetramer consists 
of an ephrin dimer and a receptor dimer. Higher-order cluster formation is required 
to induce biological responses and signaling.

•    Phosphorylation    

 Receptor tyrosine phosphorylation is induced by binding of ligand dimers.

•    Pathway activation    

 Activation of Fyn downstream of EphA8 leads to reduced adhesion [ 357 ]. 
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 EphA8 also elicits sustained activation of the MAPK pathway in a ligand- 
independent manner. MAPK signaling was shown to be critical for EphA8- dependent 
neurite outgrowth in a neuronal cell line [ 358 ]. 

 EphA8 interacts with two phosphotyrosine-binding domain-containing proteins, 
AIDA-1b and Odin, which both belong to the ankyrin repeat and sterile-α motif 
domain-containing (Anks) family. AIDA-1 and Odin directly associate with the 
juxtamembrane domain of EphA8; the binding is enhanced upon ephrin ligand 
stimulation and is required for ephrinA5/EphA8-induced inhibition of cell migra-
tion observed in HEK cells as well as ephrinA5/EphA8-dependent neurite retraction 
in a neuronal cell line [ 359 ]. 

 The juxtamembrane segment of EphA8 associates with p100γ PI3-kinase. This 
interaction is dependent on ephrinA ligand binding, but seems to be independent of 
the EphA8 kinase domain, and leads to the activation of the integrin pathway, 
promoting cell adhesion to fi bronectin via α 5 β 1  or β 3  integrins [ 360 ]. 

 EphA8 interacts with the Rac-specific GEF Tiam1 and induces Rac activa-
tion [ 361 ].

•    Major genes regulated    

 No transcriptional targets of EphA8 have been reported.

•    Cross talk with other receptor systems    

 No information is available.  

5.4.8.5    EphA8 Internalization, Processing, and Attenuation 

 EphA8 undergoes clathrin-dependent endocytosis upon ligand binding. This process 
requires the Rac-specifi c GEF Tiam1, which interacts with the juxtamembrane 
region of EphA8 [ 361 ]. Transgenic expression of an endocytosis-defi cient EphA8 
receptor in mice causes defects of retinotopic mapping, with an anterior shift of 
nasal axon projections, which is likely due to diminished repulsion from EphAs in 
the anterior SC [ 122 ]. 

 Ubiquitination and proteosomal degradation of EphA8 is triggered by ephrinA 
ligand binding, which promotes EphA8 interaction with the ubiquitin E3 ligase 
c-Cbl. Anks family proteins, which also interact with EphA8, can directly bind ubiq-
uitin and control the degradation of EphA8. Anks family member Odin was shown 
to interfere with c-Cbl binding to EphA8 and to increase the stability of the receptor, 
thereby enhancing its signaling [ 362 ].  

5.4.8.6    Unique Features of the EphA8 Receptor 

 No unique features.   
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5.4.9     EphA10 

5.4.9.1    EphA10 Gene 

•     Promoter structure    

 The EphA10 promoter structure is largely unknown.

•    mRNA structure    

 Human: 5′ UTR—no information; 3′ UTR—3,028–5,425. Mouse: no informa-
tion. 17 exons. 12 splice variants are predicted for the human gene, 3 for the mouse 
gene (See note 1).

•    Transcriptional regulation    

 No information is available.  

5.4.9.2    EphA10 Protein 

•     Amino acid sequence    

 Human:   Q5JZY3    . Mouse:   Q8BYG9    .

•    Processing    

 No information is available.

•    Domain structure    

 The domain structure of EphA10 is similar to other Eph receptors (see Table 
“Receptor at a glance :  EphA10”).

•    Posttranslational modifi cation    

 N-Glycosylation (See note 2)

•    Phosphorylation sites and known functions    

 EphA10 is a kinase-dead receptor [ 363 ]. It is probably not phosphorylated (see 
note 3).  

5.4.9.3    EphA8 Ligands 

•     Ligand structure    

 EphA10 interacts with A-class ephrin ligands.

•    Ligand cleavage    

 No information is available.  
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5.4.9.4    EphA10 Activation and Signaling 

•     Dimerization    

 No information is available.

•    Phosphorylation    

 EphA10 is probably not phosphorylated (see note 3).

•    Pathway activation    

 No information is available.

•    Major genes regulated    

 No transcriptional targets of EphA10 have been reported.

•    Cross talk with other receptor systems    

 No information is available.  

5.4.9.5    EphA10 Internalization, Processing, and Attenuation 

 No information is available.  

5.4.9.6    Unique Features of the EphA10 Receptor 

 Three putative EphA10 isoforms were identifi ed: one soluble and two transmembrane 
isoforms. One of the latter isoforms lacked the sterile-α motif commonly found in 
Eph receptors [ 364 ].   

5.4.10     EphB1 

5.4.10.1    EphB1 Gene 

•     Promoter structure    

 The EphB1 promoter structure is largely unknown.

•    mRNA structure    

 Human: 5′ UTR—1–370; 3′ UTR—3,326–4,672. Mouse: 5′ UTR—1–354; 3′ 
UTR—3,310–4,667. 16 exons. 12 splice variants are predicted for the human gene, 
3 for the mouse gene (See note 1).

•    Transcriptional regulation    

 EphB1 expression in the ventrotemporal optic chiasm is induced by the zinc- 
fi nger transcription factor Zic2 [ 365 ].  
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5.4.10.2    EphB1 Protein 

•     Amino acid sequence    

 Human:   P54762    . Mouse:   Q8CBF3    .

•    Processing    

 No information is available.

•    Domain structure    

 The domain structure of EphB1 is similar to other Eph receptors (see Table 
“Receptor at a glance :  EphB1”).

•    Posttranslational modifi cation    

 Phosphorlyation, N-glycosylation, ubiquitination  (See note 2).

•    Phosphorylation sites and known functions    

 As with other Eph receptors, EphB1 is activated by phosphorylation within the 
juxtamembrane domain on the conserved tyrosine Y594. EphB1 phosphorylation 
on Y928 is required for Grb7 recruitment via its SH2 domain. Mutation of either 
Y928 or juxtamembrane residue Y594, which reduces kinase activity, to phenylala-
nine resulted in reduced Grb7 binding, whereas EphB1 kinase dead completely pre-
vented Grb7 interaction. EphB1 recruitment of Grb7 increases motility of fi broblast 
cells [ 366 ]. Phosphorylation on Y594 is also required for recruitment of both Nck 
and the focal adhesion protein paxillin to the receptor in a Src-dependent manner. 
Association of paxillin with EphB1 further recruits and activates Focal Adhesion 
Kinase (FAK), inducing cell migration [ 367 ]. Moreover, Nck association with 
EphB1 via phospho-Y594 also recruits Nck Interacting Kinase (NIK), p62 (doc), 
and RasGap, resulting in the activation of both c-Jun and integrin pathways [ 368 , 
 369 ]. Phosphorylation of both EphB1 Y600 and Y778 are required for recruitment 
of Src and p52 Shc , thus activating the MAPK/ERK pathway [ 370 ].  

5.4.10.3    EphB1 Ligands 

•     Ligand structure    

 EphB1 binds to all three ephrinB ligands. Unlike ephrinA, ephrinB ligands pos-
sess a transmembrane domain and an intracellular PDZ-binding motif. As with 
other EphB receptors, EphB1-induced ephrinB oligomerization can result in reverse 
signaling in the ephrinB-expressing cell.

•    Ligand cleavage    

 EphrinB has been described to be cleaved in its transmembrane domain [ 371 ,  372 ], 
but no relationship to EphB1 receptor activation has been shown to date.  
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5.4.10.4    EphB1 Activation and Signaling 

•     Dimerization    

 A heterotetramer is formed upon ligand binding. The heterotetramer consists of 
an ephrin dimer and a receptor dimer. EphB1 also dimerizes with EphB6, activating 
the kinase-dead receptor [ 373 ]. Higher-order cluster formation is required to induce 
biological responses and signaling.

•    Phosphorylation    

 Receptor tyrosine phosphorylation is induced by binding of ligand dimers.

•    Pathway activation    

 Active EphB1 recruits c-Src and activates the MAPK/ERK signaling pathway 
[ 370 ]. Also, active EphB1 (and EphB2) recruits the SH2/SH3 binding protein Nck, 
which in turn recruits the c-Jun-activating kinase NIK, thus activating both the c-Jun 
and integrin pathways [ 368 ,  369 ]. In embryonic kidney cells, ephrinB-stimulated 
EphB1 was shown to promote cell adhesion via activation of the α v β 3  and α 5 β 1  inte-
grin pathways [ 374 ]. Paxillin and FAK pathway is activated by EphB1 [ 367 ].

•    Major genes regulated    

 No transcriptional targets of EphB1 have been reported.

•    Cross talk with other receptor systems    

 No information is available.  

5.4.10.5    EphB1 Internalization, Processing, and Attenuation 

 EphB1/ephrinB complexes are internalized by endocytosis. In Xenopus, EphB1 
internalization has been associated with the noncanonical Wnt pathway via Daam1 
protein and is involved in notochord formation during development [ 33 ]. EphB1 
levels are also regulated by the lysosomal pathway. The receptor is ubiquitinated by 
the E3-ubiquitin ligase protein CBL. CBL is activated by phosphorylation by Src, 
which in turn is activated by ephrinB-induced EphB1. Active CBL binds to and 
targets EphB1 for degradation, creating a negative feedback loop regulating EphB1 
levels [ 375 ].  

5.4.10.6    Unique Features of the EphB1 Receptor 

 No unique features.   
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5.4.11     EphB2 

5.4.11.1    EphB2 Gene 

•     Promoter structure    

 The human EphB2 promoter is located between −167 and +83 nucleotides in 
relation to the transcription start site [ 376 ]. A negative regulatory element in the 
−1174/-970 region and an enhancer element in the −425/-139 region have been 
characterized. A 22 bp sequence containing the c-Rel binding site is located between 
−1009 and −988. CpG islands of the EphB2 promoter are hypermethylated, and 
thus silenced, in prostate cancer samples; however, analysis in colon cancer and 
ovarian cancer samples revealed that EphB2 is not methylated [ 376 ].

•    mRNA structure    

 Human: 5′ UTR—1–18; 3′ UTR—3,187–4,641. 17 exons. Mouse: 5′ UTR—1–
126; 3′ UTR—3,091–4,804. 16 exons. 8 splice variants are predicted for the human 
gene and 6 for the mouse gene (See note 1).

•    Transcriptional regulation    

 c-Rel transcription factor is responsible for directly silencing EphB2 transcrip-
tion during the adenoma to carcinoma transformation in colorectal tumor progres-
sion [ 376 ]. Conversely β-catenin/TCF directly enhances the expression of EphB2 
receptor downstream of Wnt signaling at the bottom part of the colonic crypt [ 26 ]. 
It has also been suggested that mVax2 homeodomain transcription factor [ 377 ,  378 ] 
and Smad3 component of TGF-beta signaling [ 379 ] positively regulate EphB2 
expression in the developing retina and the colonic crypt, respectively. However, 
there is no evidence for their direct binding onto EphB2 promoter.  

5.4.11.2    EphB2 Protein 

•     Amino acid sequence    

 Human:   P29323     Mouse:   P54763    .

•    Processing    

 Upon binding of ephrin, EphB2 extracellular domain is cleaved by metalloproteases, 
whereas the intracellular domain is cleaved by presenilin-dependent γ-secretase 
[ 380 ]. The intracellular EphB2 fragment released into the cytosol has intact tyrosine 
kinase activity, and was shown to directly phosphorylate NMDA receptors [ 381 ]. 
Neuropsin, a serine protease, was also shown to cleave the extracellular domain 
of EphB2 [ 23 ]. Finally, the Tissue Factor (TF)/serine protease factor VIIa (fVIIa) 
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complex cleaves EphB2 in its N-terminal ligand-binding domain, potentiating 
ephrinB- induced cell–cell repulsion [ 382 ].

•    Domain structure    

 The domain structure of EphB2 receptor is similar to all Eph receptors (see Table 
“Receptor at a glance :  EphB2”). Crystal structure of the amino-terminal ligand- 
binding domain revealed that the domain folds into a compact jellyroll β-sandwich 
composed of 11 anti-parallel β-strands [ 383 ]. In addition, X-ray crystal structure of 
the juxtamembrane region and the kinase domain revealed that the juxtamembrane 
region folds into a helical conformation, blocking the small lobe of the kinase 
domain and preventing it from adopting an activated conformation [ 384 ]. 
Phosphorylation of juxtamembrane tyrosines contributes to the dissociation of the 
juxtamembrane region from the kinase domain and the liberation of the phosphoty-
rosine sites for binding SH2 domain proteins. Monomeric and oligomeric crystal 
structures of the SAM domain revealed a possible role in the formation of large 
protein complexes and oligomerization of EphB2 receptor in large signaling clus-
ters [ 385 ,  386 ].

•    Posttranslational modifi cations    

 Phosphorylation, N-glycosylation (See note 2)

•    Phosphorylation sites and known functions    

 Phosphorylation of the two juxtamembrane tyrosines Y604 and Y610 relieves 
autoinhibition of the receptor by disturbing the association of the juxtamembrane 
and kinase domains [ 384 ]. Phosphorylation of Y610 also mediates binding and acti-
vation of Src kinase [ 323 ]. Point mutations inactivating Y604 and Y610 showed that 
these two sites are dispensable for activation of the Ras/MAPK pathway and regula-
tion of cell-cell adhesion [ 387 ]. Phosphorylation of Y750 leads to the activation of 
the catalytical function of the EphB2 kinase domain [ 388 ]. Crystallographic evi-
dence suggests that Y979 and Y996, which are situated in the SAM domain, do not 
belong to its hydrophobic core [ 385 ,  386 ]. A possible role for the phosphotyrosines 
on the SAM domain is in the oligomerization of EphB2 receptor and the formation 
of signaling clusters. 

 In vivo point mutations indicated that the kinase activity of EphB2 controls the 
migration of progenitor cells situated in the dentate gyrus toward the dorsal half of the 
developing hippocampus that gives rise to the lateral suprapyramidal blade [ 389 ].  

5.4.11.3    EphB2 Ligands 

•     Ligand structure    

 EphB2 receptor binds to all three transmembrane ephrinB ligands and it is the 
only member of subclass B receptors that can also bind to the GPI-anchored 
ephrinA5 ligand [ 5 ]. EphB2 is also activated by the glycoprotein Reelin [ 55 ].
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•    Ligand cleavage    

 No information is available.  

5.4.11.4    EphB2 Activation and Signaling 

•     Dimerization    

 A heterotetramer is formed upon ligand binding. The heterotetramer consists 
of an ephrin dimer and a receptor dimer. EphB2 also dimerizes with EphA3 [ 325 ]. 
Higher-order cluster formation is required to induce biological responses and 
signaling [ 17 ].

•    Phosphorylation    

 Receptor tyrosine phosphorylation is induced by binding of ligand dimers.

•    Pathway activation    

 EphrinB-mediated EphB2 activation stimulates MAPK pathway, which in a positive 
feedback loop leads to the activation of hRas-ERK and to a further increase in Mek 
and/or ERK activity that in turn enhances the responsiveness of EphB2 to ephrinB 
stimulation [ 390 ]. However, in a different context EphB2 activation can also inhibit 
the oncogenic hRas–ERK signaling pathway [ 391 ], which in turn reduces EphB2 
activation by ephrins. EphrinB1 stimulation can also reduce EphB2 activation by 
causing internalization and degradation of the receptor [ 392 ,  393 ]. 

 Inactivation of R-Ras downstream of EphB2, probably via binding to SHEP-1 
SH2 binding protein [ 394 ], can enhance glioma cell invasiveness most likely by 
modulating cell-to-substrate adhesion via R-Ras GTPase-Integrin [ 395 ,  396 ]. 
 Abl/ Crk-Dock180, which are also activated downstream of EphB2, ultimately 
inhibit Rap1 and Rac1 GTPases [ 397 ] and thus migration and invasiveness, but in 
parallel increase cyclin-D1 levels [ 398 ], thereby enhancing proliferation. Cancer 
cell migration and invasion is probably also mediated by activation of Rac1 (via 
Kalirin and Tiam1) and Cdc42 (via Intersectin) upon EphB2 activation [ 399 ]. 
Furthermore, EphB2 can act as a tumor suppressor by increasing the expression of 
p110 PI3K subunit [ 398 ], by suppressing Rac1 and Rap1 activation via the Abl 
pathway, and by activating p120RasGAP that further inhibits H-Ras and R-Ras pro-
liferation pathways [ 391 ,  397 ]. EphB2 can also directly activate ERK signaling and 
hence decrease integrin-mediated adhesion [ 390 ]. 

 At the synapse, EphB2 activation increases Ca 2+  infl ux by activating Src kinase, 
which phosphorylates and activates NMDA receptors [ 164 ]. Studies in neurons 
have implicated several nucleotide exchange factors for Rho GTPases, including 
Kalirin [ 170 ], Tiam1 [ 171 ], Intersectin [ 172 ], and ephexin5 [ 173 ], in EphB2- 
mediated spine formation. Focal adhesion kinase (FAK) is also involved down-
stream of EphB2 in the stabilization of mature dendritic spines [ 400 ,  401 ] by 
inhibiting cofi lin activity via phosphorylation. Regulation of cofi lin activity down-
stream of EphB2 also depends on the RhoA–ROCK–LimK1 pathway. Moreover, 
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EphB2 mediates morphological maturation of dendritic spines by binding, 
 co- clustering, and phosphorylating syndecan-2 [ 174 ]. Activated Syndecan-2 further 
recruits Grip1 and Lin7 and induces spine maturation. In addition, Grip1–KIF5 
interaction regulates the appropriate transport of EphB2 cargo to dendritic struc-
tures and co-clustering with GluR2 [ 402 ]. 

 Disheveled in Xenopus is a necessary component of both EphB2 forward and 
ephrinB2 reverse signaling to mediate cell sorting, as seen in animal cap assays 
[ 403 ]. Src-mediated phosphorylation and activation of the adaptor protein Nck 
induces Disheveled activation that further promotes RhoA activity by Disheveled- 
associated activator of morphogenesis 1 (DAAM1) formin-homology protein [ 403 ].

•    Major genes regulated    

 During nerve regeneration, EphB2-forward signaling in Schwann cells leads to 
Sox2 upregulation and relocation of N-cadherin to sites of cell–cell contact [ 200 ].

•    Cross talk with other receptor systems    

 Links between EphB/ephrinB and Wnt signaling have been revealed in various 
systems. EphB2 receptor and Ryk, a Wnt receptor containing a kinase-dead domain, 
interact physically and function together in craniofacial development and axon 
guidance [ 155 ,  156 ]. Moreover, EphB2 receptor signals through components of 
noncanonical Wnt pathway [ 33 ]. This pathway is also involved in the removal of 
EphB2 clusters from the cell surface; however, Wnt canonical signaling induces the 
opposite effect, leading to EphB2 transcription and upregulation [ 26 ,  33 ]. 

 EphB2-forward signaling during cell sorting processes communicates reciprocally 
with FGF signaling [ 390 ]. EphB2 signaling is negatively regulated by downstream 
effectors of FGF signaling, resulting in decreased cell repulsion behavior. FGFR acti-
vation leads to a downregulation of LAR phosphatase which is  concurrent with an 
increased baseline of EphB2 phosphorylation. An additional component of the nega-
tive feedback loop regulating EphB2 signaling are FGFR1 gene targets sprouty2 and 
4 that were shown to affect EphB2-dependent cell sorting behavior [ 390 ]. 

 Numerous studies have focused on the cross talk between Eph and integrin sig-
naling. In most cases EphB2 signaling counteracts and reduces integrin-mediated 
adhesion [ 396 ]. The point of convergence between the two signaling pathways 
appears to be at the level of cytoplasmic FAK, PI3K, and MAPK kinases and/or 
Rac1, Rho, Ras, and Rap1 GTPases.  

5.4.11.5    EphB2 Internalization, Processing, and Attenuation 

 EphB2 is cleaved by metalloproteases, presenilin-dependent γ-secretase, and the 
serine protease neuropsin [ 23 ,  380 ]. Furthermore, bidirectional trans-endocytosis of 
Eph/ephrin complexes is a common mechanism used by cells to terminate Eph/
ephrin interaction and mediate de-adhesion and repulsion [ 392 ,  404 ]. Vav2, a Rac1 
GEF, was found to interact via the SH2 domain with EphB2 and to mediate its inter-
nalization [ 134 ].  

T. Gaitanos et al.



227

5.4.11.6    Unique Features of the EphB2 Receptor 

 EphB2 is the only receptor of the B-subclass that was shown to bind both ephrinB 
and ephrinA ligands [ 5 ].   

5.4.12     EphB3 

5.4.12.1    EphB3 Gene 

•     Promoter structure    

 The human EphB3 promoter has been mapped in the 1.3 kb region upstream the 
5′ end of EphB3 (GeneCard database).

•    mRNA structure    

 Human: 5′UTR—1–452; 3′ UTR—3,450 to 4,236. Mouse: 5′ UTR—1–415; 3′ 
UTR—3,398–4,185. 16 exons. 3 splice variants are predicted for the human gene, 6 
for the mouse gene (See note 1).

•    Transcriptional regulation    

 Achaete scute-like-2 transcription factor, a downstream effector of Wnt signaling, 
binds directly onto the EphB3 promoter and positively regulates its expression in the 
stem cell population at the bottom of the intestinal crypt [ 407 ]. Moreover, like for 
EphB2, β-catenin/TCF has been found to directly enhance the expression of EphB3 
receptor downstream of Wnt signaling at the bottom part of the colonic crypt [ 26 ]. 
Smad3, a component of TGF-beta signaling, also regulates EphB3 expression in 
intestinal stem cells [ 379 ]. In addition, just like EphB2, during the progression of 
colorectal cancer, the EphB3 promoter seems to be hypermethylated and thus 
silenced via HDACs class I and III [ 264 ], whereas analysis of ovarian cancer samples 
showed that CpG islands in the EphB3 promoter are unmethylated [ 408 ]. In addition, 
data obtained by chromatin immunoprecipitation experiments demonstrated that the 
EphB3 promoter contains the following transcription factor binding sites: one 
POU3F1, two HNF-1s, three FoxD1s, two Egr-2s, one Preb-1, two Egr-1s, two 
Egr-4s, and one GR (GeneCards database).  

5.4.12.2    EphB3 Protein 

•     Amino acid sequence    

 Human:   P54753    . Mouse:   P54754    .

•    Processing    

 No information is available.

•    Domain structure    
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 The domain structure of EphB3 receptor is similar to other Eph receptors (see Table 
“Receptor at a glance :  EphB3”).

•    Posttranslational modifi cation    

 Phosphorylation, N-glycosylation (See note 2)

•    Phosphorylation sites and known functions    

 Tyrosine Y614, a major autophosphorylation site for EphB3, functions as a 
multi-docking site for SH2-domain-mediated interactions, such as RasGAP, Crk, 
and Fyn [ 409 ]. 

 Phosphorylation of the tyrosines in the kinase domain (Y787, Y807) mediates 
the association with AF-6 Ras-binding protein via its PDZ domain [ 410 ].  

5.4.12.3    EphB3 Ligands 

•     Ligand structure    

 EphB3 receptor binds to all three transmembrane ephrinB ligands.

•    Ligand cleavage    

 No information is available.  

5.4.12.4    EphB3 Activation and Signaling 

•     Dimerization    

 A heterotetramer is formed upon ligand binding. The heterotetramer consists of 
an ephrin dimer and a receptor dimer. Higher-order cluster formation is required to 
induce biological responses and signaling.

•    Phosphorylation    

 Receptor tyrosine phosphorylation is induced by binding of ligand dimers.

•    Pathway activation    

 EphB3 signaling promotes shedding of E-cadherin that leads to an asymmetric 
localization of E-cadherin and to changes in cell affi nity between Eph and ephrin- 
expressing cells [ 411 ]. EphB3 receptor can inhibit cell adhesion in a kinase- dependent 
manner and cell migration in a kinase-independent manner [ 412 ]. It suppresses integ-
rin-mediated adhesion by inhibiting Rac1/Cdc42 signaling, which leads to a relative 
increase of RhoA signaling. Conversely, inhibition of migration that is independent of 
EphB3 catalytic activity is probably regulated by a distinct Rho GTPase pathway [ 412 ], 
possibly by an increase in Cdc42 signaling, as described in prostate cancer [ 276 ]. 
During cell sorting EphB3 signaling has also been associated with activating Ras–
MAPK pathways. AF-6, a PDZ domain-containing protein normally associated with 
cell junctions, binds to EphB3 in a kinase activity- dependent manner, and also binds to 
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Ras [ 410 ]. Furthermore, AF-6 associates with Disheveled, thereby connecting EphB3 
signaling with Wg/Wnt and Ras/MAPK pathways. In addition, RasGAP, Fyn, and Crk 
bind EphB3 via SH2-domain interactions on Y614 [ 409 ]. 

 In adult neural stem cells, EphB3 in the subventricular zone activates p53 signal-
ing pathway and thus suppresses cell proliferation and induces cell death of neural 
stem cells [ 247 ]. However, in malignant lymphocytes EphB3 signaling has the 
opposite effect, since it activates the Akt survival pathway and in parallel suppresses 
the Fas-induced apoptosis pathway [ 413 ]. 

 EphB3 is also able to regulate gliotransmitters in astrocytes and hence infl uence 
synaptic plasticity. Upon activation in astrocytes, EphB3 interacts with PICK1 
(protein interacting with C-kinase) and mediates PKC-α dephosphorylation to fur-
ther activate the conversion of  L -serine to  D -serine by serine racemase and thereby 
enhance  D -serine synthesis and release [ 414 ].

•    Major genes regulated    

 No transcriptional targets of EphB3 have been reported.

•    Cross talk with other receptor systems    

 Synergistic interaction between the Wnt kinase dead receptor Ryk and EphB3 
signaling regulates radial migration of neural progenitor cells in the cortex [ 415 ]. 
EphB3 signaling cross talk with E-cadherin infl uences cell sorting behavior. In 
 epithelial cells, EphB3 co-clusters with the metalloprotease ADAM10 and 
E-cadherin at interfaces with ephrinB1-expressing cells. Upon EphB3 clustering 
ADAM10 is activated and sheds E-cadherin, infl uencing localization of cadherins 
and cell–cell affi nities [ 411 ].  

5.4.12.5    EphB3 Internalization, Processing, and Attenuation 

 Upregulated EphB3 surface expression in the palate of ephrinB1 null mutant mice 
suggested that ligand binding probably leads to internalization and degradation of 
the receptor in vivo [ 393 ].  

5.4.12.6    Unique Features of the EphB3 Receptor 

 No unique features.   

5.4.13     EphB4 

5.4.13.1    EphB4 Gene 

•     Promoter structure    

 The EphB4 promoter structure is largely unknown.

•    mRNA structure    
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 Human: 5′ UTR—1–469; 3′ UTR—3,434–4,329. Mouse: 5′ UTR—1–489; 3′ 
UTR—3,454–4,340. 17 axons. 9 splice variants are predicted for the human gene, 5 
for the mouse gene.

•    Transcriptional regulation    

 EphB4 expression is activated by CREB binding protein (CBP) downstream of Wnt 
signaling in colorectal cancer cells [ 265 ]; however, hypermethylation of the promoter 
region has also been shown to inhibit EphB4 expression in colorectal cancer [ 261 ].  

5.4.13.2    EphB4 Protein 

•     Amino acid sequence    

 Human:   P54760    . Mouse:   P54761    .

•    Processing    

 No information is available.

•    Domain structure    

 The domain structure of EphB4 receptor is similar to other Eph receptors (see 
Table “Receptor at a glance :  EphB4”). The crystal structure of the ligand-binding 
domain of EphB4 in a complex with the extracellular domain of its preferred ligand, 
ephrinB2, has been solved. The resulting structure revealed that the presence of a 
leucine at residue 95 of the receptor, where other Eph family members have an argi-
nine, confers the high-affi nity binding to ephrinB2 [ 417 ].

•    Posttranslational modifi cation    

 Phosphorylation, N-glycosylation (See note 2)

•    Phosphorylation sites and known functions    

 Mass spectrometry has shown multiple phosphorylation sites on serine, threo-
nine, and tyrosine residues within the intracellular domain, including a cluster of 
three tyrosines and one threonine within the juxtamembrane domain (see note 3); 
however, no information is available about the functions of these specifi c EphB4 
phosphorylation sites.  

5.4.13.3    EphB4 Ligands 

•     Ligand structure    

 EphB4 interacts with all B-class ephrin ligands, but ephrinB2 is its preferred ligand.

•    Ligand cleavage    

 No information is available.  
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5.4.13.4    EphB4 Activation and Signaling 

•     Dimerization    

 A heterotetramer is formed upon ligand binding. The heterotetramer consists of 
an ephrin dimer and a receptor dimer. EphB4 also dimerizes with EphB6, activating 
the kinase-dead receptor [ 258 ]. Higher-order cluster formation is required to induce 
biological responses and signaling.

•    Phosphorylation    

 Receptor tyrosine phosphorylation is induced by binding of ligand dimers.

•    Pathway activation    

 EphB4 activates several pathways including Cdc42/Rac1, resulting in cell 
collapse via reorganization of the actin network [ 404 ]. In endothelial cells, EphB4 
activation leads to cell growth and increased migration by activating the PI3K/Akt 
pathway, a response that was dependent on Src activity [ 418 ]. By activating Cdc24 in 
prostate cancer cells, EphB4 is able to overcome contact inhibition, thus promoting 
invasion into surrounding tissue layers [ 276 ]. Finally, in a mouse xenograft model, 
active EphB4 was shown to inhibit cell viability and proliferation via Abl–Crk 
pathway [ 274 ].

•    Major genes regulated    

 No transcriptional targets of EphB4 have been reported.

•    Cross talk with other receptor systems    

 No information is available.  

5.4.13.5    EphB4 Internalization, Processing, and Attenuation 

 EphB4/ephrinB2 complexes have been shown to endocytose, both in the forward 
and reverse direction. The forward endocytosis requires Rac1 signaling [ 404 ].  

5.4.13.6    Unique Features of the EphB4 Receptor 

 No unique features.   

5.4.14     EphB6 

5.4.14.1    EphB6 Gene 

•     Promoter structure    
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 The EphB6 promoter structure is largely unknown.

•    mRNA structure    

 Human: 5′ UTR—1–787; 3′ UTR—3,853–4,043. 20 exons. Mouse: 5′ UTR—
1–4,512; 3′ UTR—3,558–3,762. 18 exons. 10 splice variants are predicted for the 
human gene, 6 for the mouse gene.

•    Transcriptional regulation    

 In non-small cell lung cancer, EphB6 promoter is hypermethylated, resulting in 
reduced expression which correlates with increased metastatic potential [ 419 ].  

5.4.14.2    EphB6 Protein 

•     Amino acid sequence    

 Human:   O15197    . Mouse:   O08644    .

•    Processing    

 No information is available.

•    Domain structure    

 Although EphB6 contains the same general domain structure as other Eph recep-
tors (see Table “Receptor at a glance :  EphB6”), it is unusual in that it has amino acid 
substitutions in the kinase domain removing any kinase activity.

•    Posttranslational modifi cation    

 Phosphorylation, N-glycosylation (See note 2)

•    Phosphorylation sites and known functions    

 EphB6 has been shown to be phosphorylated at Y635, Y644, Y645, and Y651 
(see note 3).  

5.4.14.3    EphB6 Ligands 

•     Ligand structure    

 EphB6 binds ephrinB1 and ephrinB2. EphB6 has a biphasic response to eph-
rinB2 stimulation depending on the level of ligand present. Low amounts of eph-
rinB2 lead to cell adhesion and promote migration, whereas higher concentrations 
result in repulsion and inhibition of migration via phosphorylation and activation of 
Src family kinases [ 420 ].
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•    Ligand cleavage    

 No information is available.  

5.4.14.4    EphB6 Activation and Signaling 

•     Dimerization    

 EphB6 was shown to heterodimerize with EphB1 and EphB4 [ 258 ,  373 ]. Higher- 
order cluster formation is probably required to induce biological responses and 
signaling.

•    Phosphorylation    

 Activation of EphB6 requires phosphorylation by other Eph receptors that have 
kinase activity.

•    Pathway activation    

 In spite of the lack of kinase activity, EphB6 is a functional receptor. It constitu-
tively binds the Src family kinase member Fyn [ 420 ]. Both EphB1 and EphB4 were 
shown to oligomerize with and activate EphB6, leading to recruitment and activa-
tion of the c-Cbl/Abl pathway [ 258 ,  373 ]. In T-lymphocytes, EphB6 activation sup-
pressed the JNK pathway by inhibiting the small GTPase Rac1 [ 421 ].

•    Major genes regulated    

 No transcriptional targets of EphB6 have been reported.

•    Cross talk with other receptor systems    

 No information is available.  

5.4.14.5    EphB6 Internalization, Processing, and Attenuation 

 Upon ephrinB activation, EphB6 is shown to be internalized along with EphB4 in 
clathrin-coated pits and degraded in the lysosomes [ 422 ].  

5.4.14.6    Unique Features of the EphB6 Receptor 

 The kinase domain of EphB6 is nonfunctional; however, the receptor can be 
activated by EphB1 or EphB4-mediated phosphorylation [ 258 ,  373 ]. EphB6 also 
constitutively binds the Src family kinase Fyn [ 420 ].        
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          Receptor at a glance: EphA1   

 Chromosome location  Human:   chromosome 7: 143,087,382–143,105,985    ; reverse strand 
 Mouse:   chromosome 6: 42,308,486–42,323,267    ; reverse strand a  

 Gene size (bp)  Human: 18,604. Mouse: 14,782 a  
 Intron/exon numbers  18 exons a  
 mRNA size (5′, ORF, 3′)  Human: mRNA—3,363; 5′ UTR—87; ORF—2,931; 3′UTR—345 

 Mouse: mRNA—3,273; 5′ UTR—58; ORF—2,934; 3′UTR—281 a  
 Amino acid number  Human: 976. Mouse: 977 b  
 kDa  Human: 108. Mouse: 109 b  
 Posttranslational 
modifi cations 

 Tyrosine phosphorylation, N-glycosylation b  

 Domains  N-terminal ligand-binding domain (LBD), cysteine-rich region, two 
fi bronectin type III domains (FN1 and FN2), single transmembrane 
helix, juxtamembrane region, tyrosine kinase domain, sterile-α 
motif (SAM) domain, PDZ-binding motif 

 Ligands  Ephrin-A1, −A3, −A4 
 Known dimerizing 
partners 

 EphA1 

 Pathways regulated  Inhibits Integrin-linked kinase; stimulates RhoA/ROCK 
 Tissues expressed  Adult: epithelial tissue elements including those found in skin, 

kidney, ureter, uterus, vagina [ 299 ] 
 Human Diseases  Risk locus for late-onset Alzheimer disease 
 Knockout Mouse 
phenotype 

 Highly penetrant kinky-tail phenotype due to the deformation of the 
most caudal tail structures, and reminiscent of the EphA2 knockout 
phenotype; partially penetrant failure in the process of uterovaginal 
canalization dependent on a pro-apoptotic mechanism [ 299 ] 

   a Ensembl (  http://www.ensembl.org    ) 
  b UniProt (  http://www.uniprot.org    ) 

      Receptor at a glance: EphA2   

 Chromosome location  Human:   chromosome 1: 16,450,832–16,482,582    ; reverse strand 
 Mouse:   chromosome 4: 140,857,155–140,885,299    ; forward strand a  

 Gene size (bp)  Human: 31,751. Mouse: 28,145 a  
 Intron/exon numbers  17 exons a  
 mRNA size (5′, ORF, 3′)  Human: mRNA—3,964; 5′ UTR—155; ORF—2,931; 3′UTR—878 

 Mouse: mRNA—3,913; 5′ UTR—113; ORF—2,934; 3′UTR—866 a  
 Amino acid number  Human: 976. Mouse: 977 b  
 kDa  Human: 108. Mouse: 109 b  
 Posttranslational 
modifi cations 

 Tyrosine phosphorylation, serine/threonine phosphorylation, 
N-glycosylation b  

 Domains  N-terminal ligand-binding domain (LBD), cysteine-rich region, two 
fi bronectin type III domains (FN1 and FN2), single transmembrane 
helix, juxtamembrane region, tyrosine kinase domain, sterile-α 
motif (SAM) domain, PDZ-binding motif 

 Ligands  EphrinA1 (preferred ligand), −A2, −A3, −A4, −A5 
 Known dimerizing 
partners 

 EphA2 
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 Pathways regulated  Activates Rac1 and RhoG; inhibits PI3K/Akt and Rho/ROCK 
 Tissues expressed  During early mouse development, EphA2 is expressed in 

rhombomere 4 of the hindbrain [ 310 ], in distal regions of limb bud 
mesenchyme and various fetal epithelia [ 311 ]. In the adult EphA2 is 
expressed at low levels in epithelial tissue; highly upregulated in 
malignant cellular phenotypes including metastases 

 Human Diseases  EphA2 is associated with age-related cortical cataract 
 Knockout Mouse 
phenotype 

 EphA2 null mice develop skin tumors with an increased frequency 
and shortened latency. Moreover, tumors in homozygous knockout 
mice grow faster and are twice as likely to show invasive malignant 
progression [ 239 ] 

   a Ensembl (  http://www.ensembl.org    ) 
  b UniProt (  http://www.uniprot.org    ) 

      Receptor at a glance: EphA3   

 Chromosome location  Human:   chromosome 3: 89,156,674–89,531,284    ; forward strand 
 Mouse:   chromosome 16: 63,543,364–63,863,984    ; reverse strand a  

 Gene size (bp)  Human: 374,611. Mouse: 320,621 a  
 Intron/exon numbers  17 exons a  
 mRNA size (5′, ORF, 3′)  Human: mRNA—5,809; 5′ UTR—225; ORF—2,952; 3′ 

UTR—2,632 
 Mouse: mRNA—5,659; 5′ UTR—111; ORF—2,595; 3′ 
UTR—2,593 a  

 Amino acid number  Human: 983. Mouse: 984 a  
 kDa  Human: 110. Mouse: 110 b  
 Posttranslational 
modifi cations 

 Tyrosine phosphorylation, N-glycosylation b  

 Domains  N-terminal ligand-binding domain (LBD), cysteine-rich region, two 
fi bronectin type III domains (FN1 and FN2), single transmembrane 
helix, juxtamembrane region, tyrosine kinase domain, sterile-α motif 
(SAM) domain, PDZ-binding motif 

 Ligands  EphrinA1, −A2, −A3, −A4, −A5 
 Known dimerizing 
partners 

 EphA3; EphB2 [ 325 ] 

 Pathways regulated  Activates RhoA 
 Tissues expressed  Expression is highest in the brain, also detected in testis. In the 

developing heart, EphA3 is expressed by mesenchymal cells of the 
endocardial cushions 

 Human diseases  Defects in EphA3 may be a cause of colorectal cancer. It was also 
identifi ed in a homozygous haplotype mapping screen for genes 
associated with autism spectrum disorders 

 Knockout mouse 
phenotype 

 EphA3 mutants show defects in heart development, with hypoplasia 
of atrioventricular endocardial cushions. ~75 % of homozygous 
mutants die within 48 hours after birth due to cardiac dysfunction 
[ 152 ]. Survivors develop normally with no indications of cardiac 
abnormalities. In EphA3; EphA4 double knockouts, hypaxial motor 
nerves are misguided into the DRGs [ 100 ], and hypaxial sensory 
projections are disturbed [ 101 ] 

   a Ensembl (  http://www.ensembl.org    ) 
  b UniProt (  http://www.uniprot.org    ) 
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      Receptor at a glance: EphA4   

 Chromosome location  Human:   chromosome 2: 222,282,747–222,438,922    ; reverse strand 
 Mouse:   chromosome 1: 77,363,760–77,511,663    ; reverse strand a  

 Gene size (bp)  Human: 156,176. Mouse: 147,904 a  
 Intron/exon numbers  18 exons a  
 mRNA size (5′, ORF, 3′)  Human: mRNA—6,346; 5′ UTR—42; ORF—2,961; 3′ UTR—3,343 

 Mouse: mRNA—6,328; 5′ UTR—57; ORF—2,961; 3′ UTR—3,310 a  
 Amino acid number  Human: 986. Mouse: 986 b  
 kDa  Human: 110. Mouse: 110 b  
 Posttranslational 
modifi cations 

 Tyrosine phosphorylation, N-glycosylation b  

 Domains  N-terminal ligand-binding domain (LBD), cysteine-rich region, two 
fi bronectin type III domains (FN1 and FN2), single transmembrane 
helix, juxtamembrane region, tyrosine kinase domain, sterile-α 
motif (SAM) domain, PDZ-binding motif 

 Ligands  ephrinA1, -A2, -A3, -A4, -A5, -B2, and -B3 
 Known dimerizing 
partners 

 EphA4 

 Pathways regulated  Activates RhoA; inhibits Rac1, Rap1, Rap2, and integrin pathway. 
EphA4 intracellular domain activates Rac1 

 Tissues expressed  Developing nervous system: hindbrain, several neuronal 
subpopulations in spinal cord, cortex, hippocampus, striatum, 
thalamus, and retina. Developing cardiovascular system: CNS 
endothelial cells; neural crest cells; embryonic stem cells of the 
inner cell mass. Adult brain: hippocampus, amygdala, adult stem 
cells in SVZ; spinal cord; thyroid: follicular epithelium; kidney; 
lung; skeletal muscle; thymus; blood vessels: smooth muscle; 
platelets; stem cells of hair bulge. Cancer tumors: colon carcinoma, 
prostate tumors, pancreatic ductal adenocarcinoma 

 Human diseases  Differential expression of EphA4 is associated with metastatic 
melanoma, transition from prostatic intraepithelial neoplasia to 
invasive prostate cancer, and pancreatic ductal adenocarcinoma. 
Implicated as disease modifi er in amyotrophic lateral sclerosis 

 Knockout Mouse 
phenotype 

 Axon guidance: Loss of coordination of limb movement associated 
with disruptions of central pattern generators; corticospinal tract; 
thalamocortical mapping; anterior commissure; limb motor neuron 
projection; retinotectal projection. Proliferation of cortical 
progenitors: diminished cortical size. Aberrant spine morphology. 
Defective Schaffer-collateral LTP and LTD. Impaired amygdala 
LTP. Abnormal CNS vascular structure. Defective T-cell 
development 

   a Ensembl (  http://www.ensembl.org    ) 
  b UniProt (  http://www.uniprot.org    ) 

      Receptor at a glance: EphA5   

 Chromosome location  Human:   chromosome 4: 66,185,281–66,536,213    ; reverse strand 
 Mouse:   chromosome 5: 84,486,816–84,846,407    ; reverse strand a  

 Gene size (bp)  Human: 350,933. Mouse: 359,592 a  
 Intron/exon numbers  18 exons a  
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 mRNA size (5′, ORF, 3′)  Human: mRNA—8,266; 5′ UTR—601; ORF—3,114; 3′ 
UTR—4,551 
 Mouse: mRNA—4,298; 5′ UTR—416; ORF—2,631; 3′ 
UTR—1,251 a  

 Amino acid number  Human: 1,037. Mouse: 876 b  
 kDa  Human: 115. Mouse: 97 b  
 Posttranslational 
modifi cations 

 Tyrosine phosphorylation, N-glycosylation b  

 Domains  N-terminal ligand-binding domain (LBD), cysteine-rich region, two 
fi bronectin type III domains (FN1 and FN2), single transmembrane 
helix, juxtamembrane region, tyrosine kinase domain, sterile-α 
motif (SAM) domain, PDZ-binding motif 

 Ligands  EphrinA1, −A2, −A3, −A4, −A5 
 Known dimerizing 
partners 

 EphA5 

 Pathways regulated  Activates Cdc42 
 Tissues expressed  Specifi cally expressed in the brain, with high levels in cortical 

neurons and cerebellar Purkinje cells. In addition, EphA5 is 
detected in the amygdala, medial septum, nucleus of the diagonal 
band, olfactory bulb, and retina. Outside the nervous system, EphA5 
is expressed in pancreatic islet cells 

 Human diseases 
 Knockout mouse 
phenotype 

 Homozygous mutant mice are overtly normal but show defects of 
retinotectal mapping, with temporal axons shifted posteriorly and 
nasal axons anteriorly [ 113 ]. EphA5 knockouts also have altered 
aggressive behavior [ 190 ] 

   a Ensembl (  http://www.ensembl.org    ) 
  b UniProt (  http://www.uniprot.org    ) 

      Receptor at a glance: EphA6   

 Chromosome location  Human:   chromosome 3: 96,533,425–97,471,304    ; forward strand 
 Mouse:   chromosome 16: 59,653,309–60,605,357    ; reverse strand a  

 Gene size (bp)  Human: 937,880. Mouse: 952,049 a  
 Intron/exon numbers  18 exons a  
 mRNA size (5′, ORF, 3′)  Human: mRNA—3,971; 5′ UTR—38; ORF—3,393; 3′ UTR—540 

 Mouse: mRNA—3,643; ORF—3,108; 3′ UTR—535 a  
 Amino acid number  Human: 1035. Mouse: 1035 b  
 kDa  Human: 116. Mouse: 116 b  
 Posttranslational 
modifi cations 

 Tyrosine phosphorylation c , N-glycosylation b  

 Domains  N-terminal ligand-binding domain (LBD), cysteine-rich region, two 
fi bronectin type III domains (FN1 and FN2), single transmembrane 
helix, juxtamembrane region, tyrosine kinase domain, sterile-α 
motif (SAM) domain, PDZ-binding motif 

 Ligands  EphrinA1, −A2, −A3, −A4, −A5 
 Known dimerizing 
partners 

 EphA6 

 Pathways regulated  No signaling pathways known 
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 Tissues expressed  During mouse development EphA6 is expressed in the accessory 
olfactory bulb (AOB), the site of axonal projections from the 
vomeronasal organ sensory neurons [ 139 ], and in retinal ganglion 
cells [ 107 ]. In adult mice, EphA6 is expressed predominantly in 
neurons in various neuronal populations [ 345 ] 

 Human diseases 
 Knockout Mouse 
phenotype 

 Behavioral defi cits specifi cally in tests of learning and memory 
[ 189 ] 

   a Ensembl (  http://www.ensembl.org    ) 
  b UniProt (  http://www.uniprot.org    ) 
  c Phosphosite (  http://www.phosphosite.org    ) 

      Receptor at a glance: EphA7   

 Chromosome 
location 

 Human:   chromosome 6: 93,949,738–94,129,265    ; reverse strand 
 Mouse:   chromosome 4: 28,740,281–28,894,649    ; forward strand a  

 Gene size (bp)  Human: 179,507. Mouse: 154,369 a  
 Intron/exon numbers  17 exons a  
 mRNA size (5′, 
ORF, 3′) 

 Human full-length isoform: mRNA—6,588; 5′ UTR—185, 
ORF—2,997; 3′ UTR—3406 
 Mouse full-length isoform: mRNA, 6,746; 5′ UTR—253; ORF—2,997; 
3′ UTR—3,496 a  

 Amino acid number  Human: full-length isoform—998; truncated isoform—450 
 Mouse: full-length isoform—998; truncated isoforms—610 and 626 b  

 kDa  Human: full-length isoform—112; truncated isoform—51. Mouse: 
full-length isoform—112; truncated isoforms—68 and 70 b  

 Posttranslational 
modifi cations 

 Tyrosine phosphorylation, N-glycosylation b  

 Domains  Full-length isoform: N-terminal ligand-binding domain (LBD), 
cysteine-rich region, two fi bronectin type III domains (FN1 and FN2), 
single transmembrane helix, juxtamembrane region, tyrosine kinase 
domain, sterile-α motif (SAM) domain, PDZ-binding motif. The 
truncated transmembrane mouse isoforms lack the kinase domain as 
well as the SAM domain and PDZ-binding motif. The secreted human 
isoform lacks the FN2 and all following domains 

 Ligands  EphrinA1, −A2, −A3, −A4, −A5 
 Known dimerizing 
partners 

 EphA7; EphA2 (shown for the secreted isoform of human EphA7) [ 287 ] 

 Pathways regulated  Activates caspase 3-dependent apoptosis; activates ERK 
 Tissues expressed  Widely expressed in the embryo. In adult, expression restricted to 

hippocampus, testis, and spleen. EphA7 truncated isoform is expressed 
in lymphoma and lung cancer 

 Human Diseases 
 Knockout Mouse 
phenotype 

 Most of the mutants are viable and fertile and show no gross 
abnormalities. Retinotectal mapping defects were observed, with nasal 
axons forming ectopic termination zones in the anterior SC [ 120 ]. 
Cortical size is increased due to reduced apoptosis of progenitor cells, 
and 10 percent of the embryos display exencephalic overgrowth of 
forebrain tissues [ 52 ]. Some homozygous mutants display anencephaly, 
possibly due to defects of neural tube closure [ 41 ]. Mutants also exhibit 
increased proliferation of neural progenitor cells in the lateral ventricle 
wall of the adult brain [ 244 ] 

   a Ensembl (  http://www.ensembl.org    ) 
  b UniProt (  http://www.uniprot.org    ) 
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      Receptor at a glance: EphA8   

 Chromosome location  Human:   Chromosome 1: 22,890,057–22,930,087     forward strand 
 Mouse:   Chromosome 4: 136,485,334–136,512,731     reverse strand a  

 Gene size (bp)  Human: 40,031. Mouse: 27,398 a  
 Intron/exon numbers  17 exons a  
 mRNA size (5′, ORF, 3′)  Human: mRNA—4,943; 5′ UTR—72; ORF—3,018; 3′ UTR—1,853 

 Mouse: mRNA—4,713; 5′ UTR—69; ORF −3,015; 3′ UTR—1,629 a  
 Amino acid number  Human: 1,005. Mouse: 1,004 b  
 kDa  Human: 111. Mouse: 111 b  
 Posttranslational 
modifi cations 

 Tyrosine phosphorylation, N-glycosylation, ubiquitination b  

 Domains  N-terminal ligand-binding domain (LBD), cysteine-rich region, two 
fi bronectin type III domains (FN1 and FN2), single transmembrane 
helix, juxtamembrane region, tyrosine kinase domain, sterile-α motif 
(SAM) domain, PDZ-binding motif 

 Ligands  EphrinA2, −A3, −A5 
 Known dimerizing 
partners 

 EphA8 

 Pathways regulated  Activates MAPK, Rac, p100γ PI3-kinase, and integrin pathways 
 Tissues expressed  Specifi cally expressed in the central nervous system. First detected at 

E10.5 with high levels near the midline region of the tectum and to a 
lower extent in discrete regions of hindbrain, in the dorsal horn of 
the spinal cord, and in the naso-lacrimal groove. The expression 
decreases at E12.5 and is barely detectable at E17.5. Not detected at 
postnatal stages 

 Human Diseases 
 Knockout Mouse 
phenotype 

 Mice are viable and fertile, and mostly normal, but exhibit a defect 
in midline guidance of commissural fi bers connecting the superior 
colliculus with the contralateral inferior colliculus, which misproject 
into the ipsilateral spinal cord [ 77 ] 

   a Ensembl (  http://www.ensembl.org    ) 
  b UniProt (  http://www.uniprot.org    ) 

      Receptor at a glance: EphA10   

 Chromosome location  Human:   chromosome 1: 38,179,552–38,230,805    ; reverse strand 
 Mouse:   chromosome 4: 124,558,143–124,595,044    ; forward strand a  

 Gene size (bp)  Human: 51,254. Mouse: 36,902 a  
 Intron/exon numbers  17 exons a  
 mRNA size (5′, ORF, 3′)  Human: mRNA—5,425; 5′ UTR—no information; ORF—3,027; 3′ 

UTR—2,398 
 Mouse: no information a  

 Amino acid number  Human: 1,008. Mouse: 1,007 b  
 kDa  Human: 110 b . Mouse: 109 b  
 Posttranslational 
modifi cations 

 N-glycosylation b  

 Domains  N-terminal ligand-binding domain (LBD), cysteine-rich region, two 
fi bronectin type III domains (FN1 and FN2), single transmembrane 
helix, juxtamembrane region, tyrosine kinase domain, sterile-α 
motif (SAM) domain (lacking in one isoform), PDZ-binding motif 

 Ligands  EphrinA1, −A2, −A3, −A4, −A5 
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 Known dimerizing 
partners 

 No information 

 Pathways regulated  No information 
 Tissues expressed  Testis 
 Human Diseases  No information 
 Knockout Mouse 
phenotype 

 No information 

   a Ensembl (  http://www.ensembl.org    ) 
  b UniProt (  http://www.uniprot.org    ) 

      Receptor at a glance: EphB1   

 Chromosome location  Human:   chromosome 3: 134,514,104–134,979,309    ; forward strand 
 Mouse:   chromosome 9: 101,824,458–102,257,023    ; reverse strand a  

 Gene size (bp)  Human: 465,206. Mouse: 432,566 a  
 Intron/exon numbers  16 exons a  
 mRNA size (5′, ORF, 3′)  Human: mRNA—4,672; 5′UTR—370; ORF—2,955; 

3′UTR—1,347 
 Mouse: mRNA—4,667; 5′UTR—354; ORF—2,955; 
3′UTR—1358 a  

 Amino acid number  Human: 984. Mouse: 984 b  
 kDa  Human: 110 Mouse: 110 b  
 Posttranslational 
modifi cations 

 Phosphorylation, N-glycosylation, ubiquitination b  

 Domains  N-terminal ligand-binding domain (LBD), cysteine-rich region, two 
fi bronectin type III domains (FN1 and FN2), single transmembrane 
helix, juxtamembrane region, tyrosine kinase domain, sterile-α 
motif (SAM) domain, PDZ-binding motif 

 Ligands  EphrinB1, −B2, −B3 
 Known dimerizing 
partners 

 EphB1, EphB6 [ 373 ] 

 Pathways regulated  MAPK/ERK, c-Jun, α v β 3  and α 5 β 1  integrin 
 Tissues expressed  Preferentially expressed in the brain 
 Human diseases  Implemented in different cancers 
 Knockout Mouse 
phenotype 

 Reduction of the ipsilateral retinotectal projection [ 130 ]. Reduced 
neural progenitors in the hippocampus [ 248 ]. EphB1; EphB2; 
EphB3-triple knockout display reduced spine density in the 
hippocampus [ 169 ] 

   a Ensembl (  http://www.ensembl.org    ) 
  b UniProt (  http://www.uniprot.org    ) 

      Receptor at a glance: EphB2   

 Chromosome location  Human:   chromosome 1: 23,037,458–23,241,818    ; forward strand 
 Mouse:   chromosome 4: 136,203,454–136,391,903    ; reverse strand a  

 Gene size (bp)  Human: 204,361. Mouse: 188,450 a  
 Intron/exon numbers  Human: 17 exons. Mouse: 16 exons a  
 mRNA size 
(5′, ORF, 3′) 

 Human: mRNA—4,641; 5′ UTR—18; ORF—3,168; 3′ UTR—1,455 
 Mouse: mRNA—4,804; 5′ UTR—126; ORF—2,964; 3′UTR—1,714 a  

 Amino acid number  Human: 1,055. Mouse: 994 b  
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 kDa  Human: 117, Mouse: 111 b  
 Posttranslational 
modifi cations 

 Tyrosine phosphorylation, possibly serine/threonine phosphorylation c , 
N-glycosylation b  

 Domains  N-terminal ligand-binding domain (LBD), cysteine-rich region, two 
fi bronectin type III domains (FN1 and FN2), single transmembrane 
helix, juxtamembrane region, tyrosine kinase domain, sterile-α motif 
(SAM) domain, PDZ-binding motif 

 Ligands  ephrinB1, −B2, −B3, −A5, Reelin 
 Known dimerizing 
partners 

 EphB2, EphA3[ 325 ] 

 Pathways regulated  p110-PI3K, Rap1, RhoA, Rac1, Cdc42, Erk, ROCK-LIMK1-cofi lin 
 Tissues expressed  Endothelial cells in the vascular system, epithelium of intestinal 

colonic crypt, thymus. Nervous system: ventral midbrain, 
diencephalon, developing hindbrain, amygdala, cerebellum, 
subventricular zone walls, retinotectal system, motor neurons. Neural 
crest cells, inner ear epithelium, skeletal muscles 

 Human Diseases  Colorectal cancer, breast cancer, Alzheimer’s Disease, anxiety 
 Knockout Mouse 
phenotype 

 Defects in ventral midbrain development [ 405 ], axon guidance errors 
at the midline [ 71 ], defective development of corpus callosum, cleft 
palate [ 73 ], defects in synaptic functions in the hippocampus, LTP 
and LTD impairment [ 168 ], defective dendritic spine morphogenesis 
[ 169 ], vascular defects [ 144 ], defective inner ear morphogenesis and 
circling behavior [ 135 ], defects in the morphology of the pancreas, 
urorectal development [ 158 ], thymus development [ 406 ], disorganized 
cell sorting in the intestinal epithelium [ 26 ], plasticity of adult stem 
cells [ 250 ], increased proliferation of stem cells in the SVZ [ 245 ] 

   a Ensembl (  http://www.ensembl.org    ) 
  b UniProt (  http://www.uniprot.org    ) 
  c Phosphosite (  http://www.phosphosite.org    ) 

      Receptor at a glance: EphB3   

 Chromosome location  Human:   chromosome 3: 184,279,572–184,300,197    ; forward strand 
 Mouse:   chromosome 16: 21,204,828–21,223,377    ; forward strand a  

 Gene size (bp)  Human: 20,626. Mouse: 18,550 a  
 Intron/exon numbers  16 exons a  
 mRNA size (5′, ORF, 3′)  Human: mRNA—4,236; 5′ UTR—452; ORF—2997; 3′ UTR—787 

 Mouse: mRNA—4,185; 5′ UTR—415; ORF—2,982; 3′ UTR—788 a  
 Amino acid number  Human: 998. Mouse: 993 b  
 kDa  Human: 110. Mouse: 110 b  
 Posttranslational 
modifi cations 

 Tyrosine phosphorylation, Serine/Threonine phosphorylation c , 
N-glycosylation b  

 Domains  N-terminal ligand-binding domain (LBD), cysteine-rich region, two 
fi bronectin type III domains (FN1 and FN2), single transmembrane 
helix, juxtamembrane region, tyrosine kinase domain, sterile-α motif 
(SAM) domain, PDZ-binding motif 

 Ligands  ephrinB1, −B2, −B3 
 Known dimerizing 
partners 

 EphB3, EphB2 
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 Pathways regulated  ADAM-10-E-cadherin, RhoA, Rac1/Cdc42, AF-6-Ras GTPase/
Disheveled-Daam1, Fyn/Src-Crk-rasGAP-Ras GTPase, p53-cell 
proliferation, Akt-cell survival, PICK1-PKC-α-D-serine synthesis 

 Tissues expressed  Developing hindbrain and ventral midbrain [ 405 ], basal nuclei in the 
striatum, stem cells in the SVZ, retinal ganglion cells during 
development, Paneth cells and stem cells in the small and large 
intestine, pharynx, salivary glands, thymus, neural crest cells, inner 
ear efferent fi bers, developing skeletal elements, secondary palate, 
pancreatic epithelium, macrophages, vestibular epithelium 

 Human Diseases  Colorectal cancer, prostate cancer, ovarian cancer 
 Knockout Mouse 
phenotype 

 Midline guidance errors [ 74 ], proliferation defects of the adult stem 
cells in the SVZ [ 247 ], vascular defects[ 144 ], skeletal 
abnormalities[ 27 ], cell migration in the intestinal epithelium, cleft 
palate [ 416 ], defective pancreatic branching [ 159 ], disturbed 
morphogenesis and regeneration of the intestinal epithelium [ 26 , 
 228 ,  411 ], defective thymus development [ 406 ], affected 
development of the urogenital system [ 158 ] 

   a Ensembl (  http://www.ensembl.org    ) 
  b UniProt (  http://www.uniprot.org    ) 
  c Phosphosite (  http://www.phosphosite.org    ) 

      Receptor at a glance: EphB4   

 Chromosome location  Human:   chromosome 7: 100,400,187–100,425,121    ; reverse strand 
 Mouse:   chromosome 5: 137,791,337–137,819,897    ; forward strand a  

 Gene size (bp)  Human: 24,935. Mouse: 28,561 a  
 Intron/exon numbers  17 exons a  
 mRNA size (5′, ORF, 3′)  Human: mRNA—4,329; 5′ UTR—469; ORF—2,964; 3′ UTR—896 

 Mouse: mRNA—4,340; 5′ UTR—489; ORF—2,964; 3′ UTR—887 a  
 Amino acid number  Human: 987. Mouse: 987 b  
 kDa  Human: 108. Mouse: 109 b  
 Posttranslational 
 modifi cations 

 Tyrosine phosphorylation, N-glycosylation b  

 Domains  N-terminal ligand-binding domain (LBD), cysteine-rich region, two 
fi bronectin type III domains (FN1 and FN2), single transmembrane 
helix, juxtamembrane region, tyrosine kinase domain, sterile-α motif 
(SAM) domain, PDZ-binding motif 

 Ligands  All ephrinBs, but ephrinB2 is preferred 
 Known dimerizing 
partners 

 EphB4, EphB6 [ 258 ] 

 Pathways regulated  PI3K/Akt, Abl/Crk, RhoA, Cdc42, Rac1 
 Tissues expressed  Placenta, kidney, liver, lung, breast, pancreas, skeletal and heart 

muscle, lymph vessels, venous epithelium. Low levels in fetal brain, 
not expressed in adult brain 

 Human Diseases  Colorectal cancer, breast cancer 
 Knockout Mouse 
phenotype 

 Defects in angiogenesis, leading to embryonic lethality [ 141 ] 

   a Ensembl (  http://www.ensembl.org    ) 
  b UniProt (  http://www.uniprot.org    ) 
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      Receptor at a glance: EphB6   

 Chromosome location  Human:   chromosome 7: 142,552,792–142,568,847    ; forward strand 
 Mouse:   chromosome 6: 41,555,481–41,570,508    ; forward strand a  

 Gene size (bp)  Human: 16,056. Mouse: 15,028 a  
 Intron/exon numbers  Human: 20. Mouse: 18 a  
 mRNA size (5′, ORF, 3′)  Human: mRNA—4,043; 5′UTR—787; ORF—3,066; 3′UTR—190 

 Mouse: mRNA—3,762; 5′UTR—512; ORF—3,045; 3′UTR—205 a  
 Amino acid number  Human: 1,021. Mouse: 1,014 b  
 kDa  Human: 111. Mouse: 110 b  
 Posttranslational 
modifi cations 

 Tyrosine phosphorylation, N-glycosylation b  

 Domains  N-terminal ligand-binding domain (LBD), cysteine-rich region, two 
fi bronectin type III domains (FN1 and FN2), single transmembrane 
helix, juxtamembrane region, inactive tyrosine kinase domain, 
sterile-α motif (SAM) domain, PDZ-binding motif 

 Ligands  ephrinB1, −B2 
 Known dimerizing 
partners 

 EphB6, EphB1, EphB4 [ 258 ,  373 ] 

 Pathways regulated  Activates c-Cbl/Abl pathway, inhibits JNK pathway 
 Tissues expressed  Brain, noninvasive breast carcinoma cell lines, pancreas 
 Human Diseases  Non-small cell lung cancer 
 Knockout Mouse 
phenotype 

 Compromised T-cell function, including proliferation and secretion, 
and reduced severity of experimental autoimmune encephalitis 
(EAE) when stimulated by MOG 33–55  [ 219 ] 

   a Ensembl (  http://www.ensembl.org    ) 
  b UniProt (  http://www.uniprot.org    )    

    Notes 

 1. Ensembl (  http://www.ensembl.org    ) 
 2. UniProt (  http://www.uniprot.org    ) 
 3. Phosphosite (  http://www.phosphosite.org    )    
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  GRB2    Growth Factor Receptor-Bound Protein 2   
  HS    Heparan Sulphate   
  HSPG    Heparan Sulphate Proteoglycan   
  IGF    Insulin-like Growth Factor   
  INFS    Integrative Nuclear FGFR1 Signalling   
  IP 3     Inositol trisphosphate   
  JAK    Janus Kinase   
  KDR    Kinase Insert Domain Receptor   
  LADD    Lacrimo-Auriculo-Dento-Digital   
  LET-756    Lethal Protein 756   
  MAPK    Mitogen-Activated Protein Kinase   
  MEK    ERK Kinase   
  MMP    Metalloprotease   
  MPS    Myeloproliferative Syndrome   
  NBR1    Neighbor of BRCA1   
  NCAM    Neural Cell Adhesion Molecule   
  NLS    Nuclear Localisation Signal   
  PI3K    Phosphoinositide-3 Kinase   
  PIP 2     Phosphatidyl-inositol-4, 5-bisphosphate   
  PIP 3     Phosphatidyl-inositol (3, 4, 5)-trisphosphate   
  PKC    Protein Kinase C   
  PLCγ    Phospholipase C γ   
  PTB    Phosphotyrosine Binding   
  Rab5    Ras-Related Proteins in Brain 5   
  RAF    Rapidly Accelerated Fibrosarcoma   
  RAS    Rat Sarcoma   
  RhoG    Ras Homology Growth-Related   
  RTK    Receptor Tyrosine Kinase   
  S4    Syndecan 4   
  SEF    Similar Expression to FGF   
  SH2    Src Homology 2   
  SH3    SRC Homology 3   
  SNP    Single Nucelotide Polymorphism   
  SOS    Son of Sevenless   
  SPRED    Sprouty-Related Enabled/Vasodilator-stimulated Phosphoprotein 

Homology 1 Domain-Containing Protein   
  SPRY    Sprouty   
  STAT    Signal Transducer and Activator of Transcription   
  TGFβ    Transforming Growth Factor β   
  TM    Transmembrane   
  VEGFR    Vascular Endothelial Growth Factor Receptor   
  XFLRT3    Xenopus Fibronectin Leucine-Rich Transmembrane Protein 3   
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6.1           Introduction 

 Fibroblast growth factors (FGFs) exert their cellular effects by interacting with 
FGF receptors (FGFRs) in a complex with heparan sulphate (HS) [ 1 ]. FGFRs, a class 
of receptor tyrosine kinase (RTK), dimerise and undergo transphosphorylation of 
the kinase domain upon ligand binding [ 2 ], leading to the recruitment of adapter 
proteins and initiating downstream signalling. 

 The extended FGF family is composed of 22 members, varying in size from 17 to 
34 kDa. All members share a conserved 120 amino acid sequence and show 16–65 % 
sequence homology [ 3 ]. However, only eighteen FGFs signal via FGFR interactions 
(FGF1–10 and 16–23), while FGF11–14, which lack a signal peptide, act in an 
intracellular manner. Thus, many consider the FGF family to comprise only 18 
members. Furthermore, although they are numbered from 1 to 23, FGF15 is the 
mouse ortholog of human FGF19. Each ligand binds to FGFRs with varying speci-
fi city; some are promiscuous, for example FGF1, and bind to multiple receptors, 
while others, like FGF7, bind only to one receptor isoform [ 4 ] (Fig.  6.1 ).  

  Fig. 6.1    FGFR isoform ligand specifi city. Each receptor isoform has varying affi nities for the 
FGF family of ligands. This variation is dictated by alternative splicing of the receptor. Binding 
affi nities taken from [ 4 ,  5 ]       
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 There are seven signalling receptors, encoded by four  FGFR  genes,  FGFR1–4  
[ 6 ]. FGFRs 1–3 have highly conserved intron/exon boundaries [ 4 ] (Fig.  6.2 ).  

 Alternative splicing of exons 8 and 9, encoding IgIII of FGFR1–3, results in trans-
lation of two distinct isoforms capable of signal transduction. These isoforms are 
termed IIIb and IIIc, depending on which exons are spliced out (Fig.  6.3 ). This third 
Ig loop encodes the ligand binding domain; alternative splicing of this region is 
responsible for ligand binding specifi city (Fig.  6.1 ). A third isoform exists for FGFR1 
and 2, termed IIIa. This variant results in a truncated, secreted protein, which is 
unable to transduce a signal and may have an autoinhibitory role in FGF signalling, 
possibly by sequestering ligands [ 8 ]. FGFR4 is distinct in that it has only one 
isoform, homologous to the IIIc variant of FGFR1–3 [ 9 ].  

 Receptor expression is generally cell type specifi c, for example IIIb and IIIc iso-
forms of FGFR1 and 2 are expressed in epithelial and mesenchymal cells, respectively 
[ 10 ,  11 ]. However, as shall be discussed later, this cell type specifi city can change 
when FGFRs are associated with diseases such as cancer.  

  Fig. 6.2    Schematic representation of FGFR1–4. FGFR1–4 contain a variety of defi ned structural 
domains, some of which are highly conserved across the receptors and their individual isoforms. 
The receptors are encoded by genes found on chromosomes 8, 10, 4 and 5, respectively. Three 
isoforms, termed a, b and c, exist for FGFR1 and 2; only isoforms b and c function in a signalling 
capacity. FGFR3 has two isoforms, b and c, while only one isoform of FGFR4 exists. These iso-
forms are generated through alternative splicing. Only one isoform of each receptor is shown. 
Amino acid residue numbers are indicated at the top of each panel, including a 21–22 amino acid 
signal sequence (UniProt accession: P11362, P21802, P22607, P22455, respectively)       
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6.2     FGF:FGFR:HS Complex 

 Heparin, used in vitro as the model heparan sulphate (HS), is a member of the HS 
family of proteoglycans (HSPGs) and has been used to establish the necessity of HS 
binding in FGF:FGFR:HS complex formation [ 12 ]. This acidic molecule resembles 
the highly sulphated saccharide chains of HS [ 13 ]. Upon binding to FGFs/FGFRs, 
HS saccharide chains induce a conformational change. The length of the saccharide 
chain is important in FGF–FGFR interactions. Ornitz and colleagues reported inter-
action of a dodecasaccharide with both high- and low-affi nity heparin-binding sites 
of ligands and showed that octasaccharides, thought to be the smallest saccharides 
with biological activity in FGF–FGFR interactions, could only engage the low- 
affi nity binding sites of the ligand [ 14 ]. However, others have postulated that smaller 
chains, including hexasaccharides and disaccharides, may have biological activity 
[ 13 ,  15 ]. The heparin-binding residues found in the IgII loop of FGFRs (Fig.  6.2 ) 

  Fig. 6.3    FGFR structure, control of ligand specifi city and receptor autoinhibition via alternative 
splicing. Each receptor monomer is comprised of an extracellular domain including three Ig loops, 
IgI, IgII and IgIII (also referred to as D1, D2 and D3, respectively), an acid box in the IgI–IgII 
linker region (represented by a  white box ), a transmembrane domain and an intracellular split 
kinase domain. Disulphide bonds are present in each Ig loop. IgI and the acid box are involved in 
autoinhibition of the receptor, while IgII and IgIII are involved in ligand binding. The HS-binding 
site lies in IgII, indicated in  green . Ligand binding specifi city is generated by alternative splicing 
of the IgIII domain. The fi rst half of IgIII is encoded by an invariant exon (IIIa), which is spliced 
to either exon IIIb or IIIc (represented in blue and red, respectively), both of which splice to the 
exon that encodes the transmembrane domain (TM) region. Epithelial tissues predominantly 
express the IIIb isoform and mesenchymal tissues express IIIc. FGFR4 is expressed as a single 
isoform that is paralogous to FGFR-IIIc. An additional alternative splicing event can occur leading 
to the deletion of exons coding for IgI and/or the acid box/linker region. This leads to loss of receptor 
autoinhibition [ 7 ]       

 

6 The FGFR Receptor Family



270

are highly conserved [ 16 ], while heparin-binding residues of FGFs are diverse. 
Because of this, different FGFs require various HS sulphation patterns and/or length 
of chains for their optimum activity. Variability of HS sulphation patterns and length 
across cell types has an effect on FGF–FGFR interactions and may be a mediator of 
the biological activity of FGFRs [ 13 – 15 ,  17 ]. 

 Another highly sulphated glycosaminoglycan (GAG), chondroitin sulphate (CS), 
is also able to interact with FGFs and FGFRs to promote complex formation. Studies 
have shown that insuffi cient synthesis of GAGs, which are assembled in the Golgi, 
impairs FGF/FGFR signalling capabilities [ 18 ]. The sulphation pattern and chain 
length of GAGs is so variable that there may be tissue- and even cell-specifi c GAG 
chains with varying specifi cities for ligands and receptors [ 19 ]. The difference in these 
chains may be of particular importance in the regulation of FGF/FGFR signalling. 
Work by a number of groups has also shown that variations in GAG sequences 
capable of interacting with FGFs and FGFRs can both inhibit or facilitate FGF sig-
nalling [ 17 ,  20 – 23 ]. 

 A widely accepted model of FGFR interactions [ 16 ] proposed a complex of 
FGF:FGFR:HS in a 2:2:2 ratio (Fig.  6.4a ). Two independent FGF:FGFR:HS ternary 
complexes are formed in a 1:1:1 ratio via HS binding to both receptor and ligand. 

  Fig. 6.4    Alternative FGF:FGFR:HS models. The basic structure of the FGF:FGFR complex com-
prises two receptor molecules and two ligands. Two models are presented which differ in the 
number of heparan sulphate proteoglycans (HSPGs) they contain. Dimerisation occurs upon ligand 
binding, leading to autophosphorylation of the kinase domain and subsequent downstream signal-
ling. ( a ) FGF:FGFR:HS 2:2:2 model. First presented by Schlessinger et al. [ 16 ], and taken to be 
the most biologically relevant, this model proposes a symmetrical dimer utilising two HSPGs 
which bind ligands, bringing them into close proximity with the receptor, facilitating dimerisation. 
The HS chains also bind to the heparan-binding site of the IgII loop of the receptor to form a com-
plete, active molecule capable of autophosphorylation and subsequent phosphorylation of signal-
ling molecules. ( b ) FGF:FGFR:HS 2:2:1 model. Proposed by Pellegrini et al. [ 24 ], this dimer is 
formed using only one HSPG which binds both ligands necessary for each receptor monomer. 
Dimerisation occurs with the HS chain binding to both ligands and receptors, leading to signalling 
cascade activation       

 

A.E. Fearon et al.



271

They bind via receptor interactions, as well as interactions between the ligand in one 
complex and the receptor in another, thus forming a stable, symmetrical dimer. 
Direct ligand–ligand interactions are not observed. This FGF-FGFR complex can 
only be formed in the presence of HS. In summary, stabilisation of the dimer is 
through the following interactions: receptor–ligand, receptor–HS, ligand–HS and 
receptor–receptor.  

 A second model [ 24 ] proposed FGF:FGFR:HS complex formation in a 2:2:1 
ratio (Fig.  6.4b ). Crystal structure analysis of FGFR2–FGF1 interactions showed a 
central heparin molecule linking two ligands and two receptor molecules. In this 
model, each ligand binds to a receptor monomer with heparin interacting with both 
ligands but only one receptor molecule. Two 1:1 FGF:FGFR complexes are joined 
to form a dimer via interactions with one HS chain.  

6.3     Signalling Pathways 

 Upon dimerisation, reciprocal phosphorylation of the tyrosine kinase domains of 
the receptors occurs. These phosphorylated receptors are then able to act as docking 
sites for intracellular proteins, leading to activation of signalling cascades (Fig.  6.5 ) 
[ 25 – 27 ]. This autophosphorylation occurs in a specifi c order; ‘fi rst-phase’ phos-
phorylation increases the catalytic activity of the kinase after ligand binding, while 
‘second-phase’ phosphorylation creates phosphotyrosine-binding sites for docking 
molecules containing Src homology-2 (SH2) and phosphotyrosine-binding (PTB) 
domains [ 25 ,  28 ]. From this, four signalling pathways can be activated: MAP Kinase 
(MAPK), PI3K/AKT, PLCγ and STAT [ 25 ]. The key difference between FGFRs 
in signalling is the strength of their tyrosine kinase activity; their target proteins are 
the same [ 29 ].  

 The lipid-anchored adapter protein FRS2 plays an integral role in the MAPK and 
PI3K/AKT pathways. FRS2α binds to the receptor via its PTB domain [ 30 ,  31 ] and 
undergoes phosphorylation. GRB2, another adapter molecule, is then recruited to 
FRS2α. From this point, two FGF-induced signalling pathways can be activated: 

6.3.1     Phosphoinositide-3 Kinase 

 GRB2/FRS2α binds to and phosphorylates GAB1 via the SH3 domain of GRB2 [ 32 ]. 
This FRS2α/GRB2/GAB1 complex recruits PI3K via the SH2 domain of its p85 
subunit. Activated PI3K produces phosphatidyl-inositol (3, 4, 5)-trisphosphate (PIP3), 
resulting in activation of the AKT pathway. Anti-apoptotic signalling, as well as cell 
growth and proliferation, is then initiated [ 32 ].  

6 The FGFR Receptor Family



272

6.3.2     Mitogen-Activated Protein Kinase 

 Activation of the mitogen-activated protein kinase (MAPK) pathway results in 
mitogenic activity and cell survival [ 33 ]. The MAPK pathway is initiated by RAS 
binding to the FGFR/FRS2α/GRB2/SOS complex. RAS then recruits and phos-
phorylates RAF, leading to phosphorylation of MEK (MAPK/ERK kinase) and sub-
sequent phosphorylation and activation of MAPK [ 33 ]. MAPK, also known as 
Extracellular Signal-Regulated Kinase (ERK), is then able to activate transcription 
factors in the nucleus, for example c-MYC, and infl uence the cell cycle. 

 The PLCγ and STAT pathways are mediated through other mechanisms.  

  Fig. 6.5    FGF:FGFR-induced downstream signalling. Ligand-receptor binding induces four signal-
ling cascades: MAPK, PI3K/AKT, PLCγ and STAT. These pathways comprise a series of phosphory-
lation events, culminating in the regulation of target genes, which dictate cellular processes, for 
example proliferation and migration       

 

A.E. Fearon et al.



273

6.3.3     Phospholipase C γ 

 Autophosphorylation of FGFR residue Tyr766 in FGFR1 creates a specifi c binding 
site for the SH2 domain of phospholipase Cγ (PLCγ), leading to tyrosine phos-
phorylation of PLCγ [ 34 ]. Recruitment of PLCγ is aided by PIP 3 , generated in 
response to PI3K stimulation [ 35 ]. Activation of PLCγ leads to cleavage of phos-
photidyl-inositol- 4, 5-bisphosphate (PIP 2 ) into the second messengers inositol tri-
sphosphate (IP 3 ) and diacylglycerol (DAG) [ 36 ]. IP 3  then releases calcium stores 
from the endoplasmic reticulum (ER) [ 37 ]. Calcium ions, along with DAG, then 
activate protein kinase C (PKC). PKC is then able to phosphorylate RAF and acti-
vate the MAPK pathway.  

6.3.4     Signal Transducer and Activator of Transcription 

 The STAT family of cytoplasmic transcription factors can be activated by non- 
receptor tyrosine kinases, the Janus Kinases (JAK), leading to cell proliferation, 
differentiation or apoptosis [ 38 ]. Upon FGFR dimerisation and autophosphoryla-
tion, JAKs are phosphorylated by the receptor, forming a FGFR/JAK complex. 
This acts as a docking site for STATs, which are in turn tyrosine phosphorylated in 
their SH2 domain [ 39 ]. STAT dimers form and translocate to the nucleus, where 
they bind to gamma-activated site (GAS) enhancers to activate or repress gene 
transcription [ 39 ].   

6.4     Regulation of FGF Signalling 

 Regulation of FGF signalling is critical to ensure a balanced response to receptor 
stimulation. This occurs largely through four mechanisms: 

6.4.1     Receptor Internalisation 

 CBL, a multidomain protein that possesses an intrinsic ubiquitin ligase activity 
[ 40 ], binds to the FRS2α/GRB2 complex via the SH3 domain of GRB2 and the 
proline-rich region of CBL. Recruitment of CBL to FRS2α leads to ubiquitina-
tion of both FGFR and FRS2α and therefore attenuation of FGFR-mediated 
signalling.  
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6.4.2     Receptor Cleavage 

 Numerous growth factor receptors undergo ectodomain shedding, a process known 
to downregulate signalling. Ectodomain shedding, or S1 cleavage, is a process of 
proteolytic cleavage either within or near the membrane by members of the metal-
loprotease (MMP) and A Disintegrin And Metalloproteinase (ADAM) family [ 41 ]. 
Induction of this cleavage occurs in response to receptor activation [ 42 ]. Cleavage 
within the transmembrane domain by γ-secretase, known as S2 cleavage, often fol-
lows. Together, these cleavage events are known as Regulated Intramembrane 
Proteolysis [ 43 ]. 

 FGFR1 is cleaved by MMP2 [ 44 ], and FGFR2 can be targeted by ADAM9 or 15 
[ 45 ,  46 ]. Cleavage of both receptors leads to attenuation of signalling via two main 
mechanisms: downregulation of the number of active receptors at the cell surface and 
generation of a soluble extracellular domain able to compete with membrane- bound 
receptors for ligand binding [ 47 ]. Interestingly, FGFR1 also can be cleaved intracel-
lularly by the serine protease Granzyme B. Although this was reported initially as a 
means of cytotoxic T lymphocytes inducing target cell apoptosis [ 48 ], the process is 
hijacked in cancer cells to allow nuclear traffi cking of the C-terminus of the receptor, 
which acts to regulate transcription of a pro-migratory gene signature [ 49 ]. 

 FGFR3 is unique in that the S1 cleavage occurs in an endosomal compartment, 
where it is cleaved by an as yet unknown protease, rather than involving a member 
of the ADAM family [ 41 ]. S2 cleavage via γ-secretase then occurs, generating a 
soluble intracellular domain capable of traffi cking to the nucleus. Here, the nuclear 
FGFR3 fragment may be responsible for novel interactions in addition to the well- 
established downstream signalling pathways of receptor activation.  

6.4.3     Induction of Negative Regulators 

 The fi rst identifi ed negative regulator of FGFRs was sprouty (SPRY) [ 50 ], one of 
a family of four proteins. SPRYs are thought to act through one of two mecha-
nisms. Firstly, they may interact with GRB2, interrupting the FRS2α/GRB2 com-
plex and therefore decreasing signal transduction [ 51 ]. Alternatively, SPRY–RAF 
interactions may occur, preventing RAF phosphorylation and therefore inhibiting 
MAPK signalling [ 52 ]. 

 MAPK signalling can also be inhibited by Sprouty-related Enabled/vasodilator- 
stimulated phosphoprotein Homology 1 Domain-containing proteins (SPRED1 and 2) 
[ 53 ]. SPRED proteins prevent RAF activation of MEK by forming a complex 
between RAS and RAF. Co-localisation of SPRED2 with the protein Neighbor of 
BRCA1 (NBR1) results in sequestration of FGFR and lysosomal degradation [ 54 ]. 

 Similar Expression to FGF (SEF) proteins also negatively regulate FGF signal-
ling via a number of mechanisms: targeted inhibition at or downstream of MEK 
[ 55 ]; inhibition of RAS activation, which also inhibits the PI3K pathway [ 56 ]; 
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direct interaction with FGFR and subsequent inhibition of FGFR and FRS2α 
phosphorylation [ 56 – 58 ]; and blockage of ERK/MEK dissociation, where SEF acts 
as a spatial regulator of phospho-ERK migration to the nucleus [ 59 ]. 

 Another mechanism of negative regulation is via direct phosphorylation of 
MAPK pathway proteins. For example, SOS and RAF are substrates of MAPK. 
Phosphorylation of SOS by MAPK disrupts interactions between SOS and GRB2. 
This decreases recruitment of SOS to the membrane and results in diminished RAS 
activation [ 60 ]. MAPK also phosphorylates RAF, reducing RAF kinase activity and 
therefore decreasing MEK and MAPK phosphorylation [ 61 ]. Induction of the 
MAPK pathway can also lead to attenuation of the PI3K/AKT pathway. Activation 
of MAPK leads to GAB1 phosphorylation. This decreases PI3K recruitment to 
GAB1, in turn reducing AKT pathway activation [ 62 ]. 

 Alternative internal control mechanisms of FGF signalling exist, including auto-
inhibition of the receptor [ 16 ,  63 ,  64 ]. The FGFRs exist in ‘closed’ and ‘open’ 
conformation equilibrium [ 7 ]. The fi rst Ig loop (IgI) and the IgI/IgII linker region 
containing the acid box, a glutamate, aspartate and serine-rich sequence [ 6 ], are 
responsible for formation of the ‘closed’, autoinhibited state. Spectroscopic investi-
gations have shown the acid box engages in electrostatic interactions with the 
HS-binding site of the IgII loop, inhibiting receptor–HS interactions and, therefore, 
receptor activation. This then encourages intramolecular interactions between IgI 
and the ligand-binding sites of the IgII and IgIII loops, further aiding the acquisition 
of a closed conformation [ 65 ]. Alternative splicing of exons encoding the IgI and/or 
acid box region leads to enhanced affi nity of the receptor for its ligand and HS, 
increasing downstream signalling [ 65 ]. Loss of this region has been implicated in 
cancer [ 66 ,  67 ]. This mechanism of autoinhibition supports FGF binding specifi city 
of receptors as only specifi c ligands with high affi nity for the receptors will over-
come the inhibition and bind to the receptor.  

6.4.4     Klotho Interactions 

 FGFRs can also interact with klotho family proteins. These senescence-related, sin-
gle-pass transmembrane proteins function as FGF19 subfamily signalling cofactors. 
FGFs are split into seven subfamilies, with the FGF19 subfamily comprising FGF19, 
21 and 23. These endocrine factors regulate metabolic processes [ 68 ]. The HS-binding 
sites of this subfamily differ greatly from other FGFs, reducing their affi nity for HS 
[ 69 ,  70 ]. Because of this, they require Klotho as a cofactor, to signal through FGFRs. 
Klotho expression is confi ned to a limited number of tissues [ 71 ]. It is able to bind 
FGFR1c independent of HS binding and convert it into a FGF23 receptor in the kid-
ney [ 72 ]. Mutations in klotho proteins or the FGF19 subfamily are associated with 
diseases including autosomal dominant hypophosphatemic rickets, premature ageing 
disorders and diabetes [ 73 ]. Klotho is able to actively compete with FGF2 for 
FGFR1c binding, therefore attenuating FGF2 signalling [ 72 ].   
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6.5     FGFRs in Development 

 The critical role played by FGFR signalling during embryogenesis is highlighted by 
its conservation throughout evolution, from invertebrates through to higher mammals. 
There are a number of reviews that provide exquisite detail on FGFR signalling in a 
wide range of model organisms, including  Caenorhabditis elegans  [ 74 ],  Drosophila 
melanogaster  [ 75 ] and vertebrates [ 76 – 78 ]. However, we highlight below some key 
fi ndings in the major model organisms. 

6.5.1      Caenorhabditis elegans  

  C. elegans  has just one FGFR, EGL-15, which was identifi ed in mutant screens as a 
result of its importance in the migration of hermaphrodite sex myoblasts [ 79 ]. The 
EGL-15 receptor is essential for sensing the chemoattractant FGF ligand EGL-17, 
expressed in the target gonad and vulva [ 80 ]. Another FGF ortholog, LET-756, which 
shows structural homology to the FGF-9 subfamily [ 81 ], is essential for larval viability 
[ 82 ]. Further elements of the downstream signalling pathway were elucidated with 
the identifi cation of a receptor tyrosine phosphatase, CLR-1 [ 83 ], and components of 
the MAPK cascade [ 84 ], which are key to FGF signalling in the worm, as they are in 
other model organisms. Interestingly, the FGF co-receptor Klotho has two functional 
orthologs in the worm, and these are essential in mediating the longevity and stress 
resistance effects of EGL-15/EGL-17 signalling [ 85 ]. Beyond the scope of this 
chapter, there are a number of non-canonical FGFR interactions in the worm that are 
the subject of an elegant review elsewhere [ 74 ].  

6.5.2      Drosophila melanogaster  

 The tracheal system in  Drosophila  has been a key system for the identifi cation of 
aspects of the FGF signalling pathway over the past 30 years. Breathless—one of two 
FGFRs in the fl y—regulates tracheal branching [ 86 ], acting in concert with its cognate 
FGF ligand, branchless [ 87 ], to activate downstream MAPK signalling [ 75 ]. Further 
genetic dissection of the branching process identifi ed Sprouty as a negative regulator of 
FGFR signalling [ 50 ] and described how the Notch pathway interacts with FGFR sig-
nalling in controlling cell fate [ 88 ], although orthologs of other negative regulators of 
the FGFR pathway, Sef and XFLRT3, are not present in invertebrates [ 89 ]. 

 A further FGFR ortholog, Heartless, was identifi ed by virtue of its pivotal role 
in mesoderm migration and subsequent specifi cation [ 90 ,  91 ], although its ligands, 
the FGF-8 orthologs Pyramus and Thisbe, were not identifi ed until much later [ 92 , 
 93 ]. Downstream of FGF signalling, a novel adapter, Dof, is critical for activating 
intracellular signalling [ 94 ], in much the same fashion that FRS2 acts in the verte-
brate pathway.  
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6.5.3     Zebrafi sh 

 FGF signalling is an important factor in patterning the zebrafi sh embryo, interacting 
with signalling by TGF-β superfamily members to regulate mesoderm induction [ 95 ]. 
FGF signalling acts as a posteriorising factor driving trunk and tail development during 
anterior–posterior patterning [ 96 ], regulating downstream T-box family transcription 
factors Notail and Spadetail [ 97 ], and also regulates dorso-ventral patterning [ 98 ]. 

 One of the main regulators of FGF signalling, SEF, was found fi rst in zebrafi sh 
[ 57 ,  99 ], and fundamental understanding of the roles for FGF-8 signalling in neural 
development has been identifi ed through the study of mutant zebrafi sh strains 
[ 100 – 102 ].  

6.5.4     Xenopus 

 The fi rst studies of FGF signalling in early development focused on its role as a com-
petence factor, using  Xenopus  as a model system and showing that cell fate in the 
developing embryo was regulated by FGFs [ 103 ,  104 ]. FGF signalling was shown to 
be essential for cells to respond to mesoderm inducing TGF-β superfamily members 
[ 105 ,  106 ], and components of the entire pathway, from FGFRs to HSPGs to signal 
transduction proteins, have all been studied in detail in the frog [ 76 ]. Defects caused 
when FGFR signalling is inhibited, by small molecule inhibition [ 107 ], morpholino 
knockdown [ 108 ,  109 ] or expression of dominant negative receptor [ 105 ,  110 ,  111 ], 
confi rm its fundamental importance in mesoderm induction, morphogenetic move-
ments, neural induction, neuronal determination and anterior–posterior patterning.  

6.5.5     Chick 

 The ability to manipulate and culture chick embryos has helped reveal several key 
roles for FGFR signalling, including elegant grafting studies showing the impor-
tance of FGFR activity in specifying and driving limb development [ 112 ,  113 ] and 
dynamic studies of presomitic mesoderm determination and subsequent somitogen-
esis [ 114 – 116 ]. Furthermore, FGFR signalling has been shown to act as a competence 
factor for neural induction [ 117 ,  118 ].  

6.5.6     Mouse 

 All of the FGFs and FGFRs have been targeted using genetically modifi ed mouse 
models, with approaches including germline deletion, conditional knockout and 
constitutive/inducible expression of either dominant negative or activating mutation 
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constructs. The phenotypes of FGF ligand knockout mice are summarised elsewhere 
[ 119 ]. Extensive studies have revealed key roles for FGFRs in development, homeo-
stasis and disease, and these are detailed in Table ‘FGFR1–4 at a glance’.   

6.6     FGFR1 

 FGFR1 is used as the model receptor in the majority of studies and many of the 
fi ndings are relevant to all FGFRs. 

 Syndecan 4 (S4), a transmembrane proteoglycan with extracellular HS chains, can 
regulate FGFR1 signalling, as well as signal independently as a growth factor recep-
tor, to initiate cell adhesion and migration [ 120 ]. Recent work has hypothesised S4 
could also be involved in FGFR1 traffi cking [ 121 ]. S4 has a PDZ-binding domain, 
which is capable of activating the small GTPase, RhoG. RhoG is kept in a complex 
with S4 in its inactive form. Upon FGF binding to FGFR1, aided by the HS chains of 
S4, a ligand–receptor–S4 complex is formed. Signalling pathways of the individual 
receptors are initiated, for example MAPK from FGFR1. Upon this complex forma-
tion, RhoG is released from S4 and is activated by guanine exchange factors (GEFs). 
This induces membrane ruffl ing, leading to macropinocytosis of the complete FGF–
FGFR–S4 complex. Traffi cking of the internalised complex is dependent on another 
small GTPase, Rab5. When Rab5 function is absent, the  vesicles cannot mature and 
become functional signalling endosomes. In this scenario, the MAPK pathway is not 
activated. However, when Rab5 activity is restored and localises to the macropino-
some containing the FGF-FGFR-S4 complex, maturation of the vesicle is facilitated 
and MAPK signalling is activated. When S4 is absent, RhoG activity is high, leading 
to increased macropinocytosis and therefore receptor internalisation. S4 controls the 
rate of FGF–FGFR–S4 complex macropinocytosis; overactive S4 and Rab5 can lead 
to inadequate attenuation of the MAPK signal leading to continuous downstream 
signalling effects, for example cell migration. Hence, a novel method of FGFR1 
MAPK signalling regulation via S4-medated traffi cking is proposed. 

 Nuclear localisation of both FGFs and FGFRs has been reported in a number of 
cell lines and tissues [ 122 ]. The mechanism of nuclear translocation of FGFR1 has 
recently been elucidated by Chioni & Grose. 

 Studies have also shown Importin β is involved in FGFR1 nuclear translocation 
[ 123 ]. It is proposed that this occurs via the Integrative Nuclear FGFR1 Signalling 
(INFS) pathway [ 124 ]. FGFR1 is released from the cytoplasmic membrane into the 
cytosol. As it does not contain a nuclear localisation signal (NLS), FGFR1 associates 
with Importin β, a carrier protein that does. FGFR1 can then be transported into 
the nucleus where it is able to infl uence expression of, for example, C-JUN.  

6.7     FGFR2 

 Developmental disorders are commonly associated with FGFR mutations, including 
Kallmann and Lacrimo-Auriculo-Dento-Digital (LADD) syndromes [ 125 ]. In skeletal 
disorders, for example, Crouzon, Pfi ffer and Jackson–Weiss syndromes, receptor 
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mutations tend to cluster in the linker region, connecting IgII and IgIII, and in both 
IgIII and the IgIII-transmembrane domain linker, functioning by either promoting 
receptor dimerisation or altering ligand–receptor specifi city. Mutations in two con-
served cysteine residues in IgIII of FGFR2 are commonly found in these skeletal 
disorders [ 33 ]. These cysteine residues usually function by linking to another cysteine 
in IgIII of the receptor via intramolecular bonds. Substitution of this amino acid with 
another creates an unpaired cysteine residue able to form an intermolecular disulphide 
bridge, leading to receptor dimerisation and therefore activation. 

 The craniosynostosis syndrome, Apert syndrome, depends on FGFR2 mutations. 
Gain-of-function changes in the highly conserved residues S252 and P253 of the IgII 
and IgIII linker of FGFR2 result in a change in ligand binding specifi city [ 126 ,  127 ]. 
These are the cause of the majority of Apert syndrome cases [ 128 ,  129 ]. This has been 
further shown in mouse models; S252W FGFR2c mutants showed activation of the c 
isoform of the receptor by mesenchymally expressed FGF7, while FGFR2b was 
activated by FGFs associated with epithelial expression [ 130 ]. It is also possible that 
S252W and P253R mutations lead to the modifi ed receptor remaining on the cell 
membrane for an extended period of time, rather than  undergoing rapid endocytosis 
into the lysosomes like its wild-type counterpart. Downstream signalling pathways 
are affected, leading to increased ERK phosphorylation and therefore increased cell 
proliferation and migration capabilities, as well as premature differentiation [ 131 ]. 

 Mouse modelling of Apert syndrome has shown that a soluble, truncated FGFR2 
isoform is upregulated and infl uences FGF1-FGFR2 binding. This glycosylated 
IIIa-TM isoform is generated by direct splicing of exon 7 (IIIa) to exon 10 (TM), 
generating a premature stop codon three amino acids into the TM exon [ 8 ]. This 
loss-of-function mutation can thus negatively regulate FGF signalling. 

 A number of cancers have been found to contain somatic mutations identical to 
germ line mutations in FGFRs associated with developmental disorders. For example, 
FGFR2 mutations commonly seen in Apert syndrome and Pfeiffer are frequently 
identifi ed in endometrial cancer [ 132 ], for example S252W and N550K, both of which 
result in receptor activation. The S252W mutation resides in the linker region between 
IgII and IgIII, the area responsible for providing key contacts with the ligand. This 
increases the binding affi nity of the receptor for a range of FGFs while also leading to 
violation of ligand specifi city of the receptor isoforms [ 133 ]. 

 Other FGFR2 mutations in endometrial cancer include S373C and Y376C, which 
result in gain of a cysteine residue, allowing formation of intermolecular disulphide 
bonds [ 134 ]. This leads to constitutive receptor dimerisation and therefore 
downstream signalling. Although these fi ndings were established using FGFR2c 
functional studies, it is known FGFR3 contains paralogous mutations.  

6.8     FGFR3 

 FGFR3 is mutated in a range of developmental and skeletal disorders and is the 
most frequently mutated FGFR in cancer, as noted by the extensive list in the 
Catalogue of Somatic Mutations in Cancer (COSMIC) database. Gain-of-function 
FGFR3 mutations are involved in the most severe form of dwarfi sm in humans, 
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thanatrophoric dysplasia types I and II [ 135 ,  136 ] and achondroplasia [ 137 ,  138 ]. 
Similar somatic mutations have been found in bladder and cervical cancer, amongst 
others, where they are believed to have a positive effect on proliferation and inhibit 
apoptosis [ 139 ]. 

 The FGFR3 germline mutation, A391E, is known to cause abnormal cranium 
growth and is responsible for Crouzon syndrome [ 140 ]. This mutation is also found 
in bladder cancer [ 141 ]. A391E leads to stabilisation of the transmembrane domain 
of the dimerised receptor independent of ligand binding [ 142 ] and is therefore 
responsible for ligand-independent receptor activation [ 143 ].  

6.9     FGFR4 

 FGFR4 has a diverse range of roles, from involvement in the vascular system to regulation 
of hepatic bile acid and lipid metabolism [ 144 ,  145 ]. Recently, a single nucleotide 
polymorphism (SNP) in FGFR4 has been identifi ed which is thought to have both posi-
tive and negative prognostic value in different diseases. This SNP (rs351855) results in 
a glycine-arginine change (G388R) in the transmembrane domain, leading to increased 
receptor stability and sustained receptor activation [ 146 ]. 

 FGFR4 is expressed at high levels in coronary artery disease (CAD). Investigation 
of the SNP status of CAD patients in a Chinese population study showed this SNP is 
low in CAD patients [ 145 ]. It is therefore thought that having this SNP may be benefi -
cial, acting as a protective factor against CAD development in Asian populations. This 
SNP is also associated with poor prognosis in prostate and breast cancer [ 146 ,  147 ].  

6.10     FGFRL1: The Fifth FGFR 

 A fi fth member of the FGFR family has been discovered, Fibroblast Growth Factor 
Receptor Like 1 (FGFRL1). This protein, which exists as a homodimer consisting of 
the three characteristic extracellular Ig-like domains, acid box between IgI and IgII 
and a transmembrane helix, differs from the classic receptors in that it has no intracel-
lular tyrosine kinase domain [ 148 – 150 ]. Instead, the intracellular portion of FGFRL1 
consists of only 100 residues including a histidine-rich sequence and a tandem 
tyrosine-based motif [ 148 ,  151 ,  152 ]. These two sequences function as signals for 
FGFRL1 traffi cking from the plasma membrane to endosomes and lysosomes. 
Deletion of these sequences resulted in ineffi cient FGFRL1 internalisation and 
prolonged time at the plasma membrane [ 151 ]. 

 Interactions with both FGFs and heparin have also been confi rmed through 
dissociation studies [ 148 ]. FGFRL1 binds strongly to FGF3, 4, 8, 10 and 22 [ 153 ] 
and the affi nity of FGF3 for FGFRL1 is at least one order of magnitude higher than 
the majority of FGFs for their receptors [ 151 ]. Affi nity of this magnitude between 
FGFs and their receptors is only seen in mutant receptors in, for example, Pfeiffer, 
Apert and Muenke craniosynostosis syndromes [ 154 ]. The gain-of-function P253R 
mutation in Apert syndrome exactly matches an arginine residue at position 243 in 
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FGFRL1; this residue could be responsible for the high affi nity of FGF3 for FGFRL1 
[ 155 ]. Its interaction with HS is also stronger than that of classic FGFRs and heparin 
[ 156 ,  157 ]. FGFs bind FGFRL1 between IgII and IgIII domains while heparin binds 
at the basic region at the beginning of the IgII loop [ 149 ,  158 ]. Autoinhibition of 
FGFRL1 via the IgI loop also occurs and the protein can be post- transcriptionally 
modifi ed on one of its four glycosylation sites. 

 As FGFRL1 does not contain a tyrosine kinase domain it is not able to signal in 
the classical FGFR fashion. Its signalling function is yet to be fully determined, 
but a number of theories have been postulated. Firstly, the receptor could have an 
inhibitory effect on FGF signalling by sequestering ligands and therefore preventing 
them binding to FGFR1–4 [ 148 ,  149 ,  153 ]. Secondly, FGFRL1 could aid in inter-
nalisation and degradation of the classic receptors by binding to the same HS chain 
as the signalling receptor and effectively dragging it into endosomes/lysosomes. 
Thirdly, the tandem tyrosine-based motif and histidine-rich sequence could act as a 
docking site for tyrosine phosphatases, which could act on the signalling receptors 
and therefore attenuate signalling. 

 Although signalling mechanisms are yet to be elucidated, FGFRL1 can affect 
multiple cellular behaviours, inhibiting cell proliferation, increasing cell differentia-
tion, regulating cell–cell contact and inducing cell–cell and cell–matrix adhesion. 
FGFRL1 is often found at the site of cell–cell contact and it is thought it may mediate 
cell adhesion by interacting with HS expressed on other cells [ 157 ]. FGFRL1 is also 
thought to play a role in craniosynostosis diseases and mutations in the protein have 
been found in ovarian cancer [ 151 ,  159 ]. 

 Although not itself a receptor tyrosine kinase, it is clear that FGFRL1 plays an 
important role in FGF/FGFR signalling. Though full understanding of this role is 
yet to be determined, it is important to consider this fi fth member of the FGFR family 
when understanding the complexity of FGF signalling.  

6.11     Disease 

 As discussed for each receptor individually, both germ line and somatic FGFR 
mutations are known to play a role in a range of diseases, most notably craniosyn-
ostosis dysplasia and cancer (Table  6.1 ). Given the ability of the FGF signalling 
pathway to initiate cell survival and proliferation, amongst other cellular responses, 
it is not surprising this pathway is hijacked in cancer cells. Mutations in FGFRs in 
cancer are generally indicative of a more malignant phenotype. The majority of 
these mutations are activating, resulting in increased proliferation, migration and 
angiogenesis. However, recent data suggest that loss-of-function FGFR mutations 
may play a role in the development of some cancers [ 160 ,  161 ].

   In cancer, chromosomal translocations lead to expression of constitutively active 
fusion proteins in which the FGFR tyrosine kinase domain is fused downstream of 
a constitutive dimerisation domain from a fusion protein. This has been seen in 
myeloproliferative syndromes (MPS), amongst other malignancies [ 162 ]. FGFR1 
fusion proteins are known to cause 8p11 myeloproliferative syndrome (EMS), a 
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   Table 6.1    Disease associated with FGFR1–4   

 Receptor  Disease  Cancer 

 FGFR1  Pfeiffer syndrome 
 Idiopathic hypogonadotrophic hypogonadism 
 Kallman syndrome type 2 
 Osteoglophonic dysplasia 
 Trigonocephaly non-syndromic 
 Myeloproliferative syndrome (with ZNF198) 
 Stem cell leukaemia lymphoma syndrome 
(with ZMYM2) 
 Stem cell myeloproliferative disorder 

 Breast 
 Pancreas 
 Large intestine 
 Lung 
 Prostate 
 Stomach 

 FGFR2  Crouzon syndrome 
 Apert syndrome 
 Pfeiffer syndrome 
 Jackson–Weiss syndrome 
 Antley–Bixler 
 Unclassifi ed 
 Beare–Stevenson syndrome 
 Saethre–Chotzen 
 Crouzon with acanthosis nigricans 
 Kallmann syndrome 
 LADD 

 Endometrium 
 Ovary 
 Melanoma 
 Bone 
 Breast 
 Cervix 
 Kidney 
 Large intestine 
 Lung 
 Pancreas 
 Prostate 
 Stomach 
 Central nervous system 
 Haematopietic and 
lymphoid tissue 

 FGFR3  Thanatophoric dysplasia type I 
 Thanatophoric dysplasia type II 
 Platyspondylic lethal skeletal dysplasia, 
San Diego type 
 Craniosynostosis associated or without other limb 
malformations 
 Achondroplasia 
 Crouzon with acanthosis nigricans 
 Hypochondroplasia 
 Severe achondroplasia with development delay 
and acanthosis 
 nigricans 
 Camptodactyly, tall stature and hearing loss 
syndrome (CATSHL) 

 Prostate 
 Skin 
 Urinary tract 
 Haematopoietic and 
lymphoid tissue 
 Vulva 
 Pancreas 
 Large intestine 
 Lung 
 Ovary 
 Testis 
 Cervix 
 Central nervous system 
 Upper aerodigestive tract 
 Multiple myeloma 
 Bladder cancer 
 Cervical cancer 
 Peripheral T-cell lymphoma 

(continued)
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 Receptor  Disease  Cancer 

 FGFR4  Coronary heart disease  Breast 
 Ovarian cancer 
 Prostate cancer 
 Breast cancer 
 Central nervous system 
 Haematopietic and 
lymphoid tissue 
 Kidney 
 Large intestine 
 Lung 
 Ovary 
 Pancreas 
 Pleura 
 Prostate 
 Salivary gland 
 Skin 
 Stomach 
 Testis 
 Upper aerodigestive tract 
 Urinary tract 

Table 6.1 (continued)

form of MPS [ 163 ]. These fusion proteins are known to cause constitutive tyrosine 
kinase activation of FGFR1 while also leading to signalling independent of FRS2. 
Fusion proteins containing the FGFR3 kinase domain are also associated with 
multiple myeloma and peripheral T-cell lymphoma [ 33 ]. 

 Other cancers associated with FGFR signalling deregulation include breast can-
cer, where FGFR1 and FGFR2 are amplifi ed in approximately 10 and 2 % of breast 
cancers, respectively [ 164 ,  165 ]. Approximately 10 % of melanoma cases have 
FGFR2 mutations [ 160 ]. Interestingly, functional analysis has shown these muta-
tions in melanomas result in loss of function of the receptor. The mutation spectrum, 
characteristic of those induced by UV radiation, includes 20 missense mutations 
occurring at conserved residues in FGFR2. Receptor loss of function due to this 
mutation is caused by loss of ligand binding affi nity, impaired receptor dimerisation 
and decreased kinase activity. 

 FGFRs can also be involved in cellular transformation by interacting with other 
proteins. For example, in epithelial ovarian cancer (EOC), Neural Cell Adhesion 
Molecule (NCAM) is unregulated and promotes malignancy via interaction with 
FGFR [ 166 ]. However, as NCAM is known to inhibit FGF2–FGFR binding [ 167 ], 
NCAM/FGFR interactions increase malignancy via inhibition of normal FGF–FGFR 
interactions. FGF2/FGFR and NCAM/FGFR interactions therefore stimulate differ-
ent receptor-mediated responses in EOC; NCAM/FGFR leads to increased cell 
migration, while FGF2/FGFR leads to increased proliferation. It is also possible the 
varying receptor interactions cause differential regulation of receptor traffi cking to 
the endosome, resulting in different cellular responses and signalling kinetics [ 168 ]. 
Mouse models have shown that targeted abolition of NCAM/FGFR interaction with 
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a monoclonal antibody results in elimination of metastatic dissemination of 
EOC. This has been shown via NCAM/FGFR1 interaction studies. However, as 
NCAM binds FGFR2 and FGFR4 [ 169 ], interaction of NCAM with multiple FGFRs 
may increase malignancy of EOC [ 166 ]. 

 The high rate of FGFR mutation in a range of diseases makes this family of proteins 
a potential therapeutic target. Numerous studies have shown the benefi ts of FGFR 
knockdown and inhibition in cancer cell lines where the result is, for example, a 
decrease in cell proliferation [ 170 ]. However, translating this into a therapy for patients 
has proven diffi cult. Even specifi c FGFR inhibitors have off-target effects. 

 The most clinically advanced FGFR inhibitors to date are mixed kinase inhibi-
tors, targeting the kinase domain of receptors to prevent downstream signalling. 
These include Dovitinib [ 171 ] and SU6668 [ 172 ]. However, their anti-FGFR activ-
ity is often weak, leading to investigation of more potent FGFR inhibitors. One such 
inhibitor currently in phase I clinical trials is AZD4547 [ 173 ]. This pyrazoloamide 
derivative targets FGFR1, 2 and 3 and resulted in cell growth inhibition versus can-
cer cell lines with known FGFR mutations and induces apoptosis. However, even 
this inhibitor has off-target effects, e.g. selectivity against VEGFR2 (also known as 
Kinase insert Domain Receptor, KDR), Insulin-like Growth Factor (IGF), PI3K and 
AKT, although this off-target inhibition is much lower than that of FGFRs. Such 
inhibitors still need more investigation, but the possibilities of potential FGFR inhi-
bition are an exciting fi eld of cancer therapeutics.    
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    Chapter 7   
 The INSR/IGF1R Receptor Family 

             Rive     Sarfstein     and     Haim     Werner    

7.1             Introduction to the INSR/IGF1R Tyrosine Kinase Family 

 The insulin/insulin-like growth factors (IGFs) constitute a network of ligands (insulin, 
IGF1, and IGF2), cell-surface receptors (insulin receptor [INSR], IGF1 receptor 
[IGF1R], and IGF2 receptor [IGF2R]), and six binding proteins (IGFBPs) involved in 
the regulation of multiple physiological processes, including metabolic, nutritional, 
endocrine, growth, and aging events (Fig.  7.1 ). In addition to the classical IGF-family 
members, a series of nonclassical members were identifi ed. These members include the 
insulin receptor-related receptor (IRR), insulin–IGF1 hybrid receptors, an IGFBP-3 
receptor, and a steadily growing number of IGFBP-related proteins (IGFBP-rP) as well 
as a group of IGFBP proteases [ 1 ]. The existence of the IGFs was postulated in the late 
1950s, following the seminal observation by Salmon and Daughaday that growth 
hormone (GH) stimulated the incorporation of sulfate into cartilage in an indirect fash-
ion, which involved activation of a specifi c serum factor. The factor that was originally 
termed “sulfation factor” and then “somatomedin” is now accepted as IGF1.  

 Insulin/IGFs play key developmental and metabolic roles at every stage of life, 
from early ontogeny until old age. Although the INSR and IGF1R share the major-
ity of their downstream cytoplasmic mediators, most experimental and clinical evi-
dence is consistent with the notion that INSR activation (mainly by insulin) leads 
primarily to metabolic activities, whereas IGF1R activation (mainly by IGF1 or 
IGF2) leads to proliferative and differentiative events. The IGF2R is identical to the 
mannose 6-phosphate receptor, a membrane protein involved in the recycling of 
lysosomal enzymes. This receptor lacks a tyrosine kinase domain and, therefore, is 
not involved in signaling events. It is clear, however, that there is cross talk between 
the various ligands and receptors of the IGF family. The literature has documented 
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the ability of insulin and IGF1 to activate the opposite receptor, showing that in 
some cases IGF1R can mediate metabolic activities [ 2 ], whereas INSR may exhibit 
growth, anti-apoptotic, and developmental functions [ 3 ]. Deregulation of IGF 
system expression and action is linked to diverse pathologies, ranging from growth 
defi cits to cancer development. Targeting of the IGF axis emerged in recent years as 
a promising therapeutic approach in cancer and other medical conditions [ 4 ].  

7.2     The Role of the INSR/IGF1R Tyrosine Kinase Family 
in Embryonic Development and Adult Physiology 

 INSR/IGF1R receptors display a remarkable similarity in genomic organization. 
Thus, 12 (out of 21) exons of the  IGF1R  gene are identical in size with the homologous 
exons of  INSR , the main difference being that the  IGF1R  gene does not contain an 

  Fig. 7.1    Components of the insulin–IGF signaling pathway. The insulin–IGF axis comprises three 
ligands (insulin, IGF1, and IGF2), at least six IGF-binding proteins, and a family of cell-surface 
receptors. The INSR has two isoforms (INSR-A and INSR-B) that result from alternative splicing 
of exon 11 and, therefore, differ in the absence or presence of the exon-11-encoded sequence (12 
amino acids). The hybrid INSR-IGF1R receptors include an INSR hemireceptor (either INSR-A 
or INSR-B) linked to an IGF1R hemireceptor. The IGF2R is identical to the mannose 6-phosphate 
receptor and appears to lack signaling activity. Hence, most biological activities of IGF2 are medi-
ated by the IGF1R. INSR-A has been also shown to mediate IGF2 actions. IGFBP-3 is the main 
circulating binding protein. It forms a ternary complex with IGF and an acid-labile subunit. 
Additional members of the insulin–IGF network (not shown here) include IGFBP proteases, an 
insulin receptor-related receptor, and IGFBP-related proteins       
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equivalent of the alternatively spliced  INSR  exon 11. This splicing event leads to the 
generation of two isoforms, INSR-A and INSR-B, which lack or contain, respec-
tively, exon 11 [ 5 ]. These isoforms are differentially expressed during development, 
with INSR-A predominantly expressed in fetal tissues and INSR-B mainly expressed 
in adult organs, particularly liver, muscle, and adipocytes [ 2 ,  5 ]. The IGF1R dis-
plays an opposite pattern of expression, being absent in liver and present at low 
levels in adipose tissue and at high levels in brain [ 6 ]. 

 Similarly, the  IGF1R  gene is developmentally regulated, with highest mRNA 
levels and IGF1 binding detected at embryonic stages. IGF1R levels markedly 
decrease in the adult animal. This developmental pattern refl ects the key role of the 
IGF1R in cellular proliferation as well as its inherent anti-apoptotic, pro-survival 
action [ 7 ]. In addition, and in agreement with its potent neurotrophic activity, high-
est IGF1R mRNA levels in the adult rat are observed in the central nervous system. 
Intermediate levels of expression are found in kidney, stomach, testes, lung, and 
heart, with undetectable levels seen in liver.  

7.3     The Role of the INSR/IGF1R Tyrosine Kinase 
Family in Human Disease 

 Many types of cancer have been shown to express INSR, particularly the fetal variant, 
INSR-A, which mediates proliferation and apoptosis protection in response to 
IGF2 [ 8 ]. It is conceivable that INSR-A and hybrid receptors (comprising an INSR 
hemireceptor linked to an IGF1R hemireceptor) may also be activated by high 
levels of insulin, as occur in patients with the “metabolic syndrome,” characterized 
by obesity, type 2 diabetes, and insulin resistance [ 9 ]. Indeed, obesity and insulin 
resistance are linked to the risk of developing cancers of the esophagus, colon, 
kidney and endometrium, and with adverse prognosis in prostate and breast can-
cer [ 10 ,  11 ]. Consistent with this concept, diet-induced hyperinsulinemia was 
shown to accelerate the growth of prostate cancer xenografts [ 12 ]. Furthermore, 
an antibody that neutralizes both IGF1R and hybrid receptors showed a more 
potent antitumor activity than antibodies targeting only the IGF1R or receptor 
hybrids [ 13 ]. 

 In addition, overexpression of the IGF1R constitutes a typical hallmark of most 
types of cancer [ 14 ]. The IGF1R exhibits a very potent anti-apoptotic activity in 
comparison with most other growth factor receptors described [ 15 – 17 ]. This activ-
ity confers upon IGF1R-expressing cells enhanced survivability, a key hallmark of 
cancer cells. Seminal studies from the laboratory of Renato Baserga provided 
 evidence that cells derived from IGF1R “knockout” embryos (the total defi ciency of 
IGF1R is a lethal condition), with a few exceptions, do not undergo malignant trans-
formation when exposed to oncogenes [ 18 ,  19 ]. These early studies were already 
consistent with the notion that IGF1R expression and/or activation are fundamental 
prerequisites for cancer development. It is important to realize that IGF1R, per se, 
is neither genotoxic nor transforming. In other words, activation of the IGF1R by 
IGF1 is not an oncogenic event. IGF1, however, is an important progression factor 
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necessary for cell cycle progression after cell exposure to a competence factor 
(e.g., platelet-derived growth factor, fi broblast growth factor). Once an oncogenic 
event has occurred (i.e., a fi rst hit), cell survival of already transformed cells is heav-
ily dependent on IGF1 action. Unlike IGF1, overexpression of IGF2 has been linked 
to the etiology of a number of overgrowth syndromes (e.g., Beckwith–Wiedemann 
Syndrome) and cancers (e.g., Wilms’ tumor, rhabdomyosarcoma) [ 20 ]. In this con-
text, it was shown that the initial proliferative switch in oncogene-induced transfor-
mation was correlated with focal activation of IGF2 [ 21 ]. In agreement with its 
central role in neoplasia, the IGF1R emerged in recent years as a promising thera-
peutic target. Targeting modalities embrace the use of IGF1R monoclonal antibodies 
(as monotherapy or in combination with other antibodies and/or classical therapies) 
as well as small molecular weight tyrosine kinase inhibitors [ 22 – 24 ]. Given the 
structural similarity between IGF1R and INSR and in view of their overlapping 
pathways, the probability of “knocking down” the INSR (with ensuing metabolic 
impairment) when applying anti-IGF1R therapies became a matter of concern [ 25 ]. 
On the other hand, the recognition that the INSR (and, in particular, the INSR-A 
isoform) is an important player in breast cancer etiology might imply that dual 
(i.e .,  INSR  and  IGF1R) targeted therapy offers obvious advantages [ 26 ].  

7.4     INSR 

7.4.1      INSR  Gene 

7.4.1.1     Gene Structure 

 The human  INSR  gene is a single-copy gene located on chromosome 19. It extends 
over 130 kb DNA and contains 22 exons [ 27 ]. All introns interrupt protein-coding 
regions of the gene. Alternative splicing of exon 11 leads to generation of two species 
of mRNAs, encoding INSRs that differ in the presence or absence of a 12-amino 
acids insert [ 28 ]. The 11 exons encoding the α-subunit of the receptor are dispersed 
over greater than 90 kb, whereas the 11 exons encoding the β-subunit are located 
together in a region of approximately 30 kb (Table “Receptor at a glance: INSR”).  

7.4.1.2     Promoter Structure 

 Three transcriptional initiation sites have been identifi ed, located 276, 282, and 
283 bp upstream of the translation initiation site. In addition, a 247 bp fragment from 
the promoter region possessing 62.6 % of its maximal promoter activity has been 
identifi ed. This promoter fragment is extremely GC rich and lacks typical TATA and 
CAAT boxes but contains multiple potential binding sites for zinc-fi nger proteins 
Sp1. Hence, the  INSR  promoter displays prototypical features of “housekeeping” 
genes [ 29 ].  
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7.4.1.3     Transcriptional Regulation 

 A number of transcription factors involved in  INSR  gene regulation have been identifi ed, 
including nuclear proteins HT-FIR, IRNF-I, IRNF-II, Sp1, and HMGA1 [ 2 ].  

7.4.1.4     mRNA Structure 

 There are at least fi ve different INSR mRNA species ranging in length from approx-
imately 5–10 kb [ 30 – 32 ]. This size heterogeneity arises from the utilization of alter-
nate polyadenylation signals in exon 22.   

7.4.2     INSR Protein 

7.4.2.1     Amino Acids Sequence 

 Ullrich et al. [ 33 ] deduced the entire 1,370-amino acid sequence of the INSR from 
cDNA clones. The precursor protein starts with a 27-amino acid signal sequence, fol-
lowed by the receptor α-subunit, a precursor processing enzyme cleavage site, and 
fi nally the β-subunit containing a single 23-amino acid transmembrane sequence.  

7.4.2.2     Processing 

 As mentioned above, the precursor polypeptide includes a cleavage site that is 
specifi cally digested to generate α- and β-subunits. The formation of the mature, 
functionally active heterotetrameric protein is described below.  

7.4.2.3     Domain Structure 

 The mature INSR is inserted into the plasma membrane of the cell as an α2 β2 hetero-
tetramer [ 34 ]. The α-subunit (135,000 daltons) is highly glycosylated and contains a 
cysteine-rich domain. Hydropathy analysis of the amino acid sequence deduced from 
the INSR cDNA reveals no sequence of hydrophobic amino acids characteristic of a 
transmembrane domain. The α-subunit is, therefore, believed to be exposed exclu-
sively on the extracellular surface of the plasma membrane. The β-subunit of the 
receptor does contain a sequence of 20 amino acids characteristic of a transmembrane 
domain. Based on this analysis, it has been inferred that, with a mass of 95,000 dal-
tons, the carboxy-terminal one-third of the β-subunit is oriented on the extracellular 
side of the plasma membrane. The amino-terminal two-thirds of the β-subunit is ori-
ented on the cytoplasmic face of the plasma membrane. In a series of elegant experi-
ments, Finn et al. [ 35 ] investigated the nature of the disulfi de bonds maintaining the 
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tetrameric structure of the INSR. In view of the fi nding that the INSR contains 47 
cysteine residues in a αβ dimer, these investigators demonstrated that remarkably 
few disulfi de bonds maintain the higher-order structure of the INSR. By selectively 
reducing the human placental INSR with tributylphosphine, followed by alkylation 
with N-ethylmaleimide, it has been found that upon reduction of only two disulfi de 
bonds in the α-subunit and one disulfi de bond in the β-subunit, two αβ dimers could 
be generated from the α2β2 tetrameric structure [ 35 ]. Further reduction and alkylation 
of two disulfi de bonds in the β-subunit resulted in the generation of individual α- and 
β-subunits. Therefore, a total of fi ve disulfi de bonds account for the complex tetra-
meric structure of the INSR. The extracellular α-subunit of INSR contains the insulin-
binding domain. It is the intracellular domain of the β-subunit that is autophosphorylated 
on tyrosine residues upon binding of insulin to the α-subunit. This autophosphoryla-
tion then activates the tyrosine kinase activity of INSR, rendering the receptor capable 
of phosphorylating other substrates. The INSR is therefore a multifunctional protein: 
it contains insulin binding activity, autotyrosine kinase activity, and tyrosine protein 
kinase activity [ 34 ].  

7.4.2.4     Posttranslational Modifi cation 

   Glycosylation 

 The INSR precursor, a single-chain high mannose polypeptide (210 kDa), enters the 
endoplasmic reticulum lumen where early maturation steps occur. Here, the poly-
peptide acquires dimeric structure and insulin binding capacity by rearrangement of 
disulfi de bonds. Then, proteolytic cleavage and O-glycosylation of the insulin pro-
receptor dimer (420 kDa) take place in the Golgi apparatus. Finally, the mature 
INSR α2β2 tetramer localizes on the cell surface as a transmembrane glycoprotein 
able to bind insulin and to transduce hormone signaling [ 36 ]. 

 The INSR is heavily glycosylated and is estimated to contain 58–64 kDa of carbo-
hydrate [ 37 ]. Oligosaccharides of both the high mannose and complex type are present, 
the latter containing additional fucose, N-acetylglucosamine, galactose, and sialic acid 
residues [ 38 ]. The INSR has 18 potential sites for N-linked glycosylation, 14 on the α 
chain and four on the β chain, of which 16 have been confi rmed as glycosylated. 
O-linked glycosylation has been demonstrated only in the β-subunit. Other members 
of the INSR family have fewer potential N-linked glycosylation sites, suggesting that 
not all sites are required for correct folding, assembly, and function.  

   Phosphorylation and Desphosphorylation 

 For the INSR to autophosphorylate, a lysine at position 1030 is required to stabilize 
the γ-phosphate of ATP while the adenosine of ATP itself interacts with three gly-
cines at residues 1003–1008. The fi rst tyrosine residues to be autophosphorylated 
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are 1158, 1162, and 1163 in the tyrosine kinase domain. This is followed by Tyr- 972 
in the juxtamembrane domain and then tyrosines 1328 and 1330. These tyrosines 
fall into the three distinct tyrosine phosphorylation domains of the β-subunit. In 
total there are 13 potential tyrosines that may be phosphorylated. The receptor phos-
phorylates itself in a  trans  rather than  cis  manner. That is, one β-subunit of the 
receptor phosphorylates the other β-subunit rather than itself [ 39 ]. Phosphorylation of 
Tyr-999 is required for binding to IRS1, SHC1, and STAT5B. Dephosphorylation is 
catalyzed by protein tyrosine phosphatase receptor [PTPR (type Epsilon polypeptide)] 
at Tyr-999, Tyr-1185, Tyr-1189, and Tyr-1190 and by PTPRF (type F polypeptide) 
and PTPN1 (non-receptor type 1) [ 40 – 43 ].  

   SUMOylation 

 Recently, we have shown that the INSR can be modifi ed by the small ubiquitin-like 
modifi er (SUMO) protein, SUMO-1, with ensuing translocation to the nucleus [ 44 ]. 
SUMOylation is a posttranslational modifi cation involved in various cellular 
processes, such as nuclear-cytosolic transport, transcriptional regulation, apoptosis, 
protein stability, response to stress, and cell cycle progression [ 45 ].  

   Ubiquitination 

 Although the INSR generally promotes the tyrosine phosphorylation of intermediate 
substrates, such as the insulin receptor substrate (IRS) family, to propagate its sig-
nal, it has also been reported that the INSR can directly recruit signaling adapters. 
The APS protein, which is mainly expressed in the target tissues of insulin (adipose 
tissue, skeletal muscle, and heart), is one of these adapters that directly interact with 
INSR [ 46 ]. APS can recruit c-Cbl to the INSR [ 47 ] in insulin- stimulated 3T3-L1 
adipocytes. Then, c-Cbl protein acts as an ubiquitin-protein ligase (E3) that recog-
nizes tyrosine-phosphorylated substrates by virtue of its SH2 domain and recruits 
an E2 ubiquitin-conjugating enzyme through its RING domain. RING domain-
containing E3s (RING E3s) are thought to promote the ubiquitination of substrate 
lysines directly by E2 [ 48 ]. This succession of events leads to ubiquitination of the 
NSR and to the initiation of internalization [ 46 ].  

   Lipidation 

 The INSR also contains covalently linked fatty acids. In biosynthetic labeling 
studies, radiolabeled myristate and palmitate were found to be attached to the INSR. 
One of these fatty acids appears to be attached very early, in an amide linkage, as 
inhibition of protein synthesis prevents its occurrence [ 49 ].   
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7.4.2.5     Phosphorylation Sites and Known Functions 

 The major tyrosine autophosphorylation sites in INSR have been identifi ed as Y960, 
Y1146, Y1150, Y1151, Y1316, and Y1322 [ 43 ,  50 – 52 ]. The tyrosine phosphoryla-
tion sites in the 1146–1151 region are necessary for the activation of the substrate 
kinase activity, whereas the 1316 and 1322 tyrosine sites are thought to be involved 
in the regulation of mitogenesis [ 53 – 56 ]. Interestingly, mutations of the INSR 960 
tyrosine residue to phenylalanine do not alter INSR expression, assembly, binding, 
or autophosphorylation properties [ 57 ].   

7.4.3     INS Ligands 

7.4.3.1     Ligand Structure 

 Insulin is a peptide hormone composed of 51 amino acid residues normally secreted 
by the pancreatic islets of Langerhans in response to increasing levels of metabolic 
fuels in the blood. The mature, biologically active molecule is a dimer composed of 
an A-chain and a B-chain linked together by disulfi de bonds.  

7.4.3.2     Ligand Cleavage 

 There are two processes by which insulin can be degraded. The disulfi de bonds can 
be reduced by the enzyme glutathione insulin transhydrogenase, resulting in the 
production of Α and Β chains [ 58 ]. These peptides, which are biologically inactive, 
are then susceptible to further degradation by nonspecifi c cellular hydrolases. This 
process (i.e., initial disulfi de reduction and subsequent proteolysis) has been termed 
the sequential degradation of insulin [ 59 ] and, at one time, was felt to be the only 
mechanism of insulin degradation. The other insulin-degrading process is the direct 
proteolytic degradation of the insulin molecule by the insulin protease enzyme [ 60 , 
 61 ]. Duckworth and coworkers [ 61 ] showed that the specifi c degradation of insulin 
by insulin protease alters the molecule so that it is susceptible to nonspecifi c endo-
peptidases, which do not attack the intact insulin molecule. The initial cleavage is at 
B16–B17, resulting in a molecule with three peptide chains held together by disul-
fi de bonds. If, at this point, the disulfi de bonds are reduced, intact A chain can be 
obtained along with the fragments of B chain. The B16 tyrosine residue is involved 
in the binding of insulin to its receptor; thus, a cleavage between B16 and B17 could 
alter greatly the binding properties of the molecule. Hydrolysis of the B16–B17 
peptide bond by insulin protease followed by reduction of the A20–B19 disulfi de 
bond (possibly by glutathione insulin transhydrogenase) would result in a peptide 
containing the residues B22–B26. These residues have been suggested to serve as 
the active portion of the insulin molecule since synthetic peptides with this sequence 
have insulin-like action.   

R. Sarfstein and H. Werner



305

7.4.4      INSR Activation and Signaling 

7.4.4.1     Phosphorylation 

 As mentioned above, insulin binding to its receptor results in receptor autophos-
phorylation on tyrosine residues and the tyrosine phosphorylation of INSR sub-
strates (e.g., IRS and Shc) by the INSR tyrosine kinase. This allows association of 
IRSs with downstream effectors such as PI3K via its Src homology-2 (SH2) 
domains, leading to end point events such as glucose transporter-4 (Glut-4) translo-
cation to the cell membrane. Shc, when tyrosine phosphorylated, associates with 
Grb2 and can thus activate the Ras/MAPK pathway independent of the IRSs. 

 INSR-A upregulation is associated with increased IGF2 signaling, whereas 
INSR-B upregulation is predominantly associated with insulin-mediated metabolic 
effects [ 2 ]. Activation of INSR-A elicits different biological effects and intracellular 
signaling upon insulin or IGF2 binding. Thus, INSR-A-expressing cells undergo 
proliferation when stimulated by IGF2, whereas they preferentially activate glucose 
uptake when stimulated with insulin [ 5 ,  62 ]. These differential effects coincide with 
quantitative and temporal differences in the phosphorylation of intracellular substrates 
IRS1-4 and focal adhesion kinase (FAK) in response to either insulin or IGF2.  

7.4.4.2    Pathway Activation and Major Genes Regulated 

 The activated IRS1 acts as a secondary messenger within the cell to stimulate the 
transcription of insulin-regulated genes. First, Grb2 binds the P-Tyr residue of IRS1 
in its SH2 domain. Grb2 is then able to bind SOS that, in turn, catalyzes the replace-
ment of bound GDP with GTP on Ras, a G protein. This protein then begins a phos-
phorylation cascade, culminating in the activation of mitogen-activated protein 
kinase (MAPK), which enters the nucleus and phosphorylates various nuclear tran-
scription factors, including Elk1. 

 Glycogen synthesis is also stimulated by INSR via IRS1. In this case, it is the SH2 
domain of PI3K that binds the P-Tyr of IRS1. Now activated, PI3K can convert the 
membrane lipid phosphatidylinositol 4,5-bisphosphate (PIP2) to phosphatidylinosi-
tol 3,4,5-triphosphate (PIP3). This indirectly activates protein kinase PKB (AKT). 
PKB then phosphorylates several target proteins, including glycogen synthase 
kinase-3 (GSK-3). GSK3 is responsible for phosphorylating (and thus deactivating) 
glycogen synthase. When GSK3 is phosphorylated, it is deactivated and prevented 
from deactivating glycogen synthase. In this roundabout manner, insulin increases 
glycogen synthesis.  

7.4.4.3    Cross Talk with Other Receptors System 

 There is evidence for the existence of hybrid receptors (INSR-IGF1R), composed 
of INSR and IGF1R hemireceptors, in some tissues [ 63 ,  64 ]. A cross talk between 
insulin, IGFs, and their receptors appears to be a relatively common event in 
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multiple organs and systems. Hence, the recently described role of INSR in mitogenesis 
and cell motility may provide the foundation for its involvement in cancer develop-
ment and progression [ 2 ,  65 ]. On the other hand, IGF1 exhibits important metabolic 
effects. For example, in vivo infusion of recombinant IGF1 was shown to lead to an 
acute decrease in circulating glucose values [ 66 ].   

7.4.5     INSR Internalization, Processing, and Attenuation 

 The activated ligand–receptor complex, initially at the cell surface, is internalized 
into endosomes, a process that is dependent on tyrosine autophosphorylation. 
Endocytosis of activated receptors has the dual effect of concentrating receptors 
within endosomes and allowing the INSR tyrosine kinase to phosphorylate sub-
strates that are spatially distinct from those accessible at the plasma membrane. 
Acidifi cation of the endosomal lumen, due to the presence of proton pumps, results 
in dissociation of insulin from its receptor. The endosome constitutes the major site 
of insulin degradation, the endosomal acidic insulinase. Loss of the ligand–receptor 
complex attenuates any further insulin-driven receptor re-phosphorylation events 
and leads to receptor dephosphorylation by extra-lumenal endosomally associated 
protein tyrosine phosphatases [ 67 ].  

7.4.6     Unique Features of the INSR 

 INSR signaling has a central role in mammalian biology, regulating cellular metab-
olism, growth, division, differentiation, and survival [ 68 ,  69 ]. Insulin resistance 
contributes to the pathogenesis of type 2 diabetes mellitus and may affect the onset 
of Alzheimer’s disease [ 70 ]. Furthermore, aberrant signaling occurs in many can-
cers, exacerbated by cross talk with the homologous IGF1R [ 71 ]. 

 A few patients with homozygous mutations in the  INSR  gene have been 
described, which causes Donohue syndrome or leprechaunism. This autosomal 
recessive disorder results in a totally nonfunctional INSR. These patients have 
low-set, often protuberant, ears, fl ared nostrils, thickened lips, and severe growth 
retardation. In most cases, the outlook for these patients is extremely poor, with 
death occurring within the fi rst year of life. Other mutations of the same gene 
cause the less severe Rabson–Mendenhall syndrome, in which patients have char-
acteristically abnormal teeth, hypertrophic gingiva (gums), and enlargement of 
the pineal gland. Both diseases present with fl uctuations of the glucose level: after 
a meal the glucose is initially very high and then falls rapidly to abnormally low 
levels [ 72 ].   
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7.5     IGF1R 

7.5.1      IGF1R  Gene 

7.5.1.1    Gene Structure 

 The human  IGF1R  gene spans more than 100 kb of genomic DNA at bands q25-26 
at the distal end of chromosome 15. It contains 21 exons and its architecture is 
extremely similar to that of the  INSR  gene [ 73 ]. Exons 1–3 encode the ~1 kb long 5′ 
untranslated region (UTR), the signal peptide, and the N-terminal non-cysteine-rich 
and cysteine-rich domains of the α-subunit. The rest of the α-subunit is encoded by 
exons 4–10. Exon 11 encodes the cleavage site that generates mature α- and 
β-subunits from the proreceptor, and exons 12–21 encode the β-subunit, with exon 
14 encoding the transmembrane domain and exons 16–20 encoding the tyrosine 
kinase domain. The size of the major human IGF1R mRNA transcript is ~11 kb, 
with an additional band at ~7 kb (that is missing in rodents) [ 74 – 76 ] (Table “Receptor 
at a glance: IGF1R”).  

7.5.1.2    Promoter Structure 

 The  IGF1R  promoter lacks canonical TATA and CAAT sequences, two promoter ele-
ments that are usually required for accurate transcription initiation, and that are absent 
in many cases of “housekeeping” genes [ 77 ]. Transcription of this gene, however, starts 
from a unique site contained within an “initiator” motif, a discrete promoter element 
able to direct initiation in the absence of a TATA box. Similar to other widely expressed 
genes, the  IGF1R  promoter is extremely GC rich (80 %) and contains several binding 
sites for members of the Sp1 family of zinc-fi nger nuclear proteins [ 6 ].  

7.5.1.3    Transcriptional Regulation 

 Control of  IGF1R  gene expression is mainly attained at the level of transcription 
[ 2 ,  6 ,  14 ]. Comprehensive analyses have established that transcription of the  IGF1R  
promoter is dependent on a number of stimulatory zinc-fi nger proteins, including 
Sp1 and Krüppel-like factors (e.g., KLF6) [ 78 ]. In addition, the  IGF1R  promoter 
was identifi ed as a downstream target for tumor suppressor action, and multiple 
antioncogenes (e.g., p53, breast cancer gene-1 [BRCA1], and von-Hippel Lindau 
[VHL]) were shown to inhibit  IGF1R  transcription [ 79 – 81 ]. DNA affi nity chroma-
tography linked to mass spectroscopy analysis led recently to the identifi cation of 
the entire collection of  IGF1R  promoter-binding proteins in estrogen receptor (ER)-
positive and ER-negative breast cancer cells [ 78 ]. In addition, we showed that 
nuclear IGF1R acts as a transcriptional activator of its own promoter and a nuclear 
INSR functions as a negative regulator of  IGF1R  promoter activity [ 44 ]. Interactions 
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between stimulatory and inhibitory transcription factors play an important role in 
 IGF1R  regulation and, consequently, were postulated to have a major impact on the 
proliferative status of the cell [ 14 ,  82 ].  

7.5.1.4    mRNA Structure 

 The size of the major human IGF1R mRNA transcript is ~11 kb, with an additional 
band at ~7 kb (that is missing in rodents) [ 74 – 76 ].   

7.5.2     IGF1R Protein 

7.5.2.1    Amino Acids Sequence 

 Ullrich and colleagues [ 75 ] determined the complete primary structure of the IGF1R 
from cloned cDNAs. The deduced sequence predicted a 1,367-amino acid receptor 
precursor, including a 30-residue signal peptide, which is removed during transloca-
tion of the nascent polypeptide chain. The 1,337-residue, unmodifi ed proreceptor 
polypeptide had a predicted Mr of 151.869, which compares with the 180,000 
Mr IGF1R precursor. In analogy with the 152,784 Mr INSR precursor, cleavage of 
the Arg-Lys-Arg-Arg sequence at position 707 of the IGF1R precursor generates 
α- (80,423 Mr) and β- (70,866 Mr) subunits, which compare with ~135.000 Mr (α) 
and 90,000 Mr (β) fully glycosylated subunits.  

7.5.2.2    Processing 

 IGF1R is synthesized as a single chain pre-pro-peptide with a 30-amino acids signal 
peptide that is cleaved after translation. The pro-peptide is then glycosylated, dimer-
ized, and transported to the Golgi where it is processed at a furin cleavage site to yield 
α- and β-subunits. A mature tetramer, β-α-α-β, is then formed through disulfi de bridges, 
followed by transfer to the plasma membrane. It has been shown that N-linked glyco-
sylation of IGF1R is necessary for its translocation to the cell surface.  

7.5.2.3    Domain Structure 

 As mentioned above, the INSR and IGF1R are members of the superfamily of 
receptor tyrosine kinases (RTKs). However, unlike most RTKs that are single-chain 
monomeric transmembrane polypeptides, the INSR and IGF1R are covalent dimers 
composed of two extracellular α-subunits and two transmembrane β-subunits contain-
ing the tyrosine kinase domains. The β-subunits contain tyrosine kinase catalytic 
domains that are activated upon ligand binding. The α-subunits contain 706 amino 
acids and include two homologous domains, L1 and L2, separated by a cysteine- rich 
domain containing 25–27 cysteines in three repeating units. The cysteine domain 
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(residues 148–302) is also conserved in the INSR [ 83 ,  84 ]. The β-subunit contains 627 
amino acid residues, spans the plasma membrane, and has three domains (i.e., extra-
cellular, transmembrane, and intracellular domains). The extracellular domain of the 
β-subunit is 196 amino acids in length, while the transmembrane domain is 24 amino 
acids in length (located at position 906–929). The intracellular portion of the β-subunit 
can be divided into a juxtamembrane, a tyrosine kinase, and a C-terminal domain. The 
homology between the IGF1R and INSR at these different domains is clearly distinct. 
Thus, the tyrosine kinase domains exhibit the highest homology between the two 
receptors (84 %), the juxtamembrane domains share a 61 % homology, and the 
C-terminal domains share only 44 % similarity [ 75 ]. The C-terminal IGF1R domain, 
in conjunction with a nonapeptide at position 1073–1081, and the divergent mem-
brane-proximal region between residues 933 and 955 are perhaps responsible for 
receptor-specifi c, ligand-induced, intracellular signal generation. Within the tyrosine 
kinase domain, a cluster of three tyrosine residues, located at position 1131, 1135, and 
1136, is critical for receptor autophosphorylation [ 85 ]. In addition, the presence of the 
catalytic domain, containing an ATP binding motif (Gly-X-Gly-X-X-Gly), in which 
X can be any amino acid, at position 976–981, and a catalytic Lys at position 1003 are 
essential for ATP binding [ 86 ].  

7.5.2.4    Posttranslational Modifi cation 

   Glycosylation 

 The IGF1R has 16 potential N-linked glycosylation sites [ 38 ].  

   Phosphorylation and Desphosphorylation 

 Autophosphorylation of IGF1R, in response to ligand binding, occurs in a  trans  fash-
ion, i.e., one subunit of the dimeric receptor phosphorylates tyrosine residues on the 
other subunit. Autophosphorylation occurs in a sequential manner: Tyr-1165 is pre-
dominantly phosphorylated fi rst, followed by phosphorylation of Tyr-1161 and Tyr-
1166. While every single phosphorylation increases kinase activity, all three tyrosine 
residues in the kinase activation loop (Tyr-1165, Tyr-1161, and Tyr-1166) have to be 
phosphorylated for optimal activity. In addition, IGF1R can be autophosphorylated 
in vitro at additional tyrosine residues. Autophosphorylation is followed by phos-
phorylation of juxtamembrane tyrosines and C-terminal serines. Phosphorylation of 
Tyr-980 is required for IRS1 and SHC1 binding. Dephosphorylation of IGF1R is 
catalyzed by PTPN1 [ 87 – 90 ].  

   SUMOylation 

 IGF1 stimulates the SUMOylation of IGF1R at three lysine residues (Lys1025, 
Lys1100, and Lys1120) located in its β-subunit [ 91 ]. Mutation of these residues 
blocked SUMOylation of the receptor and prevented its accumulation in the nucleus 
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and activation of transcription, but did not interfere with endocytosis of the receptor 
or its activation of the PI3K or MAPK pathways. SUMOylation is a prerequisite for the 
nuclear translocation of IGF1R; however, SUMOylated IGF1R is predominantly 
localized perinuclearly and at the nuclear membrane [ 44 ,  91 ].  

   Ubiquitination 

 Three E3 ligases, Nedd4, Mdm2, and c-Cbl, have been implicated in mediating 
IGF1R ubiquitination [ 92 – 94 ]. Polyubiquitination takes place at Lys-1138 and Lys- 
1141 through “Lys-48” and “Lys-29” linkages, promoting receptor endocytosis and 
subsequent degradation by the proteasome. Ubiquitination is facilitated by preexisting 
phosphorylation [ 95 ].   

7.5.2.5    Phosphorylation Sites and Known Functions 

 Ligand binding induces conformational changes leading to IGF1R autophosphory-
lation of the β-subunit tyrosine kinase domain (spanning amino acids 973–1,229) 
and ubiquitination [ 92 ,  94 ]. As mentioned above, the activation loop of the IGF1R 
kinase domain contains three tyrosines residues (Tyr1131, Tyr1135, and Tyr1136) 
that serve as receptor autophosphorylation sites. Tyr1135 and Tyr1131 phosphory-
lation destabilizes the autoinhibitory conformation of the activation loop, whereas 
Tyr1136 phosphorylation stabilizes the catalytically optimized conformation [ 87 ], 
allowing substrate and ATP access. In addition, the C-terminal domain contains 
several additional tyrosines and serines, such as Tyrs 1250, 1251, and 1316 and Sers 
1280–1283, whose phosphorylation plays a role in IGF1R signaling. Mutation of all 
[ 96 ] or some [ 97 ] of these residues dramatically reduces the kinase activity, as well 
as the mitogenic and transforming capabilities of IGF1R. 

 As mentioned before, the phosphorylated tyrosine residues serve as docking sites 
for other signaling molecules such as IRS1-4 and Shc, leading to the subsequent activa-
tion of the PI3K/MAPK and the 14-3-3 pathways [ 98 – 101 ]. Sehat and colleagues [ 91 ] 
reported that phosphorylation of the IGF1R is necessary for its ubiquitination.   

7.5.3     IGF Ligands 

7.5.3.1    Ligand Structure 

 IGF1 consists of 70 amino acids (7.65 kDa), whereas IGF2 consists of 67 amino acids 
(7.47 kDa). IGF1 and IGF2 have a 62 % homology in amino acid sequence and there 
is a 40 % homology between IGFs and proinsulin. Unlike insulin, where the connecting 
C-peptide is cleaved out during processing of the prohormone to the mature circulating 
hormone, the mature IGFs retain the C-domain, which links the A and B domains. 
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In addition, IGFs contain an extension to the A domain, the D domain, that is not 
found in insulin. Furthermore, both IGF prohormones contain C-terminal E peptides 
that are cleaved during processing of the precursors [ 102 ,  103 ].  

7.5.3.2    Ligand Cleavage 

 IGF1 action is regulated by proteolytic processing by dipeptidyl peptidase IV 
(DPP-IV). DPP-IV is a membrane-bound serine protease that preferentially cleaves 
the peptide bond after the penultimate proline residue [ 104 ]. DPP-IV is ubiqui-
tously expressed in various tissues. The attenuation of IGF1 signaling may be 
achieved by both a reduction in IGF1R activation and increased IGF1–IGFBP3 
binding [ 105 ].   

7.5.4     IGF1R Activation and Signaling 

7.5.4.1    Phosphorylation 

 Binding of IGFs to the IGF1R α-subunits induces allosteric changes in the receptor 
molecule, which lead to autophosphorylation of the β-subunits. As is the case with 
INSR, the triple tyrosine cluster (located at positions 1131, 1134, 1135) is heavily 
phosphorylated, leading to activation of the intrinsic tyrosine kinase activity of the 
receptor [ 106 ]. Other β-subunit tyrosine residues (including tyrosines at positions 
950, 1250, 1251, and 1316) are subsequently phosphorylated.  

7.5.4.2    Pathway Activation and Major Genes Regulated 

 IGF1R and INSR are RTKs that most frequently signal through PI3K- and MAPK- 
dependent mechanisms [ 2 ]. IGF1 binding activates the IGF1R kinase, leading to 
receptor autophosphorylation followed by tyrosine phosphorylation of multiple 
substrates. These substrates function as signaling adapter proteins and include the 
INSR molecules (IRS1-4), Shc, and 14-3-3 proteins. Phosphorylation of IRSs pro-
teins leads to the activation of two main signaling pathways: the PI3K-AKT/PKB 
pathway and the Ras–MAPK pathway [ 107 – 109 ]. The net result of activating the 
MAPK pathway is increased cellular proliferation whereas activation of the PI3K 
pathway inhibits apoptosis and stimulates protein synthesis. Phosphorylated IRS1 
can activate the 85-kDa regulatory subunit of PI3K, leading to activation of several 
downstream substrates, including AKT/PKB. AKT phosphorylation, in turn, 
enhances protein synthesis through mTOR activation and triggers the anti-apoptotic 
effects of IGF1R through phosphorylation and inactivation of BAD. In parallel to 
PI3K-driven signaling, recruitment of Grb2/SOS by phosphorylated IRS1 or Shc 
leads to recruitment of Ras and activation of the Ras–MAPK pathway. In addition 
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to these two main signaling pathways, IGF1R signals also through the Janus 
kinase/signal transducer and activator of transcription pathway (JAK/STAT). 
Phosphorylation of JAK proteins can lead to phosphorylation/activation of signal 
transducers and activators of transcription (STAT) proteins. In particular, activation 
of STAT3 may be essential for the transforming activity of IGF1R. The JAK/STAT 
pathway activates gene transcription and may be responsible for its transforming 
activity. JNK kinases can also be activated by IGF1R. IGF1 exerts inhibiting activities 
on JNK activation via phosphorylation and inhibition of MAP3K5/ASK1, which is 
able to directly associate with the IGF1R [ 110 ,  111 ].  

7.5.4.3    Cross Talk with Other Receptors System 

 In recent years, the literature has documented the ability of each ligand to activate 
the opposite receptor, showing that in some cases IGF1R can mediate metabolic 
activities and INSR growth, anti-apoptotic, and developmental activities [ 2 ,  66 ]. 
However, no prospective studies have directly assessed how activation of INSR or 
IGF1R leads to divergent biological events. In this respect, it is legitimate to ques-
tion whether the distinct biological effects elicited by the activated receptors can be 
explained only by differential ligand affi nity, divergent tissue distribution, differ-
ences in the internalization of the receptors or structural differences in the β-subunit, 
specifi cally in the C-terminus [ 112 ]. See also Sect.  7.4.4  on cross talk of INSR with 
other receptor system. 

 Recent studies have reported interactions between IGF1R and several cell- 
surface and nuclear receptors, including a cross talk between IGF1R and the ER 
pathway [ 113 ]. A cross talk between IGF1R and EGFR was detected in vitro and 
in vivo and it was shown that this interplay can lead to acquired resistance against 
EGFR-targeted drugs [ 114 ]. Finally, the androgen receptor (AR) was shown to acti-
vate IGF1R expression [ 115 ] while, on the other hand, IGF1R was demonstrated to 
stimulate AR activity in prostate cancer cells [ 116 – 118 ].   

7.5.5     IGF1R Internalization, Processing, and Attenuation 

 The critical determinant of IGF1R signal termination is desensitization of receptors 
by the removal of activated receptors from the cell surface via endocytosis. For 
some membrane receptors the signal mediating receptor internalization/downregu-
lation is constituted by ubiquitination. In vitro studies have implicated Nedd4 in 
IGF1R ubiquitination and processing. Nedd4 binds IGF1R trough Grb10. These 
studies have shown that the Grb10/Nedd4/IGF1R complex drives ligand-dependent 
ubiquitination of the internalized IGF1R. Moreover, ubiquitination was shown to 
occur at the plasma membrane, probably before the formation of endocytosis vesi-
cles [ 119 ]. Another member of the E3 ligase family involved in IGF1R degradation 
is the MDM2 proto-oncoprotein, a RING fi nger ubiquitin ligase that is 
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transcriptionally regulated by IGF1 [ 120 ]. MDM2 binds to the IGF1R β-subunit 
through the adaptor β-arrestin, thereby recruiting ubiquitin to the IGF1R and initiat-
ing its degradation [ 121 ,  122 ].  

7.5.6     Unique Features of the IGF1R 

 Under normal physiological conditions, the IGF1R plays an important role in pro-
tection from apoptosis, regulation of cell growth, and differentiation [ 38 ]. Anomalies 
of the IGF1R in mice lead to fetal growth retardation and malformations in the 
development of skin, muscle, bone, and the central nervous system [ 123 ]. High 
levels of IGF1R are detected in a diversity of human tumors, and interference with 
IGF1R function by antisense approaches, antibodies, or dominant-negative mutants 
reverses the transformed phenotype in multiple cancer models [ 98 ]. For these rea-
sons, the IGF1R has emerged as a potential therapeutic target for the cure of human 
cancer.          

         Receptor at a glance: INSR   

 Chromosome location  19 
 Gene size (bp)  >130 kb 
 Intron/exon numbers  21/22. Two isoforms, INSR-A and –B, are generated by alternative 

splicing of exon 11 
 mRNA size (5′, ORF, 3′)  ~5–10 kb 
 Amino acid number  1,370 
 kDa  Precursor, 200 kDa; mature receptor, 97 kDa 
 Posttranslational 
modifi cations 

 Glycosylation, phosphorylation and desphosphorylation, 
SUMOylation, ubiquitination, and lipidation 

 Domains  Ligand-binding domain in the extracellular α-subunit; tyrosine kinase 
domain in the cytoplasmic portion of the transmembrane β-subunit 

 Ligands  Insulin and IGF2 (mainly at INSR-A) 
 Known dimerizing 
partners 

 Preformed heterotetramer composed of two α and two β subunits 

 Pathways activated  PI3K/AKT and MAPK pathways 
 Tissues expressed  INSR-A predominantly expressed in fetal tissues and InsR-B 

predominately expressed in adult tissues, particularly liver, muscle, 
and adipocytes 

 Human diseases  Type 2 diabetes mellitus. May affect the onset of Alzheimer’s 
disease, Donohue syndrome or leprechaunism, and Rabson–
Mendenhall syndrome 

 Knockout mouse 
phenotype 

 Severe hyperglycemia, hyperketonemia, and growth retardation. KO 
mice die as a result of diabetic ketoacidosis within 48–72 h 
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     Receptor at a glance: IGF1R   

 Chromosome location  15 
 Gene size (bp)  >100 kb 
 Intron/exon numbers  20/21 
 mRNA size (5′, ORF, 3′)  ~11 kb with an additional band at ~7 kb 
 Amino acid number  1,337 
 kDa  Precursor, 200 kDa; mature receptor, 97 kDa 
 Posttranslational 
modifi cations 

 Glycosylation, phosphorylation and desphosphorylation, 
SUMOylation, and ubiquitination 

 Domains  Ligand-binding domain in the extracellular α-subunit; tyrosine kinase 
domain in the cytoplasmic portion of the transmembrane β-subunit 

 Ligands  IGF1, IGF2, and insulin (with low affi nity) 
 Known dimerizing 
partners 

 Preformed heterotetramer composed of two α and two β subunits 

 Pathways activated  PI3K/AKT and MAPK pathways 
 Tissues expressed  Low levels in adipose tissue and high levels in brain. Highly 

expressed in most cancers 
 Human diseases  Mutations (very rare) of the IGF1R lead to intrauterine and postnatal 

growth failure, microcephaly, mental retardation, and deafness 
 Knockout mouse 
phenotype 

 Lethal condition with severe growth retardation. KO mice have 
anomalies in CNS, skin, and other organs 
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    Chapter 8   
 The MET Receptor Family 

             ChongFeng     Gao      and     George F.     Vande Woude     

8.1             Introduction to the Met Receptor Tyrosine 
Kinase Family 

8.1.1     MET 

  MET  was isolated in 1984 as a transforming gene from a human osteosarcoma cell 
line which became more transformed after exposure to the carcinogen  N -methyl- N′ -
nitroso-guanidine (MNNG-HOS). While the  MET  gene was named for  met hyl [ 1 ], 
it is more appropriate for its function in tumor  met astasis, as revealed in the study 
[ 2 ]. The fi rst isolated  MET  gene was a chimeric gene (TPR- MET) containing 
sequences encoding the kinase domain and c-terminus of MET fused to TPR (trans-
located promoter region), which encodes a dimerization leucine zipper motif [ 3 ]. 
The two sequences are brought together through chromosomal rearrangement 
between chromosome 1 (TPR, 1q25) and chromosome 7 (MET, in 7q31). Subsequent 
studies indicated that the  MET  gene encoded a receptor tyrosine kinase (RTK), but 
the receptor’s ligand was unknown at the time [ 4 ]. Molecular biological and bio-
chemical experiments identifi ed hepatocyte growth factor (HGF) as the MET ligand 
[ 5 ]. The ligand HGF was identifi ed as a mitogen for hepatocytes [ 6 – 8 ], and indepen-
dently identifi ed as a fi broblast-derived cytokine that dissociated epithelial cells 
(scatter factor, SF) [ 9 ]. The two proteins were later found to be the same and were 
then referred to as HGF/SF [ 10 ]. 
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 The binding of HGF/SF to MET elicits a diverse series of cellular responses 
including proliferation, scattering/motility, invasion into extracellular matrix, and 
branching morphogenesis. MET is primarily expressed in epithelial cells, while its 
ligand HGF/SF is produced by surrounding mesenchymal cells. An HGF/SF–MET- 
mediated interaction between epithelia and mesenchyme is required for cell migra-
tion and organ formation during embryonic development. MET signaling also 
participates in angiogenesis, wound healing, and organ regeneration in adults. 
However, aberrant activation of MET signaling has been found in a large number of 
different cancer types (  www.vai.org/met    ). Numerous experimental studies and clin-
ical investigations have demonstrated that aberrant MET signaling contributes to 
tumor development and malignant progression.  

8.1.2     RON 

 In 1993, another member of the MET family, RON, was cloned by screening a 
cDNA library prepared from human foreskin keratinocytes [ 11 ]. RON encodes a 
receptor tyrosine kinase that is structurally similar to MET (Fig.  8.1 ); the proteins 
share a 63 overall sequence identity in their intracellular regions [ 11 ]. The ligand for 
RON is a serum-derived growth factor, MSP (macrophage stimulating protein) [ 12 –
 15 ], which belongs to the HGF/SF family [ 16 ]. The RON receptor and its ligand are 
involved in embryonic development and are crucial in regulating certain physiologi-
cal processes [ 17 ]. Aberrant activation of RON through overexpression or alterna-
tive splicing has been reported in various tumor types. Moreover, transgenic 
expression of RON in lung epithelial cells resulted in tumors with the pathological 
features of human bronchioloalveolar carcinoma. Thus, RON plays an important 
role in human cancers and may be a target for therapeutic intervention. Since RON 
and MET are structurally and functionally similar [ 18 ], we summarize the two 
receptors in table “Receptor at glance: comparison between Met and Ron.” This 
chapter will focus on MET.    

8.2     The MET Receptor and Its Ligand HGF/SF 

8.2.1     Genomic Organization, Transcription, 
and Synthesis of the MET Receptor 

 The  MET  gene is at 7q31 and consists of 21 exons. The 5′-regulatory region of the 
MET promoter lacks TATA or CAAT elements, but it has an extremely high G-C 
content and multiple Sp1-binding sites [ 19 ]. Besides Sp1, several other transcrip-
tion factors including HIF-1 [ 20 ], Ets1 [ 21 ], Pax3 [ 22 ], and AP1 [ 23 ] were 
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  Fig. 8.1    Genomic structure and transcription of MET. (a) schematic representation of the MET 
gene locus. Exons are indicated by solid boxes and numbered above, while introns are indicated by 
the horizontal line. Numbered boxes indicate the exons of MET. MET protein is synthesized as a 
single-chain precursor and cleaved by furin during transit through the endoplasmic reticulum, thus 
yielding a smaller amino-terminal α-chain and a larger β-chain. (b) The MET ectodomain consists 
of a large N-terminal SEMA domain, which adopts a seven-bladed β-propeller fold and a stalk 
structure consisting of four immunoglobulin-like (Ig) domains. The SEMA domain and the stalk 
structure are separated by a small cystine-rich (CR) domain. The transmembrane (TM), the long 
juxtamembrane (JM) sequence, the kinase (K) domain, and a carboxy-terminal Docking site are 
also shown. (c) Hepatocyte growth factor/scatter factor (HGF/SF) is composed of six domains: an 
N-terminal (N) domain, four copies of the kringle domain (K1–4), and a C-terminal serine protein-
ase homology (SPH) domain that is structurally related to the catalytic domain of serine protein-
ases but that is enzymatically inactive. Mature, biologically active HGF/SF is a two-chain (α–β) 
protein that is produced by site-specifi c proteolysis in the extracellular space from single-chain 
pro-HGF/SF by the serine proteinases matriptase, hepsin, and HGF activator. HGF/SF contains 
two MET-binding sites: one in the NK1 fragment and one in the SPH domain. (d) The crystal 
structure of an SPH–MET complex is shown: the SPH domain of HGF/SF binds to an area of the 
SEMA domain within the MET α-chain (protein databank (PDB)       
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reported to be positive regulators of MET promoter. p53 was reported to be a 
transcription activator of MET, and a p53-responsive element was identifi ed in 
MET promoter [ 24 ]. However, a later study showed that p53 could suppress MET 
expression at transcriptional and posttranslational levels in ovarian carcinoma cell 
lines, through inhibiting AP-1 and inducing miR-34, respectively [ 25 ]. The dis-
crepancy may result from contextual difference of model systems used in the two 
studies. 

 Exon 1 of  MET  is noncoding and contains most of the 5′ UTR. Exon 2 is the 
largest internal coding exon (1,214 bp) in the  MET  gene and contains 14 bp of 
5′ untranslated sequence followed by the initiating codon. Thus, the 4,170-bp 
open reading frame for the 1,390-amino-acid MET polypeptide precursor is dis-
tributed over 20 exons. After synthesis, the MET precursor undergoes proteo-
lytic cleavage between Arg 307  and Ser 308 , forming an extracellular α chain and 
membrane-spanning β chain linked by disulfi de bonds [ 26 ,  27 ]. Furin, a subtili-
sin-like mammalian endoprotease, has been identifi ed as the processing endo-
protease [ 28 ]. The 45 kDa α-chain is encoded by part of exon 2, whereas the 
145 kDa β-chain is encoded by the rest of exon 2 together with exons 3–21 
(Fig.  8.1 ). 

 The extracellular portion of the β subunit contains a semaphorin homology 
domain (SEMA), a cysteine-rich (CR) domain (also called the MET-related 
sequence, MRS), and four immunoglobulin-like (IPT, for IgG-like, plexins, 
transcription factors) domains. The intracellular portion of the β subunit con-
tains a juxtamembrane domain (JM), a kinase domain, and a c-terminal docking 
site domain [ 29 ]. The HGF/SF-binding site is formed by the SEMA domain of 
the β-chain plus the α-chain [ 30 ]. The IPT domains 3 and 4 may be required for 
high-affi nity binding between HGF/SF and MET [ 31 ]. The JM domain plays a 
key role in the binding of the CBL protein and in MET degradation. 
Phosphorylation of the JM domain at Y1003 is required for recruitment of CBL 
upon MET activation [ 32 ].  

8.2.2     Genomic Organization, Transcription, 
and Synthesis of HGF/SF 

 The human HGF-encoding gene on chromosome 7q21.1 is composed of 18 exons 
and 17 introns. In the HGF/SF promoter region, an Sp1-binding site (at position 
–318 to –303 bp from the transcription start site) with a CTCCC motif has been 
identifi ed [ 33 ]. Both Sp1 and Sp3 bind to this region and synergistically enhance 
HGF/SF gene expression. Other regulatory elements, CCAAT/enhancer-binding 
protein beta (C/EBP-β) and delta (C/EBP-δ), are located between –6 and +7 bp 
from the transcription start site. The core binding sequence for the inducible cis- 
acting factors was TTTGCAA (–4 to +3 bp). Partial hepatectomy increases C/EBP 
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binding activity to this region, providing a mechanistic explanation for the tran-
scriptional induction of HGF/SF by extracellular signals (i.e., cytokines) that induce 
tissue regeneration [ 34 ]. A    DNA element consisting of a mononucleotide repeat of 
30 deoxyadenosines (deoxyadenosine tract element, DATE) is identifi ed at 750 bp 
upstream from the transcription start site in the human HGF promoter. DATE acts 
as a transcriptional repressor, whose truncation leading to constitutive activation of 
the HGF promoter. DATE is a target of deletion in human breast cancer cells and 
tissues [ 35 ]. 

 Expression of the  HGF  gene has been found to be upregulated by various cyto-
kines and growth factors, including IL-1, TNF-α, EGF, FGF, and PDGF [ 36 ,  37 ], as 
well as by prostaglandins [ 38 ] and heparin [ 39 ]. In contrast, HGF expression is 
downregulated by dexamethasone and transforming growth factor β1 [ 40 ,  41 ].  HGF  
expression is restricted to non-epithelial cells, such as the fi broblasts of various tis-
sues, Ito cells of the liver, macrophages, peripheral blood leukocytes, endothelial 
cells, and megakaryocytic cells [ 42 ]. 

 HGF/SF is produced predominantly in mesenchymal cells as a precursor of 
728 amino acid residues, which is mostly found in extracellular matrix [ 7 ]. 
While pro- HGF binds to MET with a high affinity, it is unable to activate 
MET [ 43 ]. Pro-HGF is proteolytically processed at Arg 494 -Val 495  to generate 
mature HGF/SF, a disulfide- linked heterodimer composed of a 69 kDa α sub-
unit and a 34 kDa β subunit [ 44 ]. The α subunit contains a hairpin loop fol-
lowed by four kringle (K1–K4) domains and is highly homologous to members 
of the plasminogen serine protease family. The β subunit resembles a serine 
protease homology domain (SPH), but lacks protease activity, partly due to 
mutations in residues forming the serine protease catalytic triad. The first 
kringle domain in the α-chain contains the high-affinity binding domain for 
MET [ 43 ,  45 ].  

8.2.3     Activation of HGF/SF by Serine Proteinases 

 Three serine proteinases have been implicated in the activation of pro-HGF/SF: 
HGF activator (HGFA), matriptase (ST14), and hepsin. Matriptase and hepsin are 
type II transmembrane enzymes that effi ciently activate pro-HGF at the cell sur-
face [ 46 ]. In contrast, HGFA was originally isolated from bovine serum as a solu-
ble proteinase capable of HGF/SF activation [ 47 ]. HGFA is present in human 
plasma as an inactive zymogen, which is processed by thrombin. The activated 
HGFA has a molecular mass of 34 kDa and consists of two chains held together 
by a disulfi de bond [ 48 ]. The nucleotide sequence of the cDNA reveals that HGFA 
precursor protein contains 655 amino acid residues and consists of multiple puta-
tive domains homologous to those observed in blood coagulation factor XII [ 49 ]. 
Coagulation factor XIIa also has the ability to activate single-chain HGF, although 
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the specifi c activity is slightly lower than that of HGFA. The involvement of 
thrombin, a component of blood coagulation cascade, in HGFA activation sug-
gests that HGFA is a key enzyme for HGF/SF activation during tissue regenera-
tion [ 50 ,  51 ]. This idea is further supported by a study of HGFA-defi cient mice, 
which exhibit decreased activation of HGF/SF and impaired regeneration of 
injured intestinal mucosa [ 52 ]. 

 The activation of HGF/SF is fi nely tuned by two HGFA inhibitors: HGF activa-
tor inhibitor type 1 (HAI1; also known as SPINT1) and type 2 (HAI2; also known 
as SPINT2) [ 53 ,  54 ]. Both inhibitors are synthesized as integral membrane proteins 
containing two Kunitz domains and a transmembrane domain, and they are subse-
quently released by shedding from cell surface [ 55 ]. The inhibitors also inactivate 
matriptase, which is required for maintaining epithelial integrity [ 56 ], as well as for 
placental and neural development [ 57 ]. HGF/SF is known to associate with compo-
nents of the extracellular matrix, including heparan sulfate proteoglycan, 
 thrombospondin, fi bronectin, and vitronectin [ 58 ,  59 ]. Matrix metalloprotease-
mediated extracellular matrix degradation, which is triggered by the uPA/uPAR-
plasmin system, facilitates the release and activation of sequestered pro-HGF from 
the extracellular matrix [ 60 ].   

8.3     HGF/SF Activation of MET 

8.3.1     Activation and Signaling 

 Binding of HGF/SF to MET receptor triggers dimerization and phosphorylation 
of the receptor. Phosphorylation at two tyrosine residues, Y1234 and Y1235, in 
the catalytic domain is crucial for activating MET as a tyrosine kinase [ 61 ], 
while phosphorylation at Y1349 and Y1356 in the C-terminal portion of the 
molecule is essential for its functioning as a docking site. Upon phosphoryla-
tion, the docking site recruits the Src homologous 2 (SH2)-domain-containing 
proteins, which in turn trigger specifi c signaling (Figs.  8.1  and  8.2 ). The adaptor 
proteins and signal transducers that physically bind to the phosphorylated MET 
receptor include Grb2 [ 29 ], Gab1 [ 62 ], SHC [ 63 ], Src [ 29 ], PI3K [ 64 ], and 
STAT3 [ 65 ].  

 Grb2 was isolated as a growth factor receptor-bound protein that contains a Src 
homology 2 (SH2) domain between two SH3 domains [ 66 ,  67 ]. The SH2 domain 
associates with the growth factor receptor, while the SH3 domains interact with the 
carboxyl-terminal domain of SOS (Son of Sevenless) to mediate RAS signaling 
[ 68 – 70 ]. The interaction between MET and Grb2 may be enhanced by SHC, which 
is recruited to the MET docking site and phosphorylated by activated MET. The 
phosphorylation of SHC produces a binding site (pY 317 VNV) for Grb2 [ 63 ,  67 ]. 
Interestingly, the interaction between MET and SHC requires α6β4 integrin, which 
also physically interacts with MET [ 71 ]. Activated RAS triggers the activation of 
the MAPK pathway through RAS-RAF-MEK1, MEK2. This pathway is required 

C. Gao and G.F. Vande Woude



327

for cell proliferation induced by growth factors, but it is also involved in other 
effects of MET signaling. For example, the activation of the MAPK pathway by 
MET induces the expression of urokinase, which plays an important role in cell 
invasion [ 72 – 74 ]. 

 The role of Grb2 in MET-induced branching morphogenesis has been suggested 
from the use of mutant MET molecules that selectively disrupt the association: 
mutation at the consensus Grb2-binding site on MET, N1358H, disrupts the interac-
tion between Grb2 and MET. Cells expressing this mutant receptor can scatter but 

  Fig. 8.2    Signaling pathways from HGF/SF activation of c-MET receptor. HGF/SF binding trig-
gers MET dimerization and autophosphorylation activity. Phosphorylation at Tyr1234 and Tyr1235 
of the kinase domain activates tyrosine kinase activity of MET. The phosphorylation of Tyr1349 
and Tyr1356 at the docking site results in recruitment of various cytoplasmic effector molecules 
GRB2, GAB1, PLC, and SRC. Tyrosine-phosphorylated GAB1 that is bound to MET can attract 
further docking proteins, including SHP2, PI3K, and others. Phosphorylation and activation of 
these adaptors activate various downstream signaling cascades. Activation of MAPK results from 
sequential activation of several protein kinases including SOS, RAS, RAF, and MAPKK. PI3K is 
a lipid kinase catalyzing the formation of PIP3, which creates a docking site for Akt to the inner 
side of the plasma membrane. Activation of Akt leads to phosphorylation and activation of several 
substrates involved in cell proliferation and surviving. Phosphorylation of MET at Tyr1003 of JM 
domain results in the binding of CBL, an E3 ligase that triggers MET ubiquitination and 
degradation       
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are unable to form branching tubules [ 75 – 78 ]. The role of Grb2 for the migration of 
muscle precursor cells in late myogenesis is also suggested by studies using this 
MET mutant as a mouse germline knock-in. These animals showed a striking reduc-
tion in limb muscle formation, while the development of placenta and liver was 
unaffected relative to animals nullizygous for MET [ 78 ]. 

 Gab1 (Grb2-associated binder-1) was originally discovered as a Grb2 interacting 
protein that shares homology and structural features with IRS-1 (insulin-receptor 
substrate-1) [ 79 ]. Grb2 binds to Gab1 via its SH3 domain and to MET via its SH2 
domain, thus coupling Gab1 to the MET receptor. Gab1 also directly binds to MET 
through its phosphotyrosine recognition domain (or MET-binding domain, MBD) 
[ 62 ]. Gab1 mutants defi cient in Grb2 binding associate with MET but with a reduced 
strength, indicating that both direct and indirect binding are essential [ 80 ]. The 
N-terminal pleckstrin homology (PH) domain that binds phosphatidylinositol 
3,4,5-triphosphate is critical for subcellular localization of Gab1. A Gab1 mutant 
lacking the PH domain is localized predominantly in the cytoplasm and loses the 
ability to induce branching morphogenesis [ 81 ]. Upon stimulation with HGF/SF, 
Gab1is recruited to the MET receptor and is phosphorylated at several tyrosine resi-
dues, which in turn recruit downstream adaptors and signaling molecules such as 
tyrosine phosphatase SHP2, PI3K, PLC-γ, and Crk/CRKL [ 80 ]. The specifi c tyro-
sine phosphorylation patterns on Gab1 specify the binding of different downstream 
molecules. For example, the phosphorylation of Y447, Y472, and Y589 is required 
for binding to the regulatory subunit p85 of PI3K [ 81 ,  82 ]; of Y627 for binding to 
SHP-2 [ 82 ,  83 ]; and of Y307, Y373, and Y407 for binding to PLC-γ [ 84 ]. 

 The functions of SHP-2 and PLC-γ in MET signaling have been characterized by 
using Gab1 that is mutated at specifi c tyrosine residues required for its binding with 
distinct targets. The Gab1 C-terminal mutant Y637F fails to recruit SHP-2 and is 
unable to elicit sustained activation of ERK and epithelial morphogenesis in 
response to HGF/SF [ 80 ,  85 ]. As a tyrosine phosphatase, SHP2 may enhance RAS/
ERK signaling by dephosphorylating the RAS-GAP-binding site on Gab1 and dis-
engage RAS-GAP to sustain RAS activation [ 86 ]. A recent study showed that SHP2 
defi ciency compromises the mitotic checkpoint and results in chromosome instabil-
ity and cancer predisposition. SHP2 is required for the optimal activation of the 
mitotic kinases PLK1 and Aurora B and thereby the proper kinetochore localization 
and phosphorylation of BubR1 [ 87 ]. Overexpression of the Gab1 mutant molecule 
Y307/373/407F, which is unable to bind PLC-γ, completely abolished HGF/
SF-mediated tubulogenesis without altering scattering and only partially reduced 
cell growth [ 84 ]. 

 Gab1 also contains multiple Tyr- X - X -Pro (Y XX P) motifs that bind to the 
adapter proteins c-Crk and Crk-like (CRKL) upon HGF/SF treatment [ 88 ]. c-Crk 
and CRKL are SH2- and SH3-domain-containing proteins, with the SH2 domain 
binding to Gab1 and the SH3 domain recruiting downstream adaptors including 
C3G, DOCK180, and HPK-1[ 89 – 91 ]. C3G is a guanine-nucleotide exchange fac-
tor that activates Rap1 [ 92 ], which in turn controls adherent junction positioning 
and cell adhesion [ 93 ]. DOCK180 is an activator of Rac1, which mediates MET-
induced cell spreading and migration [ 94 ]. HPK-1 (hematopoietic progenitor 
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kinase1) is a well- established activator of JNK that is essential for MET-induced 
transformation [ 95 – 97 ]. 

 PI3K is another Gab1-binding molecule that has been linked to HGF/SF-induced 
proliferation, scattering, and branching morphogenesis [ 98 – 100 ]. The PI3K/AKT 
pathway is a key to mediating cell survival in response to DNA damaging agents or 
serum starvation [ 101 – 103 ]. Survival signals emanating from HGF/SF–MET are 
enhanced by caspase-cleavage products of GAB1, a p35-GAB1 fragment that favors 
cell survival by maintaining HGF/SF-induced MET activation of AKT [ 104 ]. 
MET also mediates cell survival in PI3K/AKT-independent manner. For example, 
MET can prevent Fas-induced apoptosis by directly binding to Fas and blocking its 
self-aggregation and its ligand binding [ 105 ]. 

 SHIP-1 (SH2-domain-containing inositol 5-phosphatase 1) was originally iden-
tifi ed as a negative growth regulator in cytokine-stimulated hematopoietic cells 
[ 106 ]. In yeast two-hybrid screening, SHIP-1 was discovered to be a MET-binding 
protein [ 107 ]. MDCK cells that overexpress SHIP-1 branch early relative to wild- 
type cells in response to HGF/SF, while a mutant SHIP-1 molecule lacking catalytic 
activity impairs HGF/SF-mediated branching morphogenesis [ 107 ]. 

 Upon HGF/SF activation of MET, Src binds to MDS domain of MET, which 
results in Src phosphorylation and activation. Activation of Src is required for HGF/
SF-induced cell transformation [ 29 ]. HGF/SF also stimulates the recruitment of 
STAT-3 to MET receptor, which is followed by its tyrosine phosphorylation and 
nuclear translocation. STAT-3 is a transcription factor that activates the expression 
of genes required for HGF/SF-induced branching morphogenesis [ 65 ], or anchorage- 
independent growth and tumorigenic activity [ 108 ]. Also, Src and STAT-3 may 
cooperate to upregulate HGF expression [ 109 ].  

8.3.2     Modulation of MET Activation by Other 
Signal Molecules 

 While HGF/SF is the only known ligand for MET, a number of signal molecules 
have been implicated in effective activation of MET. These proteins that augment 
MET activation include CD44, integrin, class B plexins, and other RTKs. 

 CD44 is a receptor for hyaluronic acid that is involved in cell–cell interactions, 
cell adhesion, and migration. CD44 exists in multiple isoforms that are generated 
through alternative splicing. CD44 isoforms containing the alternatively spliced 
exon v3 (CD44v3) carry heparan sulfate side chains that are able to bind HGF/
SF. CD44v3 may enhance MET signaling by concentrating and presenting HGF/SF 
to MET [ 110 ]. Co-expression of CD44v3 and MET correlates with a poor prognosis 
of colon cancer, suggesting CD44v3 may promote HGF/SF-induced tumor progres-
sion [ 111 ]. Another isoform, CD44v6, forms a complex with HGF/SF–MET that 
enhances HGF-dependent MET phosphorylation [ 112 ] and activation of MAPK 
pathway in several tumor cell lines [ 112 ,  113 ]. 
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 The collaboration of CD44 and MET is required for development of the central 
and peripheral nervous systems; mice with MET (and HGF/SF and Gab1) heterozy-
gous mutations on a CD44 –/–  background die at birth with defects in nervous system 
development. However, CD44-null animals or animals heterozygous for MET do 
not exhibit these defects, probably because ICAM-1 (intercellular adhesion mole-
cule- 1) can compensate for CD44 as a co-receptor for MET in CD44-null mice. In 
CD44 wild-type mice, MET activation and cell proliferation following partial hepa-
tectomy were inhibited by CD44v6-specifi c antibodies, but ICAM-1-specifi c anti-
bodies only interfered with liver cell proliferation and MET activation in CD44 
knockout mice [ 114 ,  115 ]. These studies indicated that cross talk between CD44 
and HGF/SF–MET signaling plays an important role in adult physiology and 
embryonic development. 

 Integrins are a group of membrane proteins that mediate the attachment of cells 
to the extracellular matrix. Certain integrins, such as α6β4, selectively associate 
with MET and potentiate HGF-triggered activation of the RAS and PI3K-dependent 
pathways [ 116 ]. Integrin-mediated cell–matrix adhesion may also activate MET in 
the absence of HGF/SF [ 117 ,  118 ]. The cross talk between integrin and MET may 
synergistically promote tumor invasion. 

 Plexins are single-pass transmembrane receptors for semaphorins, which modu-
late cytoskeletal remodeling and integrin-dependent adhesion [ 119 ]. Class B plex-
ins and MET share homology in their extracellular domains: they both contain a 
Sema domain that forms a β-propeller structure, a cysteine-rich motif, and 
immunoglobulin- like domains [ 119 ]. The propeller domain mediates MET associa-
tion with class B plexins [ 120 – 122 ]. The binding of Sema4D to plexinB1 increased 
MET signaling and enhanced cell invasion, while MET expression was also required 
for effective activation of plexinB1 by Sema4D [ 121 ]. 

 The cross talk between HGF/SF–MET and other signaling molecules is also 
required for embryonic development. The absence of MET during renal develop-
ment causes reduced branching of the ureteric bud and a decreased number of neph-
rons. Mice missing both MET and EGFR exhibit more serious defects in renal 
development [ 123 ], suggesting that cross talk between MET and EGFR family 
members is likely to be important [ 123 – 125 ]. Functional cross talk between MET 
and EGFR has been reported in several systems [ 126 ,  127 ]. Co-expression of MET 
and Her-2 is often detected in breast and gastric cancer cells [ 128 ,  129 ]. EGF stimu-
lation of bladder, hepatocyte, epidermoid carcinoma, and non-small cell lung cancer 
cell lines activated both EGFR and MET [ 126 ,  130 ,  131 ]. In contrast, EGFR inhibi-
tion by Gefi tinib signifi cantly blocks HGF/SF activation of MET and the HGF/
SF-induced proliferation and migration of mammary carcinoma cell lines [ 132 ], 
suggesting that the EGF/EGFR ligand/receptor pair is required for full activation of 
MET signaling. On the other hand, HGF/SF promotes transactivation of EGFR dur-
ing retinal pigment epithelial wound healing, leading to an enhanced activation of 
downstream signaling pathways [ 133 ]. Activation of MET through amplifi cation in 
lung cancer cells activates the ERBB3–PI3K pathway and promotes resistance to 
EGFR kinase inhibitors [ 134 ]. Therefore, the cross talk between MET and EGFR is 
an important mechanism for cancer progression and resistance to therapy. 
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 Cross talk between MET and WNT–β-catenin occurs at several levels. First, 
MET can contribute to the transcriptional activation of WNT ligands such as 
WNT7B [ 135 ]. Second, MET can also stabilize β-catenin by inhibiting its degrada-
tion through AKT phosphorylation of glycogen synthase kinase-3β (GSK3β). Third, 
HGF/SF activation of MET promotes nuclear translocation of β-catenin and the 
transcription of their target genes in liver and bladder cancer cells [ 136 ]. On the 
other hand, MET is a direct transcriptional target of WNT–β-catenin in colon cancer 
cell lines [ 137 ].  

8.3.3     MET Internalization, Processing, and Attenuation 

 The strength and duration of MET activation is tightly regulated to induce appropri-
ate cellular responses [ 138 ]. Levels of MET expression at the cell surface are fi nely 
tuned by multiple mechanisms, including clathrin-mediated endocytosis, extracel-
lular shedding, and intracellular cleavage. Downstream signaling is also restricted 
through negative feedback loops. 

 While HGF binding activates MET signaling, it also triggers the downregulation 
of MET through receptor-mediated endocytosis [ 139 ]. The proteasome activity 
seems to be necessary for MET internalization, although the detailed mechanism of 
how the proteasome participates is unknown [ 140 ,  141 ]. In this process, the MET- 
ligand complex is recruited to clathrin-coated pits, followed by internalization and 
endosomal traffi cking, and ending with degradation in lysosomes or recycling to the 
plasma membrane [ 141 ]. Like other RTK receptors, the internalized receptor that is 
delivered to endosomal compartments remains capable of signaling during vesicle 
traffi cking [ 142 ,  143 ] and is even required for certain signaling events such as the 
activation of ERK [ 144 – 146 ]. MET-activated ERK signaling within endosomal 
compartments is regulated by PKC-ε, which ensures the consequent accumulation 
of ERK in focal complexes [ 146 ]. In contrast, PKC-α is only required for the micro-
tubule-based movement of MET from an early endosomal compartment to a peri-
nuclear compartment. MET being delivered to a perinuclear endosomal compartment 
seems to be required to sustain phosphorylated STAT3 in the nucleus [ 147 ]. Thus, 
the route of traffi cking can determine the nature of the signal output. 

 The proto-oncogene CBL plays a key role in MET ubiquitination and degrada-
tion. CBL is an E3 ubiquitin ligase that serves as a negative regulator for a number 
of receptor tyrosine kinases [ 148 – 150 ]. In addition to a RING fi nger domain that 
recruits E2 enzyme, CBL contains a tyrosine kinase binding domain, which recog-
nizes the phosphorylated Tyr1003 residue in the juxtamembrane domain of MET, 
and a proline-rich domain that binds to Grb2. The site of ubiquitin binding is at the 
C-terminal ubiquitin-associated domain (UBA) [ 32 ,  151 ,  152 ]. 

 Upon MET activation, CBL is recruited to MET through Y1003 and is subse-
quently phosphorylated by MET to activate its E3 ligase activity. MET is then ubiq-
uitinated [ 153 ] and recruited to the endophilin-CIN85-Cbl complex in clathrin-coated 
pits [ 154 ]. Formation of the endophilin-CIN85-Cbl complex triggers invagination 
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and scission of the membrane to form early endosomes. After endocytosis, the 
 ubiquitinated MET receptors are retained in endosomes through their interaction 
with the ubiquitin-interacting domain contained in the  h epatocyte growth factor- 
r egulated tyrosine kinase  s ubstrate (HRS) [ 155 ,  156 ]. HRS couples ubiquitinated 
MET to the endosomal sorting complex for transport (ESCRT) to initiate formation 
of the multivesicular body, which is then targeted to the lysosomes for degradation 
[ 157 ]. The endosomal sorting process also requires the signal-transducing adaptor 
molecule (STAM) that forms a heterodimeric complex with HRS [ 158 ]. The unubiq-
uitinated MET interacts with GGA3 via the CRK adaptor and ARF6. The formation 
of a GGA3-MET complex promotes access of MET into a recycling pathway. 
 GGA3- dependent entry of MET into the recycling pathway promotes sustained 
ERK1/2 activation [ 159 ]. 

 Cbl-dependent ubiquitination is crucial to targeting the MET receptor to compo-
nents of the lysosomal sorting machinery, but it appears to be dispensable for MET 
internalization [ 160 ]. Thus, MET with mutation or deletion of the CBL-binding site 
is still internalized upon ligand activation, but it escapes degradation owing to a 
change in endosomal sorting [ 32 ,  161 ]. Such receptor variants lead to sustained 
signaling and convert MET into a transforming protein [ 162 ]. Beyond mutations in 
the JM domain, MET mutations in the kinase domain (D1246N and M1268T) pro-
duce increased endocytosis/recycling activity and decreased degradation of MET, 
which leads to the accumulation of MET in endosomes [ 163 ]. Endosomal MET 
activates the GTPase Rac1, which is required for cell migration, tumorigenic activ-
ity, and experimental metastasis [ 163 ] .  

 Another mechanism that leads to downregulation of MET involves the proteoly-
sis and shedding of the extracellular domain. Shedding is mediated by members of 
the disintegrin and metalloproteinase (ADAM) family which generate a soluble 
MET ectodomain and a membrane-anchored cytoplasmic tail. The cytoplasmic tail 
undergoes proteolysis by γ-secretase and is rapidly cleared by proteasome-mediated 
degradation [ 164 ]. Unlike Cbl-mediated endosomal degradation, proteolysis of 
MET does not require the ligand-mediated activation of MET. The extracellular 
shedding of MET not only decreases the number of receptor molecules on the cell 
surface but also generates a decoy moiety that interacts with both HGF and full- 
length MET to further inhibit MET signaling [ 165 ]. In an immortal trophoblast cell 
line, B6Tert-1, HGF/SF–MET signaling induces ADAM10 and ADAM17, which in 
turn lead to proteolysis and MET shedding. Thus, HGF/SF could self-control its 
regulation on trophoblast cell invasion by enhancing proteolysis of its receptor. 
Interruption of this feedback loop may impede placentation during mammalian pla-
cental development [ 166 ]. 

 MET signaling can be inhibited by downstream molecules of its signaling path-
way. Spry2 was fi rst identifi ed as an inhibitor of the FGF and EGFR signaling path-
ways during  Drosophila  organogenesis [ 167 ,  168 ]. Subsequent study indicated that 
Spry2 is transcriptionally upregulated in cells treated with HGF/SF, and its expres-
sion inhibits MET signaling and HGF/SF-induced cellular responses [ 169 ]. MET 
activation also leads to transcriptional induction of the Notch ligand Delta and the 
Notch effector HES-1. The activation of Notch signaling downregulates the MET 
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receptor and suppresses RAS-ERK signaling [ 170 ]. Loss of Spry2 leads to 
activation of RAS-ERK signaling and contributes to tumorigenesis, indicating that 
the counter-regulatory mechanism is required for appropriate function of MET sig-
naling [ 171 – 173 ].   

8.4     Cellular Responses to HGF/SF 

 Activation of MET signaling induces various cellular responses including cell 
growth [ 6 ,  174 ], scattering/migration [ 9 ,  175 ], invasion [ 176 ], tubulogenesis/
branching morphogenesis [ 124 ], and lumen formation [ 177 ,  178 ]. 

8.4.1     HGF/SF–MET Signaling in Cell Proliferation 

 Growth factor-induced cell proliferation is defi ned by its capacity to induce DNA 
synthesis in quiescent cells [ 179 ]. Indeed, HGF/SF was fi rst identifi ed based on its 
capacity to stimulate DNA synthesis [ 8 ]. The most sensitive method to measure 
HGF/SF-induced DNA synthesis is [ 3 H]-thymidine incorporation (Fig.  8.3a ). Serum 
starvation before HGF/SF treatment may be required to measure the effect of HGF/
SF on DNA synthesis in cultured tumor cells, since serum is a strong stimulator. The 
time to reach the peak of DNA synthesis after HGF/SF treatment may be cell type 
dependent. In the case of SK-LMS-1 cells, DNA synthesis peaks at 12 h of HGF/SF 
treatment.  

  Fig. 8.3    HGF/SF stimulates proliferation on SK-LMS-1 cells as analyzed by [ 3 H]-thymidine 
incorporation assay. ( a ) Effects of HGF/SF on DNA synthesis. Cells were seeded in 96-well plate 
(2,000 cells/well) and cultured for 24 h. After serum starvation, the cells were treated with HGF/
SF for 10 h. [ 3 H]-thymidine was added for 8 h before analysis. ( b ) DNA synthesis at various times 
after HGF/SF treatment. Cells were seeded in 96-well plate (5,000 cells/well) and cultured for 24 
h. After serum starvation, the cells were treated with HGF/SF for various times. [ 3 H]-thymidine 
was added for 5 h before analysis       
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 While the upregulation of cyclinD and downregulation of p27 through the RAS/
MAPK and PI3K pathways are commonly involved in growth factor-induced cell 
growth [ 179 ], the activation of RAS/MAPK and PI3K is insuffi cient for HGF- 
induced growth, at least in some systems [ 180 ]. Activation of additional signaling, 
such p38 and NF-κB, may be also required [ 181 ,  182 ]. HGF/SF can induce 
 proliferation through c-Myc in a proliferative subclone isolated from the DBTRG-
05MG glioblastoma cell line [ 183 ]. The levels of phosphorylated ERK and AKT in 
the proliferative subclone were much lower than those of invasive subclones, which 
also exhibited low levels of c-Myc. This study suggests that high ERK and AKT 
activity is not required for c-Myc induction and proliferative response, although a 
basal level may be essential. Indeed, a high-intensity ERK signal mediates HGF/
SF-induced proliferation inhibition in the human hepatocellular carcinoma cell line 
HepG2 [ 184 ,  185 ]. The role of Src in HGF/SF-induced proliferation was investi-
gated using a Gab1 mutant having substitutions in the Src phosphorylation sites 
(Y242, Y259, Y317, and Y373). These Gab1 mutants failed to promote HGF- 
induced DNA synthesis but retained the ability to facilitate HGF-induced chemo-
taxis, indicating that Src is important for HGF-induced DNA synthesis [ 186 ].  

8.4.2     HGF/SF–MET Signaling in Cell Scattering and EMT 

 The epithelial–mesenchymal transition (EMT) is a process characterized by loss of 
intercellular junctions and increased cell motility. In two-dimensional culture, EMT 
was refl ected in cell spreading; a series of processes including disruption of cell–
cell junctions; and subsequent cell scattering and migration [ 187 ]. HGF/SF was 
independently identifi ed as scatter factor (SF), which causes a disruption of junc-
tions, an increase in local motility, and a scattering of contiguous sheets of epithe-
lial cells [ 9 ]. The role of HGF/SF in cell scattering is best manifested in MDCK 
cells (Fig.  8.4 ).  

  Fig. 8.4    HGF/SF-induced cell scattering in MDCK cells. Cells were treated with HGF/SF at 
20 ng/ml for 24 h (HGF), or untreated (Control). Images were taken after cell staining with 0.005 % 
crystal violet       
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 The RAS activation is suffi cient for cell spreading and disruption of adherent 
junctions, while p42/p44 MAPK, PI3-kinase, and Rac are required for the 
 downregulation of E-cadherin and the disruption of adherent junctions in MDCK 
cells [ 188 ]. The downregulation of E-cadherin may result from co-endo/exocytosis 
with MET [ 189 ]. HGF/SF-induced scattering may be a prerequisite for cell inva-
sion; the process also needs the upregulation of uPA/uPAR [ 74 ] and members of the 
matrix metalloproteinase family [ 72 ,  73 ,  190 – 192 ] (Fig.  8.5 ). These studies suggest 
that HGF/SF-induced EMT may play a role in invasion and metastasis in human 
cancer. In fact, high level of circulating HGF/SF are associated with EMT in tumor 
tissue from small cell lung cancer and with poor outcome in patients [ 193 ].  

 EMT has been implicated in numerous developmental processes, including 
mesoderm formation and neural tube formation. HGF/SF–MET signaling is essen-
tial for the generation of myogenic precursor cells from the epithelial dermomyo-
tome (i.e., EMT) as well as for the migration of myogenic precursor cells into the 
limbs, tongue, and other organs, where they differentiate to form a subset of the 
hypaxial muscles. The long-distance migration in the embryo is dependent on both 
MET and GAB1 [ 194 ,  195 ].  

8.4.3     HGF/SF–MET Signaling in Tubulogenesis/Branching 
Morphogenesis 

 Tubulogenesis/branching morphogenesis refers to the organization of epithelial 
cells into branched tubular structures [ 196 ]. Branching morphogenesis is the 
structural basis for the formation of a variety of parenchymal organs, such as 
the kidney, liver, lung, and mammary gland during embryonic development. 

  Fig. 8.5    HGF/SF-induced cell invasions through Matrigel. SK-LMS-1 cells (10,000 cells/ 
chamber) were loaded into Boyden chamber and treated with HGF/SF at 100 ng/ml for 24 h 
(HGF), or were untreated (Control). Cells remaining inside the chamber were removed. Cells 
invading through Matrigel and attached to the bottom surface were stained. The number of invad-
ing cells in the whole insert was counted and presented in bar graph (unpublished data provided by 
Dr. Gao)       
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Under physiological conditions, this is a highly complex process that involves the 
interaction of different cell types and is induced by various environmental cues. 
This process can be mimicked, in vitro, by culturing Madin-Darby canine kidney 
(MDCK) epithelial cells in three-dimensional (3D) collagen matrix in the presence 
of either fi broblasts or fi broblast-conditioned medium [ 197 ]. HGF/SF was subse-
quently identifi ed as the sole growth factor responsible for branching morphogene-
sis [ 124 ]. None of the other known growth factors, including epidermal growth 
factor (EGF), basic fi broblast growth factor (bFGF), acidic fi broblast growth factor 
(aFGF), transforming growth factor beta 1 (TGF-β1), insulin-like growth factor I 
(IGF-I), insulin-like growth factor II (IGF-II), platelet-derived growth factor 
(PDGF), or keratinocyte growth factor (KGF) displayed the same activity in MDCK 
cells [ 197 ]. It was subsequently shown that HGF/SF induces branching morphogen-
esis in collagen matrix in a wide variety of epithelial cells from colon, pancreas, 
mammary gland, prostate, lung, and other organs [ 198 ]. The tubular structures 
formed in vitro culture system resemble the epithelial organization of the organ of 
origin, indicating that HGF/SF can induce morphogenesis in diverse epithelial cells, 
and the exact morphogenic events are determined by the intrinsic programs of the 
epithelia [ 198 ]. 

 HGF/SF-induced branching morphogenesis includes a series of steps: starting 
from spheroid cysts of MDCK cells cultured in collagen matrix, HGF/SF stimula-
tion induces membrane protrusions of individual MDCK cells in the cyst that extend 
into the extracellular matrix. The protrusions then develop chains of cells that are 
connected to the cyst. Next, the chains form cords that are two to three cells thick 
and develop discontinuous lumens. Finally, the discontinuous lumens grow and fuse 
to become continuous with the lumen of the cyst [ 199 ,  200 ]. These processes 
required a series of cellular responses including invasion, proliferation, migration, 
survival, and differentiation. Therefore   , a sequential and coordinated activation of 
signaling is required for each of the cellular responses [ 196 ]. For example, activa-
tion of the RAS–MAPK pathway is required for HGF/SF-induced early steps of 
tubulogenesis when cells form protrusions, proliferate, migrate, and organize them-
selves into long chains, but is dispensable for the later dedifferentiation steps where 
polarity is reestablished and a fl uid-fi lled lumen is formed [ 201 ]. The strength of 
MAPK activation is also critical for branching morphogenesis [ 127 ]. HGF/SF stim-
ulates complete breakdown of cell–cell junctions to generate single cells in MDCK 
cells expressing constitutively activated ErbB2/Neu receptor (NeuNT). Those sin-
gle cells do not form cell chains and cords, which are necessary steps for branching 
morphogenesis. HGF-induced cell dispersal of NeuNT-expressing cells is lessened 
by pretreatment with a pharmacological inhibitor of the mitogen- activated protein 
kinase kinase (MEK) pathway, which restores cell–cell junctions and branching 
morphogenesis [ 127 ]. This study suggest that moderate MAPK activity and partial 
EMT are required for generating cell chains and cords in early stage of branching 
morphogenesis. 

 MDCK cells forms tubes when cultured in Type I collagen gels, but not in base-
ment membrane Matrigel [ 202 ], indicating that the interaction between cell mem-
brane and the components within extracellular matrix (ECM) plays a key role in this 
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process. By adding back individual components Matrigel to MDCK cells grown in 
Type I collagen gels in the presence of HGF, it has been shown that certain ECM 
proteins, such as Type IV collagen, heparan sulfate proteoglycan, and vitronectin, 
caused marked inhibition of HGF-induced morphogenesis. However, other compo-
nents in Matrigel, such as laminin, entactin, and fi bronectin, actually facilitated the 
formation of branching tubular structures and increased their complexity [ 202 ]. It is 
worth noting that the stimulating or inhibitory effect of an ECM component on 
branching morphogenesis may be cell type dependent, since many tumor cell lines 
exhibit branching morphogenesis in 3D Matrigel [ 203 – 205 ] (Fig.  8.6 ). 

 HGF/SF-induced branching morphogenesis can be modulated by various signal 
molecules or microenvironmental factors. For example, EphA2 acts as a positive 
regulator for HGF/SF-induced mammary epithelial branching morphogenesis, since 
the HGF/SF-dependent morphogenesis was signifi cantly reduced in EphA2- 
defi cient cells relative to wild-type cells. The branching defects can be rescued by 
inhibition of Rho-Associated, Coiled-Coil-Containing Protein Kinase (ROCK) 
activity, suggesting that EphA2 mediates HGF/SF-induced branching morphogen-
esis through inhibition of RhoA–ROCK pathway [ 206 ]. HGF/SF-induced branch-
ing morphogenesis can also be antagonized by several morphogenic factors, such as 
TGF-β, which inhibit the formation of tubular structures in MDCK cells [ 202 ]. 
Hedgehog signaling in prostate stromal cells downregulates HGF/SF and thus 
inhibits branching morphogenesis in prostate cells. Such a signaling downregulates 
HGF/SF expression by inducing miR-26a and miR-26b, which in turn downregulate 
expression of HGF/SF [ 207 ].      

  Fig. 8.6    HGF/SF induces branching morphogenesis in DU145 cells. 2,000 cells were suspended 
in 100 μl medium containing 50 % of Matrigel and loaded into 96-well plates. Cells were cultured 
in 37 °C for 30 min and fed with normal medium (Control) or medium supplemented with HGF/
SF (100 ng/ml) for 10 days (HGF). Cells form acini in the absence of HGF/SF, while a portion of 
cells form branching structures in the presence of HGF/SF. Shown is a representative picture 
of branching structures formed when cells were cultured in the presence of HGF (unpublished 
data provided by Gao)       
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8.4.4     HGF/SF–MET Signaling and Stem Cell Properties 

 Stem cells are cells found in multicellular organisms that can divide and  differentiate 
into diverse specialized cell types and can self-renew to produce more stem cells. 
Cancer stem cells, or cancer-initiating cells, are defi ned as a subpopulation of can-
cer cells that effectively reconstitutes the tumor heterogeneity after transplantation 
[ 208 ]. According to stem cell theory, the small fraction of cancer stem cells is the 
driving force for tumor growth and therefore should be the target of cancer therapy. 
Cancer stem cell theory has attracted a great interest, although the identity of these 
cells is still elusive [ 209 ]. 

 HGF/SF–MET signaling has been implicated in the migration (but not the prolif-
eration) of human mesenchymal stem cells isolated from bone marrow and cord 
blood [ 210 ,  211 ], as well as in cardiac stem cells after myocardial infarction [ 212 ]. 
MET signaling has also been implicated in the activation of the adult muscle stem 
cells [ 213 ,  214 ], hepatic stem cells [ 215 ], and pancreas stem or progenitor cells 
[ 216 ], and suggesting it is involved in the regeneration and repair of these organs. 

 HGF/SF–MET signaling has also been implicated in the stem cell properties of 
several types of cancers. In colon cancer, myofi broblast-secreted HGF/SF activates 
β-catenin-dependent transcription and CSC clonogenicity and even restores the 
CSC phenotype in more-differentiated tumor cells [ 217 ]. In human glioma, expres-
sion of the MET oncogene is associated with a mesenchymal and proneural subtype, 
but not the classical subtype of glioblastoma. The MET-expressing subpopulation in 
mesenchymal or proneural subtype neurospheres displays clonogenic potential and 
long-term self-renewal ability. These stem cell properties are further enhanced by 
HGF/SF treatment, suggesting that MET is a functional marker of glioblastoma 
stem cells [ 218 ]. A high level of MET is also associated with luminal progenitors in 
mouse models, and constitutive activation of MET in those progenitors generates 
stem cell properties, including clonogenic activity and the de novo ability to recon-
stitute mammary glands in repopulation assays. Activation of MET in luminal pro-
genitors induces hyperplasic ductal morphogenesis and basal lineage commitment. 
These observations suggest a role for MET in promoting deregulated proliferation 
and generation of basal-like breast tumors [ 219 ].   

8.5     HGF/SF–MET in Embryogenesis and Tissue 
Regeneration 

 One of the functions of HGF/SF–MET signaling in embryogenesis is in the genera-
tion of skeletal muscle that derives from long-range migrating precursor cells. Such 
precursor cells emigrate from the dermomyotome, an epithelial structure that devel-
ops from somites, and fi nally generate a subset of the hypaxial muscle groups. Loss 
of the  HGF / SF  or  MET  gene results in complete absence of the hypaxial muscle 
groups in the mouse embryo, whereas other muscle groups form normally [ 194 ,  195 ]. 
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HGF/SF and MET are also involved in the  development of epithelial organs. In 
 HGF / SF - and MET-null mutant embryos, the liver is reduced in size, and the placen-
tal labyrinth layer formed by epithelial trophoblast is greatly reduced [ 194 ,  220 ,  221 ]. 

 Regeneration is a fundamental part of liver response to injury. Among many 
growth factors and cytokines, HGF/SF plays important roles in this process [ 222 ]. 
Partial hepatectomy rapidly triggers HGF/SF mobilization from the extracellular 
matrix and the activation of MET in hepatocytes, which leads to proliferation. Mice 
with conditional knockout of  MET  in hepatocytes display impaired proliferation 
and incomplete liver regeneration after partial hepatectomy, providing genetic evi-
dence for the crucial role of MET in liver regeneration [ 223 ,  224 ]. 

 Upon injury to the skin, a set of complex biochemical events takes place in a 
closely orchestrated cascade to repair the damage. The basal keratinocytes at the 
wound edges play an important role in the epithelialization stage. HGF/SF and 
MET are co-expressed in keratinocytes during wound repair of the skin, implying 
that autocrine signaling is involved [ 225 ]. In mice with MET knockout in keratino-
cytes, only cells that had escaped recombination and that continued to express a 
functional MET could contribute to regeneration [ 225 ], suggesting that HGF/SF–
MET signaling is essential for re-epithelialization in vivo.  

8.6     Role of the MET Receptor Tyrosine Kinase 
in Human Disease 

8.6.1     HGF/SF–MET Signaling in Cancer 

 MET was originally isolated as an activated oncogene,  Tpr-MET , which possessed 
transforming activity [ 1 ]. The generation of an autocrine loop by co-expressing 
wild-type MET and HGF/SF molecules in NIH3T3 cells was also shown to be 
oncogenic, inducing tumor metastasis [ 2 ,  226 ]. The tumorigenicity of both 
 Tpr - MET     and autocrine HGF/SF–MET signaling was further proven in transgenic 
mouse models [ 227 – 229 ]. 

 The involvement of MET in human tumorigenesis and metastasis was supported 
by the detection of MET amplifi cation and overexpression in various tumors, espe-
cially in metastatic cancers. Most importantly, germline missense mutations in MET 
were discovered in both the sporadic and hereditary forms of human papillary renal 
carcinomas [ 230 ]. Most of these mutations are located in the kinase domain and are 
homologous to cancer-inducing mutations that occur in other RTKs. These mutants 
show increased levels of kinase activity, and NIH 3T3 cells expressing mutant MET 
forms in vitro are tumorigenic in nude mice [ 231 ,  232 ]. Mice carrying these muta-
tions developed a variety of tumors including sarcomas, lymphomas, and carcino-
mas [ 233 ]. When expressed in the mammary gland, the mutant MET molecules 
induce basal-like breast carcinomas [ 234 ,  235 ]. Somatic MET mutations were 
detected in childhood hepatocellular carcinomas (HCCs) [ 236 ] and head and neck 
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squamous cell carcinomas (HNSCC) [ 237 ]. The role of MET in tumor metastasis is 
supported by HNSCC, where the transcripts of the MET mutants are highly 
expressed in lymph node metastases but are barely detectable in the primary tumors, 
suggesting that the activating mutations of MET are clonally selected during the 
metastasis [ 236 ]. Recently, MET gene mutations, amplifi cations, and deletions have 
been inclusively studied in various types of human cancer in The Cancer Genome 
Atlas (TCGA) and other cancer genome projects (Fig.  8.7 ). The genetic alterations 
distribute across each domain of MET protein (Fig.  8.8 ).   

 MET/HGF can be dysregulated in human cancers through a number of other 
activating mechanisms, such as overexpression and alternative splicing, or HGF 
ligand-induced autocrine/paracrine loop signaling (refer to   http://www.vai.org/met     
for comprehensive review of HGF/SF and MET in human cancers). For example, 
hypomethylation of a retrotransposon, LINE-1, was found to induce an alternate 
transcript of MET in bladder tumors and across the entire urothelium of tumor- 
bearing bladders [ 238 ]. In human breast cancers, deletion of a transcriptional repres-
sor element (DATE, located 750 bp upstream from the transcription start) modulates 
chromatin structure and DNA–protein interactions, leading to constitutive activa-
tion of the HGF promoter [ 35 ]. Recently a new way for MET signaling to promote 
tumor metastasis was reported [ 239 ]. Highly metastatic melanoma cells produce 
MET containing exosomes that transfer MET protein to bone marrow progenitors 
and reprogram the bone marrow cells toward a pro-vasculogenic phenotype. Thus 

  Fig. 8.7     MET  gene alterations in major human cancer types. Mutations were identifi ed in human 
cancers in The Cancer Genome Atlas (TCGA). MET mutations identifi ed in cancer cell lines in 
Cancer Cell Line Encyclopedia (CCLE) and NCI-60 Cell Lines (NCI-60) are also included. The 
diagram is generated by the cBioPortal for Cancer Genomics       
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melanoma cells increase the metastatic behavior through exosome production, 
transfer, and education of bone marrow cells to support angiogenesis [ 239 ]. 

 It is well established that aberrant MET–HGF/SF signaling contributes to the 
development and progression of a variety of human cancers, so the interruption of 
HGF/SF–MET signaling has emerged as a useful intervention strategy. HGF/
SF-neutralizing monoclonal antibody mixtures directed against epitopes that block 
HGF-induced MET signaling markedly inhibit tumor growth in animal models 
[ 240 ]. Subsequently, individual monoclonal antibodies that can block HGF/SF 
binding to MET have been isolated [ 241 ]. Beyond neutralizing antibodies, MET 
antagonists such as NK1, as well as various types of small molecules that inhibit the 
MET receptor tyrosine kinase, have been developed [ 242 ]. The availability of HGF/
SF–MET inhibitors with a range of potencies and specifi cities has provided a strong 
basis for assessing their therapeutic value in human cancer, and the initial results 
from clinical studies have shown therapeutic benefi ts to patients with a variety of 
advanced or metastatic tumors, including NSCLC and breast, prostate, liver, and 
renal cancer. Several therapeutic studies have progressed to Phase III trials. Recently 
a durable, complete response was reported using an anti-MET receptor monoclonal 
antibody, MetMAb, in a patient population with chemotherapy-refractory, advanced 
gastric cancer [ 243 ,  244 ]. However, the cancer recurred after 2 years, and MetMAb 
therapy achieved a mixed response at recurrence. Larger studies and rigorous patient 
stratifi cation procedures will clarify the therapeutic value and long-term safety of 
HGF/SF–MET inhibitors in cancer patients. The development of new intervention 
strategies that target HGF/SF–MET signaling will fi nally provide powerful weapon 
for fi ghting human cancers. 

 Drug resistance presents a challenge to target-based cancer therapy. Lung cancer 
with EGFR-activating mutations that responds initially to the EGFR inhibitors 
 gefi tinib and erlotinib invariably develops resistance to them. MET amplifi cation 
has been detected in such lung cancer cell lines and lung cancer specimens. 

  Fig. 8.8    MET mutations identifi ed in human cancers in cancer genome projects. Circles repre-
senting mutations are colored according to the mutation type.  Where different mutations are found 
at a single position, the color represents the most frequent mutation type.  The diagram was gener-
ated by the cBioPortal for Cancer Genomics       
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MET amplifi cation triggers gefi tinib resistance through ERBB3-dependent activation 
of PI3K [ 134 ]. In addition to amplifi cation, HGF/SF-mediated MET activation also 
contributes to the gefi tinib resistance in lung cancer [ 245 ,  246 ]. However, in a Phase 
III lung cancer trial of the MET-specifi c antibody Onartuzumab in combination with 
EGFR inhibitor erlotinib did not provide any meaningful benefi t over erlotinib alone 
[ 247 ]. The failure may partially due to the unselected population that includes patients 
with no MET alterations. In Phase II lung cancer trials, Onartuzumab plus erlotinib 
was associated with improved progression-free survival (PFS) and overall survival 
(OS) in a prespecifi ed MET-positive population as determined by IHC [ 248 ,  249 ]. 
Other biomarkers, such as  MET  amplifi cation measured by fl uorescence in situ 
hybridization (FISH), may also be useful in selecting suitable patients [ 247 ]. 

 Stromal cell secretion of HGF/SF has been identifi ed as a major factor in the resis-
tance to RAF inhibitors of BRAF-mutant melanoma, glioma, and colon cancer cells. In 
melanoma, the expression of HGF/SF in stromal cells signifi cantly correlates to resis-
tance to RAF inhibitor. Inhibiting HGF/SF or MET results in a reversal of the resis-
tance to RAF inhibitors, suggesting that a combination therapy targeting both RAF and 
HGF/SF–MET is a therapeutic strategy for BRAF-mutant tumors [ 250 ,  251 ]. 

 Vascular endothelial cell growth factor (VEGF) plays a key role in stimulating 
angiogenesis and driving tumor growth in many forms of cancer. The failure of 
antiangiogenic therapy with VEGF inhibitors has been partially ascribed to tumor 
invasion in response to treatment. In a mouse model of glioblastoma multiform 
(GBM), VEGF enhanced the recruitment of the protein tyrosine phosphatase 1B 
(PTP1B) to the MET/VEGFR2 complex and suppressed HGF/SF-dependent MET 
phosphorylation and tumor cell invasion. VEGF blockade with bevacizumab 
resulted in increases of MET activity and cell invasion. Dual inhibition of VEGF 
and MET blocked the cell invasion provoked by VEGF and resulted in a substantial 
survival benefi t [ 252 ]. Indeed, endothelial cells express high levels of MET, which 
is activated by HGF/SF produced by tumor cells. The paracrine activation of endo-
thelial MET contributes to tumor angiogenesis and confers resistance to antiangio-
genic therapy with sunitinib. A combination of sunitinib and a selective MET 
inhibitor signifi cantly inhibited tumor angiogenesis [ 253 ]. 

 Beyond drug resistance, the activation of MET may also be involved in resis-
tance to ionizing radiation therapy. Radiation induces overexpression and activation 
of the MET through the ATM-NF-κB signaling pathway in several human tumor 
cell lines. Activated MET, in turn, protects cells from apoptosis and promotes cell 
invasion, leading to radioresistance [ 254 ].  

8.6.2     HGF/SF–MET Pathological Signaling in Diabetes, 
Autism, and  Listeria  Infection 

 HGF/SF is a pleiotropic growth factor involved in embryogenesis and in various 
adult physiological processes. Dysregulation of HGF/SF–MET signaling has been 
implicated in various diseases in addition to cancer. 
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 The HGF/SF–MET axis regulates metabolism by stimulating hepatic glucose 
uptake and suppressing hepatic glucose output. MET receptor directly binds to INSR 
to form a hybrid complex, which is essential for an optimal hepatic insulin response. 
HGF/SF–MET restores insulin responsiveness in insulin-refractory mice, providing 
new insights into the molecular basis of hepatic insulin resistance [ 255 ]. HGF/SF–
MET signaling is also critical for beta-cell survival. Pancreas-specifi c MET-null 
mice were more susceptible to multiple low-dose streptozotocin (MLDS)-induced 
diabetes, and they had higher blood glucose levels, marked hypoinsulinemia, and 
reduced beta-cell mass compared with wild-type littermates. In vitro, MET-null 
beta-cells were more sensitive to cytokine-induced cell death, an effect mediated by 
NF-κB activation and NO production. These results suggest that the activation of 
HGF/SF–MET signaling is a potential therapeutic strategy for diabetes [ 256 ]. 

 Genetic studies of autism suggest that candidate genes may be located within 
the chromosome 7q31 region. HGF/SF–MET signaling participates in neocortical 
and cerebellar growth and maturation, immune function, and gastrointestinal 
repair, consistent with reported medical complications in some children with 
autism. A family-based study of autism including 1,231 cases showed a genetic 
association ( P  = 0.0005) of a common C allele in the promoter region of the  MET  
gene in 204 families. Functional assays showed that the C allele results in a twofold 
decrease in MET promoter activity and in altered binding of specifi c transcription 
factor complexes. These data implicate reduced  MET  gene expression in autism 
susceptibility [ 257 ]. 

 The bacterial pathogen  Listeria monocytogenes  uses its surface protein InlB to 
invade a variety of cell types. The interaction of InlB with MET is crucial for the 
occurrence of infection. Structural studies have indicated that InlB directly binds to 
MET to form a 2:2 complex with an InlB dimer at its center and one MET molecule 
bound peripherally to each InlB [ 258 ]. The InlB leucine-rich repeat region interacts 
with the fi rst immunoglobulin-like domain of the MET stalk. A second contact, 
between InlB and the MET Sema domain, locks the otherwise fl exible receptor in a 
rigid, signaling-competent conformation [ 259 ]. Upon binding of InlB to MET, the 
ubiquitin ligase Cbl is rapidly recruited to the complex. Purifi ed InlB induces the 
Cbl-dependent monoubiquitination and endocytosis of MET, and the bacterium 
exploits the ubiquitin-dependent endocytosis machinery to invade mammalian cells 
[ 260 ,  261 ].   

8.7     Conclusion 

 HGF/SF–MET signaling plays an important role in embryogenic development and 
adult physiological processes. Interruption or aberrant activation of HGF/SF–MET 
signaling has been implicated in several human diseases, especially cancers. Tumor 
cell addiction to MET and other RTKs is the basis for targeting cancer therapy. 
However, diverse pathways can be activated in a heterogeneous tumor. Resistant 
clones supported by signaling that are insensitive to the inhibitor will be selected. 
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Although combinations of different types of inhibitors may circumvent such resis-
tance, genomic instability and the resulting clonal diversity of tumor cells may present 
may present a serious challenge for targeting therapy against human cancers. Targeting 
genomic instability could be the ultimate strategy for effective cancer therapy.     
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              Receptor at glance: comparison between MET and RON   

 MET  RON 

 Other names  HGFR  MST1R; CD136; MSPR; PTK8 
 Chromosome location  7q31.2  3q21.31 
 Gene size (bp)  126,193  16,872 
 Intron/exon  20/21  19/20 
 mRNA size (5′, ORF, 
3′) 

 6,695  4,785 

 Amino acids  1,390  1,400 
 Molecular weight  190  185 
 Subunit (α-chain/β 
 chain)(kDa) 

 145/45  150/35 

 Posttranslational 
modifi cations 

 Proteolytic processing; 
phosphorylation; ubiquitination 

 Proteolytic processing; 
phosphorylation; ubiquitination 

 Domains  SEMA; CR; IPT; JM; kinase 
domain; docking site 

 SEMA; CR; IPT; JM; kinase 
domain; docking site 

 Phosphorylation sites  Tyr1234/1235 in kinase domain 
 Tyr1349/1356 in docking site 

 Tyr1238/1239 in kinase domain 
 Tyr1353/1360 in docking site 

 Pathways activated  PI3K/AKT2; RAS/MAPK; SRC; 
STAT3; PLCγ−PKC; Crk 

 PI3K/AKT2; RAS/MAPK; SRC; 
STAT3; PLCγ−PKC; Crk; NO 

 Tissues expressed  Mainly in epithelial cells; also 
found in   endothelial cells    , 
  neurons    ,   hepatocytes    , 
  hematopoietic     cells, and 
  melanocytes     

 Macrophages; epithelial and 
keratinocyte cells 

 Distribution in 
epithelial cells 

 Basal lateral membrane  Apical membrane 

 Transcriptional factor 
binds to promoter 

 AP1; SP1; Est1; Pax3; P53; 
HIF1α 

 NF-κB; Est-1 and estrogen 
receptor 

 Ligand for the receptor  HGF/SF  HGFL/MSP 
 Cell type that produces 
ligand 

 Mesenchymal cells  Hepatocyte 

 Interaction between 
ligand and receptor 

 Paracrine  Endocrine 

 Induction of cellular 
responses 

 Proliferation; scatting; migration/
invasion; surviving; branching 
morphogenesis; angiogenesis 

 Proliferation; scatting; migration/
invasion; surviving; branching 
morphogenesis; angiogenesis 
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 MET  RON 

 Knockout mouse 
phenotype 

 Early embryonic lethality (e13.5)  Early embryonic lethality (e7.5) 

 Ligand knock out 
phenotype 

 Early embryonic lethality (e16.5)  No gross phenotype; fertile 

 Human diseases  Cancer; autism; diabetes;  Infl ammation; cancer 
 Point mutation in 
cancers 

 Papillary renal carcinomas; 
HCC; lung cancer; brain tumors 

 Papillary renal carcinomas 

 Overexpression and 
aberrant activation 

 Most types of human cancer  Breast, lung, prostate, gastric, 
pancreatic, renal, bladder, 
ovarian, gastrointestinal, and 
colon cancers 

  The information about RON was obtained from the review by Wagh et al. [ 18 ]. 
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    Chapter 9   
 The MuSK Receptor Family 

             Steven     J.     Burden     ,     Stevan     R.     Hubbard    ,     Wei     Zhang    , and     Norihiro     Yumoto   

      Abbreviations 

   ACh    Acetylcholine   
  AChR    Acetylcholine receptor   
  ALS    Amyotrophic lateral sclerosis   
  CNS    Central nervous system   
  Lrp4    Low-density lipoprotein receptor-related protein 4   
  MG    Myasthenia gravis   
  MuSK    Muscle-specifi c kinase   

9.1           Introduction 

 Muscle-specifi c kinase (MuSK) is a receptor tyrosine kinase that is expressed in 
skeletal muscle and has a crucial, master role in forming and maintaining neuro-
muscular synapses [ 1 – 4 ]. MuSK responds to Agrin, a signal provided by motor 
neurons, by stimulating differentiation of the muscle postsynaptic membrane and 
controlling production of retrograde signals for motor nerve terminal differentia-
tion. In addition to skeletal muscle, MuSK is expressed in excitatory neurons in the 
mammalian central nervous system (CNS) [ 5 ,  6 ], as well as transiently in the liver 
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in chick and rat and in additional tissues in  Xenopus  [ 7 ,  8 ]. Thus, MuSK is not a 
muscle-specifi c kinase, as the name implies. The roles for MuSK outside skeletal 
muscle are poorly understood, although one study reports a role for MuSK in mem-
ory consolidation (Garcia-Osta et al. 2006). Here, we describe how MuSK responds 
to neural Agrin and controls synaptic differentiation. Moreover, we discuss diseases 
of the neuromuscular synapse, caused either by mutations in genes within the MuSK 
signaling pathway or by autoantibodies to synaptic proteins, including MuSK.  

9.2     MuSK Structure 

 MuSK is a single-pass, 120 kDa transmembrane protein, composed of an extracel-
lular region containing three Ig-like domains and a Frizzled-like cysteine-rich 
domain (CRD) and an intracellular region containing a juxtamembrane region, a 
kinase domain, and a short cytoplasmic tail [ 1 ,  2 ] (Fig.  9.1 , see Table “Receptor at 
a glance: MuSK”).  

  Fig. 9.1    MuSK contains 
three Ig-like domains and a 
Frizzled-like CRD in the 
extracellular region. The 
intracellular region of MuSK 
includes a juxtamembrane 
region, including a key site of 
tyrosine phosphorylation, the 
kinase domain, and a short 
cytoplasmic tail       
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 In fi sh, amphibians, and avians, a kringle domain is additionally present in the 
extracellular region [ 1 ,  7 ,  8 ]. The fi rst Ig-like domain is critical for MuSK function. 
A crystal structure of the fi rst and second Ig-like domains reveals a dimer, medi-
ated by a hydrophobic surface in the fi rst Ig-like domain [ 9 ]. Mutation of this 
hydrophobic surface prevents Agrin from stimulating MuSK phosphorylation, 
suggesting that formation of a MuSK dimer is essential for transphosphorylation of 
MuSK. The opposite face of the fi rst Ig-like domain has a separate but equally 
critical role in activating MuSK, as described below. The Frizzled-like CRD in 
MuSK is structurally distinct from the CRD of Frizzled 8 [ 10 ,  11 ] but is reported 
to bind Wnts [ 12 – 14 ] (see below). Mammals express two related kringle-containing 
kinases, Ror1 and Ror2, which are related to MuSK and homologous to CAM-1 in 
 C. elegans  and  Dnrk  and  Dror  in  Drosophila  [ 15 ].  

9.3     MuSK Activation 

 The intracellular region of MuSK contains a typical tyrosine kinase domain that 
includes three tyrosine residues (Y750, Y754, Y755) in the activation loop. In the 
non-phosphorylated state, the Km for ATP is several mM, higher than typical for 
receptor tyrosine kinases [ 16 ]. The higher Km for ATP is likely due to greater stabi-
lization of the non-phosphorylated activation loop in MuSK. Nonetheless, because 
the ATP concentration in resting skeletal muscle is 8 mM [ 17 ], greater than in most 
cell types, the high Km for ATP is unlikely to impede MuSK activation in muscle 
but may hinder MuSK phosphorylation in other cell types. Phosphorylation of Y754 
is critical for activation of the kinase in vitro and in muscle cells, as expected for this 
pivotal activation-loop tyrosine. Tyrosine residues Y750 and Y755 are phosphory-
lated subsequently, and their phosphorylation potentiates MuSK signaling [ 19 ]. 
In addition to the activation- loop tyrosine residues, the juxtamembrane region 
contains a single tyrosine residue, Y553, which is phosphorylated during activation 
of the kinase [ 16 ,  18 ,  19 ]. Phosphorylation of Y553 is not essential for activation of 
the kinase in vitro but is surprisingly required for phosphorylation and activation 
of the kinase in muscle cells [ 19 ] (see below).  

9.4     Dok-7 and Downstream from MuSK 

 Once phosphorylated, the pY553 region serves as a docking site for an adaptor pro-
tein, Dok-7 [ 20 ]. Dok-7 has amino-terminal PH and PTB domains and a carboxy-
terminal region that becomes phosphorylated following recruitment to MuSK [ 20 ]. 
Dok-7 is an unusual adapter protein, possessing two critical functions [ 20 ,  21 ]. 
First, Dok-7 acts as an inside-out ligand that stimulates MuSK kinase activity. This 
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function underlies, in part, the absence of detectable MuSK phosphorylation in 
muscle cells lacking Dok-7 and in muscle cells expressing MuSK Y553F. Second, 
once recruited to MuSK, Dok-7 itself becomes tyrosine phosphorylated, leading to 
the recruitment of a signaling complex essential for synaptic differentiation. 

 These fi ndings present an enigma, as phosphorylation of MuSK Y553 is required 
to recruit Dok-7, but in the absence of Dok-7, MuSK is apparently not tyrosine 
phosphorylated. The PH-PTB domains in Dok-7 mediate formation of a homodimer 
[ 21 ]. Therefore once recruited to MuSK, a dimer of Dok-7 stabilizes a MuSK dimer. 
Thus, MuSK phosphorylation may be labile, and the function of Dok-7, once 
recruited to MuSK pY553, may be to stabilize MuSK phosphorylation. 

 Because phosphorylation of Y553 is required for phosphorylation of the MuSK 
activation loop in muscle cells but not in vitro, muscle cells may express a protein 
that binds the non-phosphorylated Y553 region and inhibits adventitious MuSK 
phosphorylation in vivo [ 19 ]. If so, phosphorylation of Y553 may lead to displace-
ment of this inhibitor in muscle and replacement with Dok-7, explaining why phos-
phorylation of Y553 is critical for activation of MuSK in muscle cells but not in vitro. 

 Mutations in Dok-7 are a major cause of congenital myasthenia [ 22 ] (see below). 
Although some mutations interfere with Dok-7 dimerization or recruitment of 
Dok-7 to phosphorylated MuSK, most mutations are within the carboxy-terminal 
region of Dok-7 [ 23 ,  24 ]. Agrin stimulates phosphorylation of two tyrosine residues 
in the carboxy-terminal region of Dok-7, which leads to recruitment of Crk/Crk-L, 
related adapter proteins composed of SH2 and SH3 domains [ 25 ]. Inactivation of 
Crk/Crk-L in mouse muscle leads to synaptic defects that are strikingly similar to 
the defects found in humans carrying mutations that truncate the carboxy-terminal 
region of Dok-7 [ 25 ]. The proteins that are recruited to Crk/Crk-L and function 
downstream of MuSK/Dok-7 have yet to be identifi ed. 

 Ultimately, this signaling cascade impinges on Rapsyn, an intracellular periph-
eral membrane protein that binds directly to intracellular loops in acetylcholine 
receptor (AChR) subunits [ 26 – 29 ]. Rapsyn is essential for anchoring and clustering 
AChRs at synapses, although the mechanisms are poorly understood [ 30 ]. The stoi-
chiometry of Rapsyn/AChR, isolated from mature  Torpedo  electric organ synapses, 
ranges from 1:1 to 3:1 [ 31 ], consistent with the idea that Rapsyn can bind to more 
than one of the subunits in an AChR pentamer (α 2 , β, γ, δ). The association of 
Rapsyn with AChRs increases following Agrin stimulation and tyrosine phosphory-
lation of the AChR β subunit, which stabilizes anchoring of AChRs [ 29 ,  32 – 34 ]. 
Thus, the Agrin-stimulated recruitment of additional Rapsyn molecules to the 
AChR pentamer may facilitate cross-links with additional AChRs and further stabi-
lize the anchoring of AChRs [ 31 ]. 

 The proteins that function downstream of MuSK/Dok-7/Crk/Crk-L and control 
anchoring of Rapsyn have yet to be identifi ed. Immunohistochemical studies 
have identifi ed candidate proteins that are concentrated at synapses, and biochemi-
cal studies have identifi ed proteins that interact with Rapsyn [ 35 ]. Moreover, 
dominant- negative forms of several signaling molecules interfere with AChR 
clustering in cultured muscle cells. Nonetheless, the combination of genetic analy-
sis and biochemical studies, required to demonstrate a critical role for suspected 
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candidates, is currently lacking. Rac and Rho are essential for clustering AChRs, 
and together with actin and Tid1, they are likely components of this missing link 
[ 36 – 39 ]. Following the initial contact between motor nerve terminals and muscle, 
AChR clusters and nerve terminals undergo structural changes, transforming AChR 
clusters from a plaque-like shape into a pretzel-like shape. This transformation 
occurs concomitantly with the recruitment of additional proteins, such as dystro-
brevin, LL5β, and podosomal proteins to the synapse, which may serve to maintain 
and stabilize synapses [ 40 – 43 ]. 

 In addition to the role of MuSK/Dok-7 in building a protein complex to anchor 
AChRs/Rapsyn and other synaptic proteins, MuSK/Dok-7 signaling also leads to 
activation of a transcriptional pathway for stimulating expression of certain genes, 
including  AChR  genes, in nuclei near the site of MuSK/Dok-7 activation. This path-
way involves JNK stimulation and one or more Ets-domain-containing proteins, but 
otherwise, this pathway is poorly understood [ 37 ,  38 ,  44 – 47 ].  

9.5     Lrp4 Forms a Complex with MuSK and Confers 
Responsiveness to Agrin 

 Although Agrin stimulates MuSK phosphorylation, Agrin does not bind directly to 
MuSK. Instead, Agrin binds to Lrp4, a member of the LDLR family [ 48 ], causing 
an increase in association between Lrp4 and MuSK and stimulating MuSK kinase 
activity [ 49 – 51 ]. As such, Lrp4 acts as a cis-acting ligand for MuSK, and Agrin 
functions as an allosteric regulator that controls binding between the ligand and the 
kinase [ 51 ]. The association between Lrp4 and MuSK depends upon the fi rst 
Ig-like domain in MuSK, revealing a second function, in addition to MuSK dimer-
ization, for this Ig-like domain [ 51 ]. The fi rst Ig-like domain in MuSK has an extra 
disulfi de bond, not typically found in Ig-like domains, and this disulfi de bond is on 
a solvent- exposed surface, opposite to the hydrophobic surface that mediates 
MuSK dimerization [ 9 ]. This solvent-exposed surface is essential for association 
between MuSK and Lrp4, as mutation of I96, adjacent to the extra disulfi de bond, 
prevents association between MuSK and Lrp4 and precludes Agrin from activating 
MuSK in muscle cells [ 9 ,  51 ]. 

 How association between Lrp4 and MuSK stimulates MuSK phosphorylation is 
poorly understood. A basal, Agrin-independent association between Lrp4 and 
MuSK confers low levels of MuSK phosphorylation [ 49 ], which is important for 
priming muscle prior to innervation (see below) [ 52 ]. In the absence of Agrin, Lrp4 
is presumably in dynamic equilibrium, and one conformation is capable of binding 
and activating MuSK. Agrin binding to Lrp4 apparently alters the conformation of 
Lrp4, stabilizing a confi guration that binds MuSK. Because Lrp4 forms homodi-
mers and/or higher-order oligomers, recruitment of MuSK to Lrp4 may facilitate 
MuSK dimerization and transphosphorylation [ 51 ]. In addition, binding of MuSK 
to Lrp4 may reorient MuSK so that the hydrophobic surfaces in the fi rst Ig-like 
domain are positioned in a manner that favors their association. 
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 The extracellular region of Lrp4 is composed of eight LDLa repeats; two EGF- 
like domains; four β-propeller domains, each with an embedded EGF-like domain; 
and a juxtamembrane region. The intracellular region of Lrp4 is not essential for 
Agrin to activate MuSK or stimulate synaptic differentiation [ 53 ]. Indeed, a soluble 
form of Lrp4, containing the extracellular region, in the absence of transmembrane 
and intracellular regions, can restore Agrin-stimulated MuSK phosphorylation in 
 lrp4 -mutant muscle cells, indicating that a complex of Agrin, soluble Lrp4, and 
MuSK can be reconstituted on the cell surface [ 51 ,  54 ,  55 ]. A truncated Lrp4 pro-
tein, extending from the last few LDLa repeats through the fi rst β-propeller domain, 
is necessary and suffi cient for maximal binding of neural Agrin to Lrp4 [ 51 ]. Agrin- 
stimulated association of Lrp4 and MuSK additionally requires the third β-propeller 
domains in Lrp4 [ 51 ]. Finally, the fourth β-propeller domain in Lrp4 enhances 
MuSK activation [ 51 ]. Diffi culties expressing the extracellular region of Lrp4 have 
hindered structural studies, but a crystal structure between a truncated form of 
Agrin, which is ~100-fold less effective than full-length Agrin in activating MuSK, 
reveals how neural Agrin binds to the fi rst β-propeller domain in Lrp4 [ 56 ].  

9.6     Synapse Formation 

 The formation of synapses requires a complex exchange of signals between motor 
neurons and skeletal muscle [ 57 ]. Fusion of myoblasts to form multinucleated myo-
tubes begins prior to innervation and continues well after innervation is complete. 
In the mouse, muscle fusion begins at ~E10.5, whereas innervation occurs 2 to 3 
days later. Over the following prenatal week and the fi rst several weeks of postnatal 
life, synapses mature both morphologically and functionally. In mice, MuSK and 
Lrp4 are expressed in myotubes but not in myoblasts [ 49 ,  58 ], and their expression 
in muscle precedes innervation. Because myoblasts fuse to the ends of developing 
myotubes [ 59 ,  60 ], the nuclei that reside in the central region of developing myo-
tubes are the fi rst to express MuSK and Lrp4. Lrp4 stimulates MuSK phosphoryla-
tion, which leads to two positive feedback regulatory loops, one that clusters MuSK 
and Lrp4 and another that stimulates  MuSK  and  Lrp4  expression. Thus, the initial 
activation of MuSK in the central nuclei of developing myotubes leads to a sus-
tained increase in MuSK activity and postsynaptic differentiation in the central 
region of developing muscle [ 61 ]. This Lrp4- and MuSK-dependent priming of 
muscle, prior to innervation, is termed muscle prepatterning, which regulates where 
motor axons will terminate and form synapses [ 52 ,  61 – 64 ] (Fig.  9.2 ).  

 Once motor axons contact muscle, Agrin, which is supplied by motor neurons 
and associated with the synaptic basal lamina, binds to Lrp4 and stimulates a dra-
matic increase in association between Lrp4 and MuSK and MuSK kinase activity, 
stabilizing nascent synapses [ 4 ,  51 ]. At the same time, postsynaptic differentiation 
is counteracted by a separate signaling pathway, activated by acetylcholine (ACh), 
also released by motor nerve terminals, which acts antagonistically to MuSK 
 signaling and destabilizes AChR clusters [ 65 ,  66 ]. Because Agrin is associated with 
the synaptic basal lamina and acts focally, whereas ACh stimulates muscle 
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 depolarization, which spreads from the site where ACh reacts with AChRs, these 
two signaling pathways insure that synaptic differentiation is maintained at sites 
where Agrin activates MuSK and extinguished at prepatterned sites that are not 
apposed by nerve terminals. 

 Because postsynaptic proteins, such as AChRs, are degraded and replaced at 
similar rates to maintain a steady-state number of AChRs in the postsynaptic mem-
brane, the signaling pathways that are required to form synapses are required 
throughout life in order to maintain synaptic differentiation. As such, inactivation of 
MuSK, Rapsyn, or Lrp4, either by RNAi or by conditional gene inactivation, leads 
to disassembly of adult neuromuscular synapses [ 67 – 69 ]. 

 Identifi cation of the retrograde signals that are provided by muscle and control 
nerve terminal differentiation had proved elusive, but recent studies have identifi ed 
Lrp4 itself as a critical retrograde signal that stimulates presynaptic differentiation of 
motor nerve terminals [ 70 ]. Thus, Lrp4 acts bidirectionally to coordinate synaptic 
differentiation. First, Lrp4 activates MuSK, stimulating muscle prepatterning; sec-
ond, MuSK activation enhances expression and clustering of Lrp4, which acts as a 
retrograde signal to induce differentiation of motor nerve terminals; third, Agrin binds 
Lrp4, which increases MuSK phosphorylation and stabilizes synapses. How motor 
neurons recognize and respond to muscle-derived Lrp4 is not currently understood.  

9.7     Neuromuscular Diseases Caused by Defects 
in the MuSK Signaling Pathway 

 Congenital myasthenia, a heterogeneous group of inherited neuromuscular disor-
ders, has a prevalence of 1 per 500,000 and is caused by mutations in genes impor-
tant for forming and maintaining neuromuscular synapses, including  Agrin ,  MuSK , 
 Dok-7 , and  Rapsyn . As described above, mutations in Dok-7 are a common cause of 
congenital myasthenia [ 22 ]. Mutations in Rapsyn are a less common cause of 

  Fig. 9.2    ( a ) Motor axons approach muscles in which gene expression, including transcription of 
 MuSK ,  Lrp4 , and  AChR  subunit genes, and clustering of postsynaptic proteins are enhanced in the 
central region of muscle prior to and independent of innervation. ( b ) Motor axons form synapses 
in this prepatterned region and sharpen the pattern of gene expression       
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congenital myasthenia [ 71 ], and mutations in Agrin and MuSK are far less frequent 
causes for congenital myasthenia [ 72 – 74 ]. In addition, mutations in genes critical 
for synaptic transmission, including  AChR  subunit genes,  acetylcholinesterase  and 
 choline acetyltransferase , also cause congenital myasthenia [ 75 ]. Identifi cation of 
the genes that cause congenital myasthenia has depended upon identifi cation and 
analysis of these genes in model organisms, including  Torpedo , a marine ray, and 
mice, and sequencing these candidate genes in patients diagnosed with congenital 
myasthenia. Currently, approximately half of the cases of congenital myasthenia 
can be attributed to mutations in one of the genes described above. It seems likely 
that further identifi cation of genes that are critical for synapse formation as well as 
deep sequencing will reveal additional genes responsible for the remaining cases of 
congenital myasthenia. 

 Myasthenia gravis (MG) is an autoimmune disease with a prevalence of 1–2 per 
10,000 [ 76 ]. Autoantibodies to the AChR are responsible for approximately 80 % of 
cases of MG. Like congenital myasthenia, MG causes muscle weakness and fatigue 
that is exacerbated by exercise. Approximately 15 % of cases of MG are caused by 
autoantibodies to MuSK, although the percentage varies among different ethnic 
groups. In anti-AChR MG, antibodies to the AChR deplete AChR from the cell 
surface by increasing AChR turnover and complement-mediated cellular disruption. 
Less frequently, the autoantibodies directly interfere with binding of ACh. In anti- 
MuSK MG, the disease-causing antibodies are IgG4, which are functionally mon-
ovalent and engage complement poorly if at all [ 77 ,  78 ]. In anti-MuSK MG, 
synapses appear to disassemble without evidence of cellular disruption, as expected 
if the antibodies directly interfere with MuSK function. Recent studies demonstrate 
that disease-causing autoantibodies to MuSK recognize the fi rst Ig-like domain in 
MuSK and interfere with the ability of MuSK to associate with Lrp4, inhibiting 
Agrin-induced MuSK phosphorylation, providing a ready explanation for how the 
autoantibodies interfere with MuSK signaling and synaptic differentiation [ 79 ,  80 ]. 

 Autoantibodies to Lrp4 are responsible for 0.5–50 % of the cases of MG that are 
not caused by autoantibodies to the AChR or MuSK [ 81 – 83 ]. The pathology and 
clinical symptoms of anti-Lrp4 MG have not been described in detail, but antibodies 
to Lrp4 can interfere with Agrin binding [ 81 ]. In addition, it remains possible that 
autoantibodies to Lrp4 obstruct binding of Lrp4 to MuSK and/or motor nerve termi-
nals, thereby interfering with presynaptic differentiation. Since Lrp4 is expressed in 
tissues other than skeletal muscle and mutations in  lrp4  cause Cenani-Lenz syn-
drome, typifi ed by bone malformations, autoantibodies to Lrp4 may cause clinical 
symptoms in addition to neuromuscular weakness [ 84 ,  85 ]. If so, autoantibodies to 
Lrp4 may be more common than currently believed but escape diagnosis as a neu-
romuscular disease. Likewise, defi cits have not been reported for Cenani-Lenz syn-
drome, but the severe bone defects may disguise neuromuscular defi cits and 
complicate a diagnosis [ 86 ]. 

  Lrp4  mRNA is expressed in the brain, prominently in the hippocampus,  olfactory 
bulb, cerebellum, and neocortex [ 87 – 90 ]. Moreover, Lrp4 protein co- fractionates 
with postsynaptic membranes [ 89 ], indicating a potential role for Lrp4 at synapse in 
the CNS. Lrp4 mutant mice die at birth, due to their neuromuscular defi cits, prior to 
synapse formation in the CNS, but  lrp4  mutant mice that carry a transgene, which 
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restores Lrp4 expression selectively in skeletal muscle and rescues neuromuscular 
synapse formation, survive postnatally [ 53 ]. These rescued mice display striking 
defects in cognitive tasks that assess learning and memory. Moreover, the rescued 
mice lack hippocampal long-term potentiation, a form of synaptic plasticity that is 
associated with learning and memory [ 91 ]. These fi ndings indicate that Lrp4 has a 
critical role in the CNS, although it remains unclear whether Lrp4 functions in the 
CNS by associating with Agrin and MuSK.  

9.8     The Neuromuscular Synapse Deteriorates with Age 

    Not surprisingly, the neuromuscular synapse deteriorates with age. This deteriora-
tion is associated with structural and functional changes that lead to impaired syn-
aptic transmission and contribute to a decrease in muscle size and function associated 
with aging, termed sarcopenia [ 92 ,  93 ]. Because synaptic and muscle activity 
increase muscle fi ber size, the simplifi cation of nerve terminals and the fragmenta-
tion of the postsynaptic membrane may trigger and surely exacerbate sarcopenia. 
The causes for the deterioration of the neuromuscular synapse during aging are 
poorly understood, but a decrease in expression or an altered distribution of proteins 
essential for forming and maintaining synapses, including Agrin, Lrp4, MuSK, 
Dok-7, or Rapsyn, may contribute to the progressive simplifi cation and disassembly 
of the neuromuscular synapse. Because a similar simplifi cation, followed by a loss 
of motor nerve terminals, is the fi rst sign of disease in amyotrophic lateral sclerosis 
(ALS) [ 93 ], a decrease in signaling between motor neurons and muscle may con-
tribute not only to sarcopenia but also to the progressive withdrawal of motor nerve 
terminals and lethal, respiratory paralysis in ALS.      

          Receptor at a glance: MuSK   

 Chromosome location  Mouse, chromosome 4, 31.87 cM 
 Gene size (bp)  Approx. 88–108 kb (depends on source) 
 Intron/ exon numbers  15/16 
 mRNA size (5′, ORF, 3′)  3422 (150 nt 5′; 2629 ORF; 593 3′) 
 Amino acid number  893 
 Kda  99.7 
 Posttranslational modifi cations  N-linked glycosylation 
 Domains  Ig-like domain, Frizzled-like domain, protein kinase domain 
 Ligands  Lrp4, Wnts (Wnt11, 4, 9a) 
 Known dimerizing partners  Lrp4, Dok-7, MuSK 
 Pathways activated 
 Tissues expressed  Skeletal muscle, brain 
 Human diseases  Congenital myasthenia, myasthenia gravis 
 Knockout mouse phenotype  Failure to form neuromuscular synapses 
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  ALSP    Adult-onset leukoencephalopathy with axonal spheroids and  pigmented 
glia   

  AML    Acute myeloid leukemia   
  AP1    Activator protein 1   
  ATP    Adenosine triphosphate   
  BARF1    Epstein–Barr virus lytic-cycle early protein 1   
  Bcl-2    B-cell lymphoma 2   
  Bcl-X(L)    B-cell lymphoma-extra large   
  BMM    Bone marrow-derived macrophages   
  bp    Base pairs   
  C/EBPα    CCAAT-enhancer-binding protein alpha   
  C1P    Ceramide-1 phosphate   
  cAMP    Cyclic adenosine monophosphate   
  Caspase    Cysteine-dependent aspartate-directed protease   
  Cbl    Casitas B-lineage lymphoma   
  CCL12    Chemokine (C-C motif) ligand   
  CCR    C-C chemokine receptor   
  CD    Cluster of differentiation   
  cDC    Lymphoid-tissue resident or classical DC   
  Cdc42    Cell division control protein 42 homologue   
  c-Fms    McDonough feline sarcoma virus oncogene (v-Fms) homologue   
  c-Fos    Finkel–Biskis–Jinkins murine osteogenic sarcoma virus oncogene 

(v-fos) homologue   
  CFU-GM    Colony-forming unit–granulocyte–macrophage   
  CFU-M    Colony-forming unit–macrophage   
  c-Kit    Hardy–Zuckerman 4 feline sarcoma viral oncogene (v-Kit) homologue   
  CLP    Common lymphoid progenitor   
  CML    Chronic myeloid leukemia   
  CMP    Common myeloid progenitor cells   
  CMT    Charcot–Marie–Tooth disease   
  c-Myc    (v-Myc) myelocytomatosis viral oncogene homologue   
  CNS    Central nervous system   
  CSF    Colony-stimulating factor   
  CSF-1    Colony-stimulating factor-1   
  CSF-1R    Colony-stimulating factor-1 receptor   
  CT    Cytoplasmic tail   
  CX3CR1    CX3C chemokine receptor 1   
  DAP12    DNAX-activating protein of 12 kDa   
  DC    Dendritic cells   
  DNMT1    DNA methyl transferase 1   
  Dok-1    Docking protein 1   
  DUSP    Dual-specifi city phosphatase   
  DUSP5    Dual-specifi city phosphatase 5   
  EBV    Epstein–Barr virus   
  ECD    Extracellular domain   
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  Egr2    Early growth response 2   
  EM    Electron microscopy   
  EMT    Epithelial–mesenchymal transition   
  EPS8L3    Epidermal growth factor receptor pathway substrate 8 like 3   
  ERK1/2    Extracellular signal-regulated kinases 1 and 2   
  ERα    Estrogen receptor alpha   
  Ets    E26 transformation specifi c   
  EWS    Ewing sarcoma breakpoint region   
  FDMCs    Follicular dendritic cell-induced monocytes   
  FIMP    Fms-interacting protein   
  FIRE    Fms-intronic regulatory element   
  FL    FLT3 ligand   
  fl k-2    Fetal liver kinase 2   
  Flt3    Fms-like tyrosine kinase 3   
  FUS/TLS    Fused in sarcoma/translocated in sarcoma   
  Fyn    Proto-oncogene tyrosine-protein kinase Fyn   
  Gab2    Grb2-associated-binding protein 2   
  GCL    Globoid cell leukodystrophy   
  GEF    Guanine nucleotide exchange factor   
  GFAP    Glial fi brillary acidic protein   
  GFP    Green fl uorescent protein   
  GM    Geldanamycin   
  GM-CSF    Granulocyte–macrophage CSF   
  GMP    Granulocyte–macrophage progenitor   
  GMP    Granulocyte–macrophage progenitors   
  GnRH    Gonadotropin-releasing hormone   
  Grb2    Growth factor receptor-bound protein 2   
  GSKβ    Glycogen synthase kinase 3 beta   
  HA    Herbimycin A   
  Hck    Tyrosine-protein kinase HCK   
  HDLS    Hereditary diffuse leukoencephalopathy with axonal spheroids   
  HIV-1    Human immunodefi ciency virus type 1   
  HLA    Human leukocyte antigen   
  HMGXB3    HMG-box domain containing 3   
  HSC    Hematopoietic stem cells   
  Ifi 20    Interferon-inducible P204 protein   
  IFNγ    Interferon γ   
  Ig    Immunoglobulin   
  IL-3    Interleukin-3   
  IL-34    Interleukin-34   
  IL-4    Interleukin-4   
  IPC    Type 1 interferon-producing cells   
  IRSp53    Insulin receptor tyrosine kinase substrate p53   
  ISC    Intestinal stem cells   
  ITD    Internal tandem duplications   
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  ITIM    Immunoreceptor tyrosine-based inhibitory motifs   
  JAK    Janus kinase   
  JDP2    Jun dimerization protein 2   
  JM    Juxtamembrane   
  JM-B    JM-binding motif   
  JMD    Juxtamembrane domain   
  JM-S    JM switch motif   
  JM-Z    Zipper segment   
  JNK    c-Jun N-terminal kinase   
  JunB    Transcription factor jun-B   
  KA    Kainic acid   
  KC    Keratinocyte chemoattractant   
   K  d     Dissociation constant   
  LC    Langerhans cells   
   Ldlr    −/−      Low-density lipoprotein receptor null   
  LEF    Lymphoid enhancer-binding factor   
  LH    Luteinizing hormone   
  LILRB    Leukocyte Ig-like receptor B   
  LIMK    LIM domain kinase   
  LMPP    Lymphoid primed multipotent progenitors   
  Lnk    Lnk adaptor protein   
  LPS    Lipopolysaccharide   
  LSK    lin-kit+sca-1+   
  LT-HSC    Long-term hematopoietic stem cells   
  Lyn    Tyrosine-protein kinase Lyn   
  MAP-kinase    Mitogen-activated protein kinase   
  MCP-1    Monocyte chemoattractant protein 1   
  M-CSF    Macrophage colony-stimulating factor   
  MDP    Macrophage–DC progenitors   
  MDS    Myelodysplastic syndrome   
  MEK    Mitogen-activated protein kinase kinase   
  MEP    Megakaryocyte/erythrocyte progenitors   
  MIP-2    Macrophage infl ammatory protein-2   
  miR    Micro RNA   
  Mitf    Microphthalmia-associated transcription factor   
  MKP    MAP-kinase phosphatase   
  MKP-1    Mitogen-activated protein kinase phosphatase-1 (also known as 

DUSP-1)   
  Mo    Monocytes   
  Mona    Monocytic adaptor   
  MPP    Multipotent progenitor   
  mTOR    Mammalian target of rapamycin   
  MΦ    Macrophages   
  NBCn1    Na/HCO3 co-transporter 1   
  N-CoR    Nuclear receptor corepressor   
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  NFAT    Nuclear factor of activated T cells   
  NFkB    Nuclear factor kappa-light-chain-enhancer of activated B cells   
  NPC    Neural progenitor cells   
  OC    Osteoclast   
  p38    p38 Mitogen-activated protein kinase   
  PA    Plasminogen activator   
  PAX5    Paired box protein 5   
  PC    Paneth cells   
  pDC    Plasmacytoid DC   
  PDGF    Platelet-derived growth factor   
  PDGF    Platelet-derived growth factor   
  PGE2    Prostaglandin E2   
  PI3K    Phosphatidylinositol 3-kinase   
  PIP2    Phosphatidylinositol 4,5-bisphosphate   
  PIP3    Phosphatidylinositol 3,4,5-trisphosphate   
  PIR-B    Paired Ig-like receptor B   
  PKCζ    Protein kinase Ca-dependent zeta   
  PLC    Phospholipase C   
  PLC    Phospholipase C   
  PLD2    Phospholipase D   
  POLD    Pigmented orthochromatic leukodystrophy   
  PP2A    Serine–threonine phosphatase 2A   
  Pro-B    Progenitors of B cells   
  Pro-NK    Progenitors of natural killer cells   
  Pro-T    Progenitors of T cells   
  PSTPIP2    Proline–serine–threonine (PEST)–phosphatase-interacting protein 2   
  PTB    Phosphotyrosine-binding domains   
  PTK    Protein-tyrosine kinase   
  PTPN12    Protein-tyrosine phosphatase nonreceptor type 12   
  PTPϕ    Nonreceptor protein-tyrosine phosphatase phi   
  PU.1    Transcription factor PU.1   
  Pyk2    Protein-tyrosine kinase 2 beta   
  Rac    Ras-related C3 botulinum toxin substrate   
  RANKL    Receptor activator of nuclear factor κB   
  Ras    Rat sarcoma small GTPase   
  RBM6    RNA-binding motif 6   
  RCC    Renal clear cell carcinoma   
  Rho    Rho small GTPase   
  Rho U/Wrch    Wnt-1-responsive Cdc42 homologue, Rho family GTPase   
  RIP    Regulated intramembrane proteolysis   
  RPTP-ζ    Receptor protein-tyrosine phosphatase-zeta   
  RSK2    Ribosomal S6 kinase 2   
  RTK    Receptor tyrosine kinase   
  RTK    Receptor tyrosine kinase   
  Runx1    Runt-related transcription factor 1   
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  RV FV3    Ranavirus frog virus 3   
  S100A4    S100 family Ca 2+ -binding protein A4   
  SAXS    Small-angle X-ray scattering   
  SCF    Stem cell factor   
  SDS-PAGE    Sodium dodecyl sulfate polyacrylamide gel electrophoresis   
  SFK    Src family kinases   
  SH2    Src homology 2 domain   
  SH3BP2    SH3 domain-binding protein 2   
  Shc    Src homology 2 domain containing   
  SHIP    SH2-containing inositol phosphatase   
  Shp2    SH2 domain protein-tyrosine phosphatase 2   
  SIRPα    Signal regulatory protein alpha   
  SIV    Simian immunodefi ciency virus   
  SKAP55R    Src kinase-associated phosphoprotein of 55 kDa (SKAP55)-related 

adaptor protein   
  SLAP    Src-like adaptor protein   
  SLAP2    Src-like adaptor protein 2   
  SLP-76    SH2 domain-containing leukocyte protein-76   
  SM-FeSV    Susan McDonough strain of feline sarcoma virus   
  Snord11B    Small nucleolar RNA CD box 11B   
  Socs1    Suppressor of cytokine signaling 1   
  Sos    Son of sevenless   
  Sp1/3    Transcription factors Sp1 and Sp3   
  Src    Rous sarcoma virus oncogenic tyrosine kinase homologue   
  STAP-2    Signal-transducing adaptor protein 2   
  STAT    Signal transducer and activator of transcription   
  Syk    Spleen tyrosine kinase   
  T reg    T regulatory cells   
  TACE    TNFα-converting enzyme (also known as ADAM-17)   
  TAMs    Tumor-associated macrophages   
  Tbx3    T-box transcription factor 3   
  TCF    T-cell-specifi c, HMG-box transcription factor   
  Tcptp    T-cell protein-tyrosine phosphatase   
  TGFβ1    Transforming growth factor beta 1   
  TLR    Toll-like receptor   
  TRAF6    TNF receptor-associated factor 6   
  TRAP    Tartrate-resistant acid phosphatase   
  TREM2    Triggering receptor expressed on myeloid cells 2   
  Vac14    Vac14 homologue   
  Vav    Vav oncogene   
  VDR    Vitamin D receptor   
  VEGF    Vascular endothelial growth factor   
  VEGFR2    Vascular endothelial growth factor receptor 2.   
  WASP    Wiskott–Aldrich syndrome protein   
  WAVE2    WASP-family verprolin-homologous protein-2   
  Zp3-Cre    Zona pellucida 3 promoter-driven Cre recombinase   

V. Chitu et al.



379

10.1            CSF-1R 1  

10.1.1     Introduction to the CSF-1 Receptor Tyrosine Kinase 

 The colony-stimulating factor-1 (CSF-1) receptor (CSF-1R) (also known as Fms, 
c-Fms, CD115, FIM2, or M-CSF receptor) is a class III receptor tyrosine kinase 
(RTK III) [ 1 ]. Similar to other RTK IIIs, the CSF-1R consists of seven modules: fi ve 
extracellular Ig-like domains (D1–D5), a single transmembrane helix, and an intra-
cellular split kinase domain [ 2 ,  3 ]. It is activated by two dimeric glycoprotein 
ligands, CSF-1 [ 4 ] and interleukin-34 (IL-34) [ 5 ]. IL-34 shares low primary 
sequence similarity with CSF-1, but they possess a similar three-dimensional struc-
ture [ 6 – 8 ]. In vitro, IL-34 and CSF-1 have comparable ability to support the prolif-
eration and differentiation of myeloid cells and osteoclastogenesis to a degree 
proportional to their affi nity for the CSF-1R [ 9 ]. However, they differ in their spa-
tiotemporal expression patterns [ 9 ,  10 ], developmental roles [ 9 – 13 ], mechanism of 
interaction with CSF-1R [ 7 ,  8 ], signal activation kinetics, and strength [ 14 ]. 

 The CSF-1R is the major regulator of tissue macrophage development and main-
tenance [ 15 – 17 ]. Macrophages are found in all tissues, where they represent 5–15 % 
of the cells [ 18 ]. They have roles in triggering immune responses, but also in 
enhancing and attenuating infl ammation and promoting tissue repair. Through tro-
phic and scavenger functions, they maintain tissue homeostasis and contribute to 
tissue remodeling during development [ 19 ,  20 ]. In combination with receptor acti-
vator of nuclear factor κB (RANK), the CSF-1R also regulates the differentiation of 
the bone-resorbing osteoclast and controls bone remodeling during embryonic and 
early postnatal development [ 21 ]. Studies in animal models suggest that CSF-1- 
dependent macrophages and/or osteoclasts play detrimental roles in cancer and 
infl ammatory diseases (reviewed in [ 11 ,  22 ]). A chromosomal translocation involv-
ing the  Csf1r  gene [ 23 ], inappropriate overexpression of the CSF-1R [ 24 – 27 ], and/
or inappropriate expression of CSF-1 [ 26 – 28 ] can contribute to the development of 
acute myeloid leukemias and Hodgkin’s lymphoma. For these reasons, several 
small molecule inhibitors and antibodies targeting CSF-1R have been developed, 
and some are currently in clinical trials. 

 Outside the mononuclear phagocytic system, the CSF-1R directly regulates the 
development of intestinal Paneth cells [ 29 ], the innate immune functions of placen-
tal trophoblasts [ 30 ], prolactin secretion by pituitary cells [ 31 ], and neuronal sur-
vival and differentiation [ 10 ,  32 ]. CSF-1R defi ciency in most mouse strains causes 
perinatal death [ 15 ,  21 ], and the surviving mice exhibit multiple developmental and 
functional defi cits (Table  10.1 ). Dominant inactivating mutations in the CSF-1R in 
man lead to an adult-onset progressive dementia predominantly affecting the cere-
bral white matter [ 33 ,  34 ]. Homozygous inactivating mutations of the  Csf1r  or  Csf1  
genes have not been reported in man.

1   Violeta Chitu and E. Richard Stanley 
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         Table 10.1    Phenotypes of  Csf1r     −/−  ,  Nes-Cre/+ ,  Csf1r   fl /fl   ,  Csf1   op/op  , and  IL-34    −/−   mice compared to 
those of wild-type mice   

 Phenotype 

 Mouse mutant 

 References   Csf1r   −/   
  Nes-Cre/+; 
Csf1r   fl /fl      Csf1   op/op     IL-34    −/−   

 Gross phenotype 
 Postnatal death 
(at 3 weeks) 

 60 %  20 %  Normal  [ 13 ,  15 ,  47 , 
 544 ] 

 Body size  Reduced  Reduced  Normal  [ 13 ,  15 ,  47 ] 
 Body weight  Reduced  Reduced  Normal  [ 13 ,  15 ,  47 ] 
 Skeletal abnormalities 
(osteopetrosis, short 
limbs, domed skull) 

 Present  Present  Absent  [ 13 ,  15 ,  47 ] 

 Delayed tooth 
eruption 

 Present  Present  Absent  [ 13 ,  15 ,  47 ] 

 Low growth rate  Present  Present  Absent  [ 13 ,  15 ,  47 ] 
 Monocytic lineage 
 Blood monocytes  Normal  Normal  Normal  [ 12 ,  13 ,  15 , 

 55 ] 
 Tissue macrophages  Reduced  Reduced  Normal  [ 12 ,  15 ,  16 , 

 54 ,  55 ] 
 Langerhans cells (LC)  Absent  a   Reduced b   Severely 

reduced 
 [ 12 ,  13 ,  545 ] 

 Microglia  Absent  Normal  Reduced b   Reduced c   [ 10 ,  12 ,  13 , 
 17 ,  544 ] 

 Osteoclasts  Reduced  Reduced b   [ 15 ,  21 ,  546 ] 
 Brain  [ 10 ] 
 Size  Reduced  Reduced  Reduced 
 Mass  Increased  Normal  Increased 
 Olfactory bulb 
atrophy 

 Present  Absent  Absent 

 Ventricular size  Increased  Normal  Normal 
 Corpus callosum 
crossing defect 

 Present 
(80%) 

 Absent  Present 
(22%) 

 Cortical thickness  Reduced  Variable  Increased 
 Cortical NPC 
proliferation 

 Increased  Increased  Increased 

 Excitatory neuronal 
differentiation 

 Reduced  Variable  Reduced 

 Sub-cortical OL 
differentiation 

 Reduced  Normal  Reduced 

 Cortical cellular 
apoptsis 

 Increased  Increased  Normal 

 Neurological defi cits 
 Hearing  Present  Present  [ 15 ,  94 ] 
 Vision  Present  [ 94 ] 

(continued)
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Table 10.1 (continued)

 Phenotype 

 Mouse mutant 

 References   Csf1r   −/   
  Nes-Cre/+; 
Csf1r   fl /fl      Csf1   op/op     IL-34    −/−   

 Olfactory  Present  [ 95 ] 
 Abnormal GABAergic 
responses 

 Present  [ 94 ] 

 Intestine 
 Paneth cells  Reduced d   Reduced  [ 29 ,  106 ] 
 Small intestine 
stem cells 

 Reduced d   [ 106 ] 

 Abnormal 
colon 
organization 

 Present  Present  [ 45 ] 

 Placenta 
 Decreased response 
of trophoblasts to 
transplacental 
infection 

 Present  [ 30 ] 

 Reproductive defects 
 Reduced fertility  Present  Present  [ 15 ,  96 ,  97 , 

 110 ] 
 Delayed puberty  Present  Present  [ 15 ,  96 ,  97 , 

 110 ] 
 Prolonged estrous 
cycle 

 Present  Present  [ 15 ,  96 ,  97 , 
 110 ] 

 Failure to lactate  Present  Present  [ 15 ,  126 ] 
 Low testosterone  Present  Present  [ 15 ,  96 ,  97 ] 
 Low sperm viability  Present  Present  [ 15 ,  96 ,  97 ] 
 Reduced 
hypothalamic 
sex steroid 
hormone feedback 
response 

 Present  [ 96 ,  97 ] 

   a Also drastically reduced in mice with a LC-specifi c deletion of  Csf1r  achieved by crossing  Csf1r   fl /fl    
mice to mice expressing a Cre-transgene driven by an LC-specifi c promoter ( Langerin-Cre ) [ 13 ] 
  b Reduced postnatally, spontaneously recovered in the adult 
  c Only in areas of the brain with high IL-34 expression (i.e., cortex, hippocampus, corpus callosum, 
striatum, olfactory bulb) but not in the cerebellum or brain stem [ 12 ,  13 ] 
  d A reduction in Paneth cell number was also observed in a mice with gastrointestinal-specifi c dele-
tion of  Csf1r  obtained using a tamoxifen inducible Cre-transgene driven by the villin promoter 
( VillinCre   ERT2  ) [ 106 ] 
  Nes-Cre/+; Csf1r   fl /fl   , mice with neural progenitor-specifi c deletion of  Csf1r ,   OL  oligodendrocytes,  GABA  
gamma amino butyric acid  
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10.1.2        The Role of the CSF-1 Receptor Tyrosine Kinase 
in Embryonic Development and Adult Physiology 

 The CSF-1R is expressed on all cells of the mononuclear phagocytic system, 
 including monocytes, tissue macrophages, microglia, dendritic cells, Kupffer cells, 
and Langerhans cells (LC), as well as on the multinucleated bone-resorbing osteo-
clasts (reviewed in [ 11 ]). In addition, it is expressed at low levels on  hematopoietic 
stem cells (HSC) [ 35 ,  36 ], and its expression increases as multipotent hematopoietic 
precursors become committed to the monocytic lineage and differentiate to macro-
phages [ 36 – 38 ]. CSF-1R mRNA is expressed in granulocytes but is not translated 
[ 39 ]. Outside the hematopoietic system, the CSF-1R is expressed on oocytes and 
preimplantation embryos [ 40 ,  41 ], as well as decidual and trophoblastic cells [ 42 , 
 43 ], renal proximal tubule epithelial cells [ 44 ], Paneth cells [ 29 ], epithelial intesti-
nal cells of the colon [ 45 ], neural progenitor cells [ 10 ], and in several subpopula-
tions of neurons [ 10 ,  32 ,  46 ]. Consistent with its broad pattern of expression, the 
CSF-1R has pleiotropic actions in embryonic development and adult physiology 
(Table  10.1 ). 

10.1.2.1     The Role of the CSF-1R in Embryonic and Early 
Postnatal Development 

 The viability of mice carrying a homozygous germline deletion of the CSF-1R 
( Csf1r    −/−   mice) varies from late embryonic lethality on the C3H/HeJ and C57/BL6 
backgrounds to postnatal lethality by 3 weeks of age on the FVB/NJ background 
[ 15 ,  21 ]. On an outbred (mainly C3B6) background, 40 % of the mice survive 
beyond one month of age. CSF-1-defi cient  osteopetrotic  ( Csf1   op/op  ) mice [ 47 – 49 ] 
possess a phenotype similar to the phenotype of  Csf1r    −/−   mice [ 15 ], but less severe, 
with 80 % of the mice surviving beyond one month of age on the outbred back-
ground (Table  10.1 ). In contrast,  Il34    −/−   mice are grossly normal [ 12 ,  13 ]. The gross 
developmental defects of  Csf1r    −/−   and  Csf1   op/op   mice include skeletal abnormalities 
and delayed tooth eruption, both of which result from impaired bone remodeling in 
the absence of osteoclasts, a low growth rate, and lower adult body weight and body 
size (Table  10.1 ) [ 15 ,  21 ,  47 ,  50 ]. Administration of recombinant CSF-1 only par-
tially rescues the phenotype of  Csf1   op/op   mice [ 16 ,  51 – 53 ], indicating the importance 
of local regulation. Transgenic expression of full-length CSF-1 driven by the CSF-1 
promoter and fi rst intron fully corrects it [ 54 ], but there are differential effects of 
rescue by transgenic expression of the cell-surface and secreted CSF-1 isoforms on 
the bone phenotype and postnatal growth [ 55 ,  56 ]. Macrophages can produce insu-
lin-like growth factor (IGF-1) in response to CSF-1, and in the CSF-1-defi cient 
toothless ( tl/tl)  rat, there is gross defi ciency of circulating IGF-1, which correlates 
with the defective postnatal growth. Thus, it has been suggested that CSF-1 might 
regulate postnatal growth by stimulating extrahepatic IGF-1 production by macro-
phages [ 57 ].  
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10.1.2.2     Regulation of Monocytes and Tissue Macrophages 
by the CSF-1R 

   The Role of the CSF-1R in Monocyte and Tissue Macrophage Development 

 Mouse tissue macrophages originate from the embryonic day (E) 7.0–7.5 
 extraembryonic yolk sac macrophages, the aorta–gonad–mesonephros (AGM) 
region of the embryo (E 8.5–12), fetal liver (E 9.5–21), or adult hematopoietic 
tissue- derived precursors [ 20 ,  58 ,  59 ]. Irrespective of their origin, they express the 
CSF-1R and respond by surviving or proliferating in response to CSF-1, the degree 
of proliferation depending on the tissue of origin [ 17 ,  37 ,  60 ]. Liver Kupffer cells, 
microglia, and most of the F4/80 bright  CD11b low  tissue macrophages, including mac-
rophages from the splenic red pulp, kidney, and the pancreatic islets, originate in 
CSF-1R +  yolk sac precursors that populate embryonic tissues between E9.5 and 
E10.5, after the development of the fetal circulation and before HSCs fi rst emerge 
in the AGM region [ 17 ,  58 ,  61 ]. LCs have a mixed origin, the majority arising from 
fetal liver progenitors with a minor contribution (6–7 % in the adult) from yolk sac- 
derived macrophages [ 59 ]. Bone marrow HSCs give rise to blood monocytes and 
the F4/80 low  CD11b high  macrophages, which represent a minor population of tissue 
macrophages (Fig.  10.1 ). In contrast to yolk sac and fetal liver-derived macro-
phages, which maintain themselves in situ throughout life, the F4/80 low  CD11b high  
macrophages are continuously replaced by bone marrow-derived progenitors [ 58 , 
 62 – 64 ]. Studies in  Csf1r    −/−   mice show that the CSF-1R is absolutely required for 
the development of embryonic precursor-derived LC and microglia [ 15 ,  17 ,  58 ,  59 , 
 63 ]. Studies in IL-34-defi cient mice show that the IL-34/CSF-1R complex controls 
LC development during embryogenesis and their homeostasis in adult skin [ 12 ,  13 ], 
as well as the maintenance of microglia in specifi c areas of the adult brain [ 13 ]. In 
addition, it has been shown that both under steady-state conditions and after infec-
tion- or infl ammation-induced depletion, yolk sac precursor-derived tissue-resident 
macrophages self-renew independently of the bone marrow through local prolifera-
tion [ 62 ] and differentiation [ 65 ] in a CSF-1- and GM-CSF-dependent manner [ 62 , 
 64 ,  65 ]. Furthermore, in adult mice, germline ablation of the  Csf1r, Csf1  defi ciency, 
or inhibition of the CSF-1R decrease the macrophage numbers in most tissues, 
without affecting bone marrow or blood monocyte counts (Table  10.1 ) [ 15 ,  16 ,  22 , 
 66 ,  67 ]. However, these studies also show that blockade of CSF-1R signaling leads 
to the selective depletion of the mature Ly6C −  blood monocytes, but not of their 
precursors, the Ly6C +  monocytes [ 62 ,  66 ,  67 ]. Taken together, they suggest that 
CSF-1R signaling is most critically required for the embryonic colonization of tis-
sues by yolk sac- and fetal liver-derived progenitors and for the local maintenance 
and recovery of their progeny. In adults, CSF-1R is also necessary for the matura-
tion of Ly6C +  blood monocytes into Ly6C -  monocytes, a late step in monocytopoi-
esis, which occurs only after Ly6C +  monocytes have been released into the 
circulation [ 62 ] (Fig.  10.1 ).   

10 The PDGFR Receptor Family



384

   Regulation of Emergency Monocytopoiesis by the CSF-1R 

 Emergency monocytopoiesis is the generation of large pools of monocytes from 
cells in the bone marrow in response to a sudden demand. Consistent with the 
involvement of CSF-1 in regulating this response, CSF-1 expression is increased by 
tissue stress (e.g., trauma or infection) and stimulates the production of monocytes 
and macrophages from their lineage-committed precursors [ 11 ,  36 ,  68 – 74 ]. In the 
adult hematopoietic system, CSF-1R is expressed at low levels on HSC [ 35 ]. 
CSF-1R expression increases ~10 fold at the earliest stage of commitment to the 
monocytic lineage (colony-forming unit–macrophage, CFU-M) and is further 
upregulated on their differentiated progeny (monoblasts, promonocytes, monocytes, 
and macrophages) [ 37 ,  38 ]. In vitro, CSF-1 stimulates the proliferation and differ-
entiation of CFU-M and synergizes with other hematopoietic cytokines, such as 
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CSF-1 IL-34

E 9.5-21

Bone marrow

Ly6C+ Mo
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F4/80hi MΦ Microglia Langerhans cells F4/80lo MΦLy6C- Mo

CSF-1
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CSF-1

IL-341-FSC IL-34

IL-34
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IL-34 CSF-1

CSF-1 CSF-1

  Fig. 10.1    Roles of the CSF-1R ligands in the development of adult monocyte, tissue macrophage, 
and Langerhans cell populations. In mouse, three different mononuclear phagocytic lineages arise 
from progenitors that populate tissues at different stages of development. Progenitors in the yolk 
sac at embryonic day (E) 7.0–7.5 give rise to microglia in the brain and to the F4/80 hi  tissue- 
resident macrophages (F4/80 hi  MΦ). By E11.5, the fetal liver, which is colonized by precursors 
from the yolk sac and the aorta–gonadal–mesonephros region of the embryo, becomes the source 
of monocytes during embryogenesis. Adult Langerhans cells are derived from both yolk sac and 
fetal liver precursors. In adult mice, at steady state, microglia, Langerhans cells, and F4/80 hi  MΦ 
self-renew without contribution from circulating bone marrow-derived precursors. Postnatally, 
bone marrow precursors give rise to Ly6C +  blood monocytes that seed a few adult tissues (e.g., the 
kidneys, lungs, and the pregnant uterus) giving rise to F4/80 lo  tissue-resident MΦ. F4/80 lo  MΦ are 
continuously replaced by bone marrow progenitors. In circulation, Ly6C +  monocytes also give rise 
to Ly6C −  “patrolling” monocytes, which act to maintain vessel integrity and to detect pathogens. 
The CSF-1R is critical for the development of microglia, Langerhans cells, and F4/80 hi  MΦ. 
CSF-1R and CSF-1 defi ciencies have limited effects on Ly6C +  blood monocytes but contribute to 
their maturation into Ly6C −  monocytes. CSF-1 also contributes to the maintenance of F4/80 hi  tis-
sue MΦ. IL-34 is critical for the development of Langerhans cells and of microglia in specifi c 
areas of the brain, but has limited effects on other macrophage subsets and no effect on blood 
monocytes. Gray font indicates a lesser effect       
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IL-1, IL-3, and stem cell factor (SCF), to increase the proliferation of more  primitive 
multipotent, hematopoietic precursor cells [ 38 ,  75 ,  76 ]. Recent studies indicate that 
high systemic levels of CSF-1 induce HSC to adopt a myeloid lineage fate by acti-
vating the expression of the myeloid transcription factor PU.1 [ 36 ]. Similar instruc-
tion of macrophage differentiation by CSF-1 has been demonstrated at the level of 
the bipotent granulocyte–macrophage progenitor (GMP) [ 74 ] (Fig.  10.2 ).   

CSF-1

Endothelial cells

CSF-1
Infection,
Tissue injury

CSF-1

Steady state

Endothelial and other
CSF-1-producing cells

CSF-1R-mediated
clearance by
sinusoidal MΦ

CFU-M MΦLT-HSC CFU-GM Monoblast

  Fig. 10.2    Regulation of macrophage production by CSF-1 and the CSF-1R .  At steady state, 
CSF-1 is cleared from circulation via CSF-1R-mediated internalization by tissue-resident, sinusoi-
dally located macrophages, predominantly Kuppfer cells, which express high levels of the 
CSF-1R. This macrophage-mediated clearance of CSF-1 is a negative feedback control. Tissue 
damage or sepsis triggers the elevation of CSF-1 production by endothelial cells. Elevated CSF-1 
instructs the commitment of HSC to a myeloid fate and of CFU-GM to a macrophage fate, thus 
triggering the rapid expansion of the monocytic pool. CSF-1 in the extracellular space also regu-
lates proliferation of resident tissue macrophages. Relative CSF-1R density is indicated at each 
developmental stage       
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   CSF-1R in Bone Development 

 The severe depletion of osteoclasts in  Csf1r    −/−   mice leads to osteopetrotic 
 phenotypes including toothlessness, increased radiopacity of long bones, and 
increased trabecular bone in histological sections [ 15 ]. These abnormalities are 
associated with severely decreased biomechanical strength of the long bones [ 21 ]. 
Studies examining bone formation and structural features during postnatal develop-
ment showed that the postnatal development of lamellar bone is profoundly dis-
turbed in these mice, witnessed by the disrupted cortical bone structure, disorganized 
collagen fi brils, and reduced bone mineralization [ 21 ]. While osteoblasts in  Csf1r    −/−   
mice had normal ultrastructure and matrix-depositing activity, their layered organi-
zation on the bone-forming surface and the direction of matrix deposition toward 
the bone surface were lost, resulting in their abnormal entrapment by matrix. 
Furthermore, the CSF-1R was not expressed in osteoblasts and the development of 
osteoclasts in normal mouse embryos preceded the time of appearance of these 
bone defects in  Csf1r    −/−   mice.  Csf1r    −/−   femoral anlagens transplanted into wt mice 
developed normal structured bone, indicating that the  Csf1r    −/−   limb rudiment was 
fully capable of forming the normal bone structure in the presence of exogenously 
derived wt osteoclasts. These data suggest that by promoting osteoclastogenesis, 
CSF-1R plays an important role in regulating osteoblastic bone formation in 
development.  

   CSF-1R-dependent Tissue Repair 

 Tissue damage infl icted by infection, ischemia, or trauma triggers the CCR2- 
mediated recruitment of Ly6C high  monocytes from the circulation that differentiate 
into M1 macrophages which secrete infl ammatory mediators that facilitate the 
clearance of the invading pathogen or digest the damaged tissue through their pro-
teolytic and phagocytic activities (reviewed in [ 77 ]). Subsequently, anti- 
infl ammatory macrophages become preponderant. It is not clear whether this is the 
result of a switch in the activation status of the M1 macrophages after exposure to 
factors produced by the M2 tissue-resident macrophages or other cell types [ 78 ], to 
the subsequent CX3CR1-dependent recruitment of Ly6C lo  blood monocytes which 
function as precursors of M2 macrophages [ 79 ], or to the proliferation of tissue- 
resident macrophages [ 80 ]. M2 macrophages produce growth factors such as 
TGFβ1 and PDGF that stimulate wound repair by promoting myofi broblast differ-
entiation and expression of tissue inhibitors of matrix metalloproteinases that block 
the degradation of the extracellular matrix and by stimulating the synthesis of 
 collagens [ 77 ,  79 ]. 

 CSF-1R activation stimulates macrophage proliferation and drives macrophages 
toward a tolerogenic, M2-like phenotype [ 81 – 88 ]. Studies in mice have shown that 
acute kidney injury, triggered by ischemia/reperfusion or diphtheria toxin, induces 
the production of CSF-1 in the proximal tubule cells and the activation of CSF-1R 
signaling in resident macrophages that is essential for tissue repair [ 80 ]. CSF-1R 
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acted by promoting the proliferation of both M2 macrophages [ 80 ] and renal tubular 
epithelial cells in situ [ 89 ]. Genetic or pharmacologic inhibition of CSF-1R signal-
ing blocked M2 polarization and macrophage proliferation and inhibited recovery 
[ 80 ], while the injection of CSF-1 hastened healing and improved renal function 
[ 89 ]. Studies in  Csf1   op/op   mice have shown that CSF-1-dependent macrophages also 
contribute to the healing of gastric ulcers, by producing PGE2 and VEGF, which in 
turn stimulate angiogenesis in the ulcerated area [ 90 ]. A similar  proangiogenic 
effect of CSF-1-dependent macrophages was found to contribute to both acute and 
chronic dermal wound healing in mice [ 91 ]. Increased local and circulating CSF-1 
levels occur in patients with fractures [ 92 ]. Consistent with studies showing that 
CSF-1 promotes the formation of lamellar bone structures [ 21 ], administration of 
CSF-1 signifi cantly increased the number of osteal macrophages at the injury site 
and promoted bone healing by enhancing matrix deposition and mineralization in a 
mouse tibial bone injury model [ 93 ].   

10.1.2.3     Role of the CSF-1R in the Brain 

   The CSF-1R in Brain Development 

 CSF-1R and its ligands are highly expressed in the developing mouse embryonic 
brain as early as E 13.5 and the expression of CSF-1R and CSF-1 increases in late 
embryonic development and the early postnatal period concomitantly with the 
increase in parenchymal microglia [ 9 ,  10 ,  94 ,  95 ]. Furthermore, mice defi cient in 
either CSF-1R or its ligands exhibit anatomic and functional defects in the brain 
(Table  10.1 ) that lead to phenotypes that are primarily neurological, such as altered 
GABAergic cortical circuitry [ 94 ], visual [ 94 ] and olfactory [ 95 ] defi cits, and per-
turbations of hypothalamic function leading to decreased fertility [ 96 ,  97 ]. Since 
CSF-1R expression is highest in microglia and absolutely required for microglial 
development during embryogenesis [ 17 ], it was initially suggested that brain devel-
opment was perturbed in CSF-1R defi ciency due to the lack of microglia, which 
provide trophic factors and sculpt brain connectivity through their ability to prune 
synapses during neuronal development [ 95 ,  98 ]. However, recent studies show that 
CSF-1R is also expressed on neural progenitor cells (NPC), where it suppresses 
NPC self-renewal and promotes neuronal differentiation and the survival of NPC 
and neuronal lineage cells [ 10 ]. Thus, the CSF-1R regulates brain development by 
cell autonomously regulating both neuronal and microglial differentiation.  

   The CSF-1R in Brain Homeostasis 

  Protective Role Following Excitotoxic Injury     Lineage-tracing experiments show 
that a small number of neurons in the adult mouse hippocampus and cortex express 
the CSF-1R under physiological conditions and that kainic acid (KA)-induced 
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 excitotoxic injury results in an increase in CSF-1R neuronal expression [ 32 ]. 
Intraperitoneal administration of CSF-1 or IL-34 has neuroprotective effects against 
KA-induced neurodegeneration, activating the cAMP-responsive element-binding 
protein (CREB) pathway, which regulates survival of primary neurons. CSF-1 or 
IL-34 also suppresses KA-induced microgliosis in vivo. Opposite results are obtained 
when CSF-1R expression is selectively ablated in forebrain neurons  indicating that 
the microgliosis is secondary to the neuronal cell death and that CSF-1R ligands sup-
press neurodegeneration primarily by promoting neuronal survival.  

  Control of Microglial Activation     The expression of CSF-1 increases rapidly after 
brain injury or infection and triggers the upregulation of CSF-1R expression in 
microglia and microglial proliferation (reactive microgliosis). A transgenic mouse 
overexpressing CSF-1 in the glial fi brillary acidic protein (GFAP) compartment has 
been generated that permitted the examination of the effects of CSF-1 overexpres-
sion in vivo under basal conditions. These mice exhibited increased microglial pro-
liferation and numbers. Gene expression analysis revealed that the microglia were 
not M1 or M2 polarized. However, they exhibited a decreased ability to respond to 
lipopolysaccharide administration in vivo [ 99 ]. Studies in mouse and human glial 
cultures have shown that CSF-1 increases DAP12; decreases the expression of anti-
gen presentation proteins HLA-DP, HLA-DR, and HLA-DQ on microglia; and 
increases the phagocytic uptake of amyloid beta peptides [ 100 ,  101 ]. These data 
suggest that CSF-1 promotes a quiescent phenotype in microglia that may prevent 
their inappropriate activation and neurotoxicity.   

   CSF-1R in CNS Remyelination 

 Globoid cell leukodystrophy (GCL) is a neurodegenerative lysosomal storage disor-
der caused by the lack of ß-galactocerebrosidase which results in an accumulation of 
galactocerebroside, the primary lipid component of myelin. The galactocerebroside 
is converted to a cytotoxic metabolite which triggers oligodendrocyte apoptosis 
[ 102 ], leading to progressive demyelination [ 103 ] and the formation of highly phago-
cytic multinucleated globoid cells which are the hallmark of the disease [ 104 ]. In the 
absence of CSF-1, the symptoms are exacerbated in the  twitcher  mouse model of 
GCL. This is associated with a decrease in the number of microglia/macrophages, an 
increase in myelin debris, and a decrease in recruitment of oligodendrocyte precursor 
cells [ 103 ], suggesting that clearance of myelin debris by CSF-1-activated phago-
cytes is critical for remyelination indirectly. Also, as the CSF-1R stimulates oligo-
dendrocyte precursor cell differentiation and survival [ 10 ], it is conceivable that it 
ensures the availability of oligodendrocytes for remyelination. In contrast, in a mouse 
model of the demyelinating peripheral neuropathy, Charcot–Marie–Tooth disease 
(CMT) type 1, CSF-1 supports the expansion of monocyte-derived macrophages and 
microglia that not only clear myelin debris but also cause further myelin damage 
[ 105 ]. These studies suggest that the activation status of the macrophage population 
expanded by CSF-1, not CSF-1-driven macrophage expansion per se ,  might be the 
essential factor deciding whether tissue repair or destruction will subsequently occur.   
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10.1.2.4     Regulation of Paneth Cells and the Intestinal Stem 
Cell Niche by the CSF-1R 

 CSF-1 defi ciency in mice was initially found to cause depletion of the interstitial 
macrophages of the villi [ 16 ]. Subsequently, it was shown that the absence of 
CSF-1 in  Csf1   op/op   mice, or of the CSF-1R in  Csf1r    −/−   mice, also causes abnormal 
small intestine organization, with a dramatic reduction in epithelial cells, including 
Paneth cells (PC), and intestinal stem cells (ISC) [ 29 ,  106 ]. PCs express the CSF-1R 
and reside in close proximity to CSF-1-expressing cells [ 29 ]. In  Csf1   op/op   mice, mac-
rophage and PC defi ciencies, as well as ISC activity, are rescued by transgenic 
expression of the cell-surface isoform of CSF-1, indicating that CSF-1 regulates PC 
development either directly, in a juxtacrine or paracrine manner, or indirectly via 
macrophages [ 29 ]. The possibility of indirect regulation was eliminated by subse-
quent studies utilizing intestine-specifi c deletion of  Csf1r  ( Csf1r   fl /fl    ; VillinCre   ERT2  ), 
establishing that the CSF-1R cell autonomously supports PC replacement and mat-
uration [ 106 ]. Furthermore, PCs were shown to fashion the intestinal stem cell niche 
to support ISC activity. As Paneth cells are a major component of innate immunity 
in the gut, as well as regulators of intestinal infl ammation, digestion, detoxifi cation, 
stem cell protection, and crypt development [ 107 ], these data suggest that CSF-1R 
is important for intestinal homeostasis. Consistent with this, both  Csf1   op/op   and 
 Csf1r    −/−   mice were found to have abnormal colon organization, with defects in 
enterocytes and enteroendocrine cell fate, excessive goblet cell staining, and reduced 
cell proliferation [ 45 ].  

10.1.2.5     Role of the CSF-1R in the Reproductive System 

   CSF-1R in the Regulation of Male Fertility 

 The CSF-1/CSF-1R axis is the major regulator of macrophages in male reproduc-
tive tissues [ 15 ,  108 ].  Csf1   op/op   and  Csf1r    −/−   male mice have reduced mating ability 
and low sperm numbers, and compared with wild-type (wt) mice, their levels of 
circulating testosterone and luteinizing hormone (LH) are reduced by 90 % [ 15 ,  97 ]. 
Administration of CSF-1 to  Csf1   op/op   males throughout the postnatal period com-
pletely restores viable CSF-1 sperm numbers and signifi cantly restores sexual 
behavior [ 109 ]. Testosterone defi ciency in  Csf1   op/op   mice results from reduced tes-
ticular Leydig cell steroidogenesis associated with ultrastructural abnormalities and 
lowered activity of steroidogenic enzymes [ 97 ]. Furthermore, the failure of cas-
trated  Csf1   op/op   males to increase LH secretion and to respond to exogenous testos-
terone indicates that the feedback responses of the hypothalamus are disrupted. In 
contrast, the release of LH by the pituitary in response to the gonadotropin releasing 
hormone (GnRH) analog histerilin is normal, suggesting that the primary defect is 
hypothalamic [ 97 ].  
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   CSF-1R in the Regulation of Female Fertility and Pregnancy 

 Both  Csf1r    −/−   and  Csf1   op/op   female mice exhibit delayed puberty, extended estrus 
cycles, and poor ovulation rates leading to decreased fertility [ 15 ,  96 ,  110 ]. In ova-
ries, the CSF-1R is detected both in oocytes in the developing follicle and in macro-
phages that are recruited around the growing follicles [ 41 ,  110 ], and locally applied 
CSF-1 increases ovulation in vivo [ 110 ]. Compared to wt controls,  Csf1   op/op   females 
exhibit a smaller increase in circulating LH following ovariectomy and fail to 
increase circulating LH levels following the administration of estrogen and proges-
terone, suggesting that the hypothalamic–pituitary feedback system to gonadal ste-
roids is perturbed [ 96 ]. Administration of CSF-1 to  Csf1   op/op   females over the fi rst 2 
weeks of life accelerates puberty and continuous CSF-1 treatment until puberty 
completely corrects the extended estrous cycles in adults, suggesting that the major 
role of CSF-1 is to regulate the establishment of the sex steroid hormone feedback 
regulatory system in the brain during the early postnatal period [ 96 ]. Interestingly, 
clinical studies indicate that the administration of CSF-1 increases ovulation in poor 
responders following controlled ovarian hyperstimulation [ 111 ] and that increased 
levels of circulating CSF-1 positively correlate with pregnancy rates following 
human in vitro fertilization [ 112 ]. 

 During mouse pregnancy, CSF-1 is induced in high concentrations in the uterus 
[ 113 – 115 ]. Although uterine macrophages are absent in virgin  Csf1   op/op   females, the 
implantation of fertilized oocytes is normal [ 110 ]. Furthermore, despite the absence 
of macrophages in  Csf1   op/op   females after day 14 of gestation, embryo resorption 
rates are only modestly elevated, and the surviving litters have normal fetal and 
placental weights [ 116 ]. Thus, while required for ovulation, CSF-1 is dispensable 
for the normal progression of pregnancy. 

 In pregnant mice, local CSF-1 concentrations play a decisive role in determin-
ing tissue macrophage and DC density in the pregnant uterus [ 117 ]. CSF-1 drives 
the homeostatic expansion of macrophages in the growing myometrium, by stimu-
lating the proliferation of myometrial-resident macrophages and CCR2 ligand 
(i.e., CCL2, CCL7, and CCL12) production by resident macrophages, leading to 
the recruitment of Ly6C hi  monocytes from the blood. In parallel, local CSF-1 also 
triggers pre-DC extravasation into the myometrium and promotes the expansion of 
CD11b hi  dendritic cells in a CCR2 ligand-independent manner. In contrast, decid-
ual macrophages do not expand to match the growth of the tissue and decrease in 
density as pregnancy advances. Consistent with this, the E9.5–10.5 decidua con-
tains low levels of CSF-1 mRNA compared to the myometrium, and CSF-1R 
blockade inhibits the high rate of macrophage proliferation in the myometrium, 
but not the low rate of macrophage proliferation seen in the decidua. High levels 
of serum and placental CSF-1 [ 118 ,  119 ], as well as increased decidual macro-
phage and DC densities [ 120 – 122 ], have been found in preeclamptic patients sug-
gesting that inappropriate activation of CSF-1R negatively affects the outcome of 
pregnancy.  
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   CSF-1R in the Regulation of Innate Immunity at the Maternal/Fetal Interface 

 The CSF-1R is highly expressed in the placental trophoblastic cells, fetally derived 
multinucleated epithelial cells that share several characteristics with macrophages. 
These shared characteristics include phagocytosis, invasiveness, expression of non-
specifi c esterase, infl ammatory cytokines and their receptors, and the Toll-like and 
nucleotide-binding oligomerization domain (NOD)-like innate immune receptors 
[ 123 – 125 ]. Studies in  Csf1   op/op   mice have shown that CSF-1 is essential in the pla-
cental immune response to  Listeria monocytogenes,  a Gram-positive intracellular 
bacterium that has a preference for replication at the utero–placental interface [ 30 ] .  
CSF-1 induces the trophoblastic cells to synthesize the neutrophil chemoattractants, 
keratinocyte chemoattractant (KC), and macrophage infl ammatory protein- 2 (MIP-
2), thereby stimulating the recruitment of neutrophils to the site of listerial infec-
tion. Thus, through its actions in trophoblasts, CSF-1R controls pregnancy- specifi c 
innate immune responses.  

   CSF-1R in the Regulation of Branching Morphogenesis 

 Branching morphogenesis is the remodeling of epithelial or endothelial sheaths 
leading to the formation of branched tubular structures such as those found in the 
mammary gland, lung, kidney, and the vasculature. At the beginning of puberty, 
 Csf1   op/op   mice exhibit a defect in the outgrowth and branching of mammary ducts 
[ 126 ]. A similar defect occurs during pregnancy when further ductal outgrowth is 
impaired [ 127 ]. Both defects correlate with decreased macrophage recruitment. 
Transgenic expression of CSF-1 in the mammary epithelium of  Csf1   op/op   mice res-
cues mammary macrophage populations corrects the branching morphogenesis 
defect, demonstrating that resident macrophages are important for mammary tissue 
remodeling [ 128 ]. Similar branching defects associated with macrophage paucity 
contribute to a decrease in insulin-producing pancreatic β cells, abnormal postnatal 
islet morphogenesis, and impaired pancreatic cell proliferation in late pregnancy in 
 Csf1   op/op   mice [ 129 ].    

10.1.3     The Role of the CSF-1 Receptor Tyrosine 
Kinase in Human Disease 

 Dominant inactivating mutations in the CSF-1R have been found in patients with 
neurodegenerative disease. Activating mutations and inappropriately increased 
expression of the CSF-1R have been shown to contribute to the development of 
leukemia and Hodgkin’s lymphoma. In addition, autocrine and paracrine regulation 
by CSF-1 appear to contribute to the progression of a variety of human cancers. As 
discussed in detail below, studies showing that inhibitors of CSF-1 or CSF-1R 
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ameliorate infl ammatory disease in mice, combined with observations of 
 improvement of collateral arthritic symptoms in patients with cancer participating 
in clinical trials of CSF-1R inhibitors, suggest that therapeutic targeting of CSF-1R 
may be useful to treat both cancer and infl ammatory disease. 

10.1.3.1     Inactivating Mutations in CSF-1R Lead to Adult-Onset 
Leukoencephalopathy with Axonal Spheroids and Pigmented 
Glia (ALSP) 

 Dominant mutations in the  Csf1r  gene lead to ALSP, a term that encompasses two 
previously described microgliopathies involving CSF-1R mutations, hereditary dif-
fuse leukoencephalopathy with axonal spheroids (HDLS), and pigmented ortho-
chromatic leukodystrophy (POLD) [ 33 ,  34 ]. Genetic studies of families with ALSP 
have identifi ed multiple disease-associated mutations, including missense muta-
tions affecting highly conserved residues and splice-site mutations leading to in- 
frame deletions [ 33 ,  34 ,  130 – 144 ]. Transfection experiments showed that both 
CSF-1 and IL-34-stimulated CSF-1R kinase activities were abolished in fi fteen of 
the missense mutations (G589E, E633K, S688EfsX13, G765D, M766T, A770P, 
I775N, A781E, R782H, I794T, D837Y, F849S, L868P, M875T, and P878T) and the 
four aberrant splice variants (ASV1, ASV2, ASV3, and P824S) examined [ 33 ,  34 , 
 145 – 147 ]. However, co-transfection experiments utilizing mutant and wild-type 
CSF-1R constructs that mimic the heterozygous mutant status of ALSP patients 
revealed that the expression of mutant chains does not suppress the phosphorylation 
of the wild-type chains [ 145 ]. Thus, in ALSP patients, it is expected that only 25 % 
of cell-surface CSF-1R dimers will be enzymatically inactive and the remainder 
will be active, 50 % containing one active chain and 25 % containing two. 
Furthermore, the discovery of a HDLS patient with a  CSF1R  frameshift mutation 
that abolished protein expression proved that  CSF1R  haploinsuffi ciency is suffi cient 
to cause ALSP [ 145 ]. Further investigations are necessary to determine how changes 
in the composition of CSF-1R dimers (i.e., heterozygous kinase-dead mutation) or 
in cell-surface dimer density (expected from mutations leading to haploinsuffi -
ciency) affect the differentiation, survival, proliferation, and activity of CNS cells 
including neural precursors, mature neurons, and microglia. 

 ALSP is a central nervous system white-matter disease that usually starts with 
psychiatric symptoms (e.g., depression and anxiety) and progresses to epilepsy, 
dementia, ataxia, and gait impairment (reviewed in [ 148 ]). The brains of ALSP 
patients generally show extensive loss of myelin and axonal damage, numerous 
axonal spheroids, and hypertrophic astrocytes, as well as the distinctive feature of 
pigmented macrophages located predominantly in the frontal lobe [ 34 ]. The pig-
mentation is due to the accumulation of cytoplasmic autofl uorescent granules con-
taining lipofuscin, a product of oxidative damage of unsaturated fatty acids. The 
source of cellular lipofuscin is incompletely degraded products of mitochondria and 
endoplasmic reticulum autophagic processing [ 149 ], which accumulate in senes-
cent microglia [ 150 ,  151 ]. It is possible that CSF-1R haploinsuffi ciency in ALSP 
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may result in premature microglial aging and/or microglial dysfunction. Indeed, 
studies in mice revealed that the development and maintenance of microglia depends 
on CSF-1R activation by CSF-1 and IL-34 [ 12 ,  13 ,  15 ,  17 ,  95 ]. Furthermore, as 
CSF-1 stimulates autophagy in macrophages, which in turn is necessary for CSF-1- 
induced macrophage differentiation and acquisition of phagocytic functions [ 152 ], 
a possible mechanism underlying ALSP pathology is that reduced CSF-1R signal-
ing may lead to ineffi cient phagocytocis by microglia and consequent accumulation 
of cellular debris, triggering local infl ammation. Indeed, microglial phagocytosis of 
axonal and myelin debris plays an essential role in brain homeostasis as demon-
strated by the fi nding that loss-of-function mutations of either TREM2 or DAP12, 
microglial receptors that facilitate debris clearance in the absence of infl ammation, 
leads to Nasu–Hakola neurodegenerative disease (NHD) that has striking similari-
ties to ALSP [ 153 – 155 ]. Interestingly, other studies show that there is a close inter-
play between DAP12 and CSF-1R signaling in phagocytes. In human glial cultures, 
CSF-1 increases DAP12 expression in microglia [ 100 ], and the DAP12–TREM2 
signaling complex mediates CSF-1R signaling for survival and proliferation in mac-
rophages [ 156 ]. These data strengthen the assumption that ALSP is a primary 
microgliopathy that leads to secondary myelin and axonal damage [ 34 ,  148 ]. 
However, we have recently shown that CSF-1R expression on neural progenitor 
cells (NPC) is required for normal neuronal development in mice [ 10 ], raising the 
possibility that the effects of ALSP mutations in NPC may also contribute to disease 
development by impairing neurogenesis. Indeed, our recent studies in a  Csf1r   +/-   
mouse model of ALSP revealed that  Csf1r  haploinsuffi ciency causes anomalies in 
both neuronal development and microglial activation [ 157 ]. This model will permit 
further investigations of the basis of ALSP and evaluation of the effi cacy of various 
therapeutic approaches.  

10.1.3.2     CSF-1R in Human Cancers 

 The CSF-1R/CSF-1 axis has detrimental effects in human cancers. Increased circu-
lating CSF-1 is found in various malignancies, including breast cancer, ovarian can-
cer, lung cancer, endometrial carcinoma, and leukemias, and its expression often 
correlates with poor prognosis [ 158 – 164 ]. The increase in circulating CSF-1 is 
likely to be due to production by CSF-1-expressing tumor cells [ 158 ,  165 ], but 
could be contributed to by other cells in response to the tumor. Studies in mice have 
suggested several mechanisms for the involvement of CSF-1 in human cancers. 
Inappropriate early expression of the CSF-1R [ 24 ] and autocrine regulation by 
CSF-1 are involved in the progression of acute leukemias in mice [ 28 ]. In addition, 
studies in mice have identifi ed three mechanisms involved in the CSF-1-mediated 
progression of solid tumors: (1) CSF-1-dependent production of angiogenic and 
tumorigenic factors by M2-polarized tumor-associated macrophages (TAMs) [ 88 , 
 166 – 168 ]; (2) a CSF-1/EGF paracrine loop in which tumor cells produce CSF-1 
that activates CSF-1R-expressing TAMs to secrete EGF, which in turn promotes the 
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invasion of the tumor cells [ 169 – 171 ]; and (3) autocrine enhancement of tumor cell 
proliferation, invasion, and chemoresistance by CSF-1 in tumors expressing both 
ligand and receptor [ [ 172 ], [ 163 ,  173 – 176 ]]. These and other mechanisms by which 
CSF-1 and the CSF-1R promote human neoplastic disease are discussed below. 

   Autocrine Regulation of Proliferation by CSF-1 in Human Cancers 

 Many types of neoplastic cells synthesize CSF-1. In several cases, the neoplastic 
cells also express the CSF-1R, and their proliferation is stimulated by CSF-1 in an 
autocrine manner [ 163 ,  175 ]. Studies in humans have shown that patients with acute 
myeloid leukemia (AML) and chronic myeloid leukemia (CML) possess elevated 
levels of circulating CSF-1 [ 162 ,  177 ] that decrease in remission. Circulating CSF-1 
is also elevated in patients with myelodysplastic syndrome (MDS) [ 162 ,  178 ], a 
disease that progresses to AML. AML cells [ 179 ,  180 ] express both CSF-1 and the 
CSF-1R [ 181 ], and CML cells express the CSF-1R [ 177 ]. Patients with Hodgkin’s 
lymphoma also have elevated circulating CSF-1 that decreases in remission [ 162 ], 
and their cells express the CSF-1R in a lineage-inappropriate manner due to aber-
rant activation of an endogenous LTR through loss of expression of the corepressor 
CBFA2T3 [ 27 ]. Furthermore, a Hodgkin’s lymphoma cell line was shown to co- 
express CSF-1 and the CSF-1R and to exhibit autocrine regulation by CSF-1 [ 26 ]. 
The CSF-1R is expressed in mammary epithelial cells of pregnant and lactating 
women [ 182 ], and elevated epithelial co-expression of CSF-1R and CSF-1 that cor-
relates with invasiveness has been described for >50 % of mammary tumors 
(reviewed in [ 183 ]). In another study, both CSF-1 and CSF-1R were shown to be 
expressed in 16 out of 17 human breast cancer cell lines and those tested shown to 
exhibit autocrine regulated proliferation by CSF-1, via ERK1/2 signaling [ 184 ]. 
Autocrine CSF-1 regulation of cells of the human breast epithelial cell line MCF- 
10A induces hyperproliferation and progressive disruption of acinar structures 
formed in three-dimensional cultures. CSF-1R activation disrupts cell adhesion by 
uncoupling adherens junction complexes from the cytoskeleton and promoting cad-
herin internalization through a Src family kinase (SFK)-dependent mechanism 
[ 185 ]. In studies of another solid tumor type, analysis of biopsies obtained from 
patients with renal clear cell carcinoma (RCC) showed that both CSF-1 and CSF-1R 
are expressed in RCCs and adjacent tubular epithelial cells and that their expression 
is associated with enhanced proliferation and accelerated tumor progression [ 186 ]. 
Furthermore, the growth of xenogeneic transplanted RCC in mice is inhibited by 
treatment of the mice with CSF-1R kinase inhibitor.  

   CSF-1R Mutations and Dysregulation in Leukemias and Lymphomas 

 Apart from elevated expression of the CSF-1R in Hodgkin’s lymphoma [ 27 ], trans-
location of the RNA-binding motif 6 (RBM6) gene to the CSF-1R gene in human 
acute megakaryoblastic leukemia leads to the expression of a fusion protein that 
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combines the amino terminal 36 amino acids of RBM6 with the carboxyterminal 
399 amino acids of the CSF-1R, to generate a constitutively activated CSF-1R 
[ 23 ].  RBM6-CSF1R  was shown to be essential for the growth and survival of cells 
of the patient-derived cell line, MKPL-1. Furthermore, retroviral transduction of 
 RBM6- CSF1R   transformed Ba/F3 cells to IL-3-independent growth and induced a 
myeloid proliferative disease with features of megakaryoblastic leukemia in a 
murine transplant model. Other studies have shown that elevation of CSF-1R 
expression in leukemic stem cells, secondary to a translocation not directly involv-
ing the CSF-1R, can also result in a CSF-1R-driven leukemia. The leukemia-associated 
monocytic leukemia zinc fi nger MOZ–TIF2 fusion protein induces AML in mice. 
MOZ–TIF2 interacts with the transcription factor PU.1 to stimulate the CSF-1R 
expression, and induction of AML by MOZ–TIF2 is suppressed by either PU.1 or 
CSF-1R defi ciency [ 25 ]. Furthermore, the leukemia stem cell population is con-
tained within a fraction of cells expressing high levels of CSF-1R, and deletion of 
these cells using a drug-induced suicide gene cures the AML. In addition, another 
translocation resulting in a  MEF2D/CSF1R  fusion encoding a constitutively active 
mitogenic kinase that is responsive to imatinib has been described in a lymphoid 
neoplasm [ 187 ]. 

 The C-terminal tail of the CSF-1R has been shown to negatively regulate CSF-1R 
signal transduction, and the human CSF-1R Y969F mutation was shown to increase 
the transforming potential of the CSF-1R in mouse cells [ 188 – 191 ]. Tyr-969 muta-
tions were found in 12.7 % of patients with myeloid malignancies [ 192 ]. These data 
suggest that therapeutic targeting of the CSF-1R may be useful in several types of 
human cancers.   

10.1.3.3     CSF-1R in Human Immunodefi ciency Virus 
Type 1 (HIV-1) Infection 

 Mononuclear phagocytes are a major target of HIV-1 infection and facilitate the 
dissemination of virus to various tissues. This is especially evident in the brain 
where HIV-1-infected monocytes cross the blood–brain barrier and mediate the 
infection of microglia by HIV-1 causing neurocognitive impairment [ 193 ]. CSF-1 
enhances HIV-1 pathogenesis by upregulating the expression of viral receptors (i.e., 
CD4 and the chemokine receptor CCR5) and promoting viral replication in phago-
cytes [ 194 ]. Recent studies have shown that the level of CSF-1 in the cerebrospinal 
fl uid directly correlates with the degree of cognitive impairment in patients [ 195 ]. 
Furthermore, studies in  Macacus rhesus  infected with simian immunodefi ciency 
virus (SIV) revealed that perivascular macrophages express high levels of CSF-1 
and are the major reservoir of productive SIV infection in the brain. In addition, 
both CSF-1 and IL-34 enhanced HIV-1 replication in primary human microglial 
cultures. In contrast, CSF-1R tyrosine kinase inhibitor GW-2580 inhibited viral rep-
lication [ 196 ]. Since the antiretroviral therapy does not target HIV in long-lived 
cells such as macrophages and microglia, these data suggest that inhibition of 
CSF-1R signaling may be a suitable adjunctive therapy for HIV-1 infection.  
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10.1.3.4     Pharmacologic Inhibitors of CSF-1R 

 Pharmacological inhibition of CSF-1R by small molecule inhibitors or blockade 
using neutralizing antibodies has proved benefi cial in several infl ammatory [ 22 , 
 197 ,  198 ] and neoplastic [ 171 ,  186 ,  199 – 201 ] models. However, many of the 
CSF-1R small molecule inhibitors used in these studies (i.e., sunitinib (SU011248), 
imatinib, nilotinib, CYC10268, ABT-869) exhibit off-target effects, acting on many 
other unrelated RTKs [ 200 ,  202 – 208 ]. Others exhibit off-target effects for other 
RTK IIIs. These include PLX3397, which also inhibits c-Kit and oncogenic Flt3 
[ 209 ] and JNJ-2312141, which also inhibits Flt3 [ 210 ]. Monospecifi c inhibitors 
such as GW2580 (also known as PLX6134) [ 211 ], ARRY-382, and PLX 5562 have 
also been developed. Studies in animal models using PLX3397 or neutralizing anti-
bodies indicate that long-term treatment with CSF-1R inhibitors reduces the abun-
dance of Ly6C low  monocytes, mononuclear phagocytes, and osteoclasts. However, 
apart from an increase in bone density, these inhibitors do not cause behavioral, 
cognitive, or physiological defi cits [ 22 ,  65 ,  212 ,  213 ], suggesting that therapeutic 
blockade of CSF-1R signaling may not pose signifi cant safety issues. However, 
metastasis of transplanted mouse mammary tumors, developed from two indepen-
dent mouse cell lines, has recently been reported to be enhanced by blockade of 
CSF-1R, an effect that is reversed by G-CSF-R blockade [ 214 ], indicating a need 
for further investigation of the therapeutic blockade of CSF-1R signaling in 
cancer. 

 Several inhibitors are now in clinical trials for rheumatoid arthritis and cancer. 
PLX3397 is in phase 2 clinical trials for the treatment of castration-resistant pros-
tate cancer (NCT01499043), recurrent glioblastoma (NCT01349036), refractory 
Hodgkin’s lymphoma (NCT01217229), and AML (NCT01349049). ARRY-382 
and PLX5622 are in phase I clinical trials for advanced/metastatic cancer 
(NCT01316822) and rheumatoid arthritis (NCT01329991), respectively. In addi-
tion, two neutralizing antibodies to the CSF-1R, AMG820, and IMC-CS4 have 
entered phase I clinical trials for the treatment of advanced solid tumors 
(NCT01444404 and NCT01346358) (  http://clinicaltrials.gov    ).   

10.1.4     CSF-1R 

10.1.4.1     CSF-1R Gene 

   Discovery, Cloning, and Sequencing of the CSF-1R Gene 

 The CSF-1R was initially identifi ed as a single class of high-affi nity binding sites 
for  125 I-labeled CSF-1 on peritoneal exudate macrophages [ 215 ]. In an analysis of 
hematopoietic cells, binding was shown to be restricted to mononuclear phagocytic 
cells and their precursors [ 216 ]. However, recent studies have documented CSF-1R 
expression in other cell types (see Sect. 10.1.1–10.1.2). Detailed analysis of the 
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interaction of  125 I-CSF-1 with bone marrow-derived macrophages (BMM) pro-
vided valuable information concerning the kinetics of CSF-1 association with the 
CSF-1R as well as CSF-1 dissociation, internalization, and destruction [ 217 ]. The 
CSF-1R was purifi ed and shown to possess intrinsic tyrosine kinase activity [ 218 ]. 
Independently, v-fms [ 219 ], the retroviral oncogene of the Susan McDonough 
strain of feline sarcoma virus (SM-FeSV) [ 220 ], derived from the cat c- fms  proto- 
oncogene, had been shown to encode an integral transmembrane glycoprotein 
requiring expression at the cell surface for transforming activity [ 221 ,  222 ]. The 
human c- fms  gene was cloned [ 223 ], and the c- fms -encoded protein shown to pos-
sess the topological properties of a growth factor receptor [ 224 ]. Then the two 
groups predominantly associated with this work demonstrated that mouse c- fms  
encodes the CSF-1R [ 1 ]. Following this, the human c- fms  cDNA sequence was 
obtained [ 2 ].  

   Structure of the Genomic Locus Encoding the CSF-1R Receptor 

 The human  Csf1r  gene is located on chromosome 5, at position 5q32, on the minus 
strand, within a region that is syntenic to most mammals [ 225 ,  226 ], between the 
genes encoding PDGFR-B (upstream) and the transcription factor HMG-box 
domain containing 3 (HMGXB3) (downstream). The fi rst intron of  Csf1r  gene con-
tains a transcriptionally inactive processed ribosomal protein L7 pseudogene that is 
highly conserved across mammals [ 226 ]. The human  Csf1r  gene spans a region of 
60 kb and is composed of 21 introns and 22 exons, of which the fi rst exon is noncod-
ing. The intron size varies from 26 kb for intron 1 to between 6.3 kb and less than 
0.1 kb for the other introns (Fig  10.3 ). The mouse  Csf1r  gene is located on chromo-
some 18D [ 227 ] and is similarly organized, except that intron 1 is only 102 bp. In 
addition, the human exon 1 promoter, immediately distal to the PDGFR locus and 
driving trophoblast expression, is not conserved in mouse [ 228 ].   

   The  Csf1r  Gene Sequence 

 The human  Csf1r  coding sequence contains 60,077 nucleotides (Gene ID 1436) 
encoding a primary translational product of 972 amino acids. The mouse  Csf1r  
 coding sequence is 25,567 nucleotides in length (Gene ID 12978) encoding a 
977- amino acid protein.  

    Csf1r -Null Mutations, Conditional Targeting of the  Csf1r  Gene, 
and  Csf1r  Promoter-Driven Transgenic Models 

 The mouse  Csf1r  gene was targeted by inserting the humanized green fl uorescent 
protein (GFP) and neomycin resistance cassettes into the third exon of the  Csf1r  
gene [ 15 ].  Csf1r    −/−   mice express the mRNA encoding GFP, but fail to express the 
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protein, indicative of a null allele. A fl oxed  Csf1r  allele ( Csf1r   fl   ) was developed by 
placing LoxP sites on either side of exon 5 and an additional Lox P site in intron 4. 
Removal of exon 5 results in the production of a 244-amino acid nonfunctional 
protein that lacks the transmembrane and tyrosine kinase domains. Excision of this 
fl oxed sequence in oocytes using a zona pellucida 3 promoter-driven Cre recombi-
nase ( Zp3-Cre ) yielded a phenotype identical to the phenotype of the  Csf1r    −/−   mouse 
[ 229 ]. In addition, mice expressing green fl uorescent protein (MacGreen) or cyan 
fl uorescent protein (MacBlue) under the control of the  Csf1r  promoter have been 
generated [ 213 ,  230 ]. These mice permit the visualization of monocyte and macro-
phage dynamics under various experimental conditions. Transgenic chicken lines 
expressing green or red fl uorescent reporter proteins under the control of the Fms-
intronic regulatory element (FIRE) (see 10.1.4.1.5, below) have also been devel-
oped [ 231 ]. 

 In zebra fi sh, the  panther  mutant is a loss-of-function mutation of the CSF-1R 
that was initially shown to suppress the ventral migration and differentiation of the 
neural crest precursors of xanthophores [ 232 ].  Panther  macrophage  progenitors 
develop normally but fail to emigrate from the yolk sac and pericardial area to 
 colonize embryonic tissues during the early embryonic development, a  phenomenon 
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that is especially evident in brain [ 233 ]. It remains to be established whether delayed 
microglial invasion in the brain leads to cognitive and sensory defi cits. Although 
 Panther  mutants are viable and fertile, they have reduced numbers of osteoclasts, 
leading to deformities in both the neural and hemal arches and abnormal develop-
ment of the neural tube and blood vessels located inside these arches [ 234 ].  

    Csf1r  Transcriptional Regulation 

 Most studies on CSF-1R transcriptional regulation have been performed in mouse; 
however, the human and mouse  Csf1r  genomic structures are highly conserved. In 
mouse macrophages, the transcription of  Csf1r  is under the control of two regula-
tory regions, one spanning the 3′ end of intron 1, exon 2, and the 5′ end of intron 2, 
referred to as the macrophage  Csf1r  promoter, and the other the Fms-intronic regu-
latory element (FIRE), a highly conserved 330-bp sequence enhancer element 
located in the 3′ end of intron 2 that is required to generate maximal CSF-1R expres-
sion in differentiated monocytes and macrophages [ 228 ,  235 – 237 ] (Fig.  10.3 ). 
Interestingly, the FIRE element also has reverse promoter activity. An antisense 
CSF-1R transcript starting at FIRE was detected in mouse B cells and macrophages 
[ 226 ,  235 ]. The antisense transcript is not involved in downregulating sense mRNA 
transcription. It is speculated that it contributes to the ability of the FIRE sequence 
to overcome repression by uncharacterized repressive elements within the remain-
der of intron 2 [ 235 ]. 

 CSF-1R expression in placental trophoblasts is controlled by trophoblast- specifi c 
promoters. In humans, the trophoblast promoter lies within the 3′ UTR of the 
upstream  PDGFR-B , approximately 20 kb upstream of the fi rst exon [ 238 ,  239 ]. 
This promoter is not conserved in mice, where a 150-bp sequence approximately 
200 bp upstream of the major macrophage promoter drives  Csf1r  expression in tro-
phoblastic cells as well as in osteoclasts (referred to as the trophoblast/osteoclast (T/
OC) promoter). The T/OC promoter also enhances  Csf1r  mRNA expression in mac-
rophages and granulocytes [ 228 ,  240 ]. The T/OC promoter is conserved in mam-
mals, although its activity has only been tested in the mouse [ 240 ]. 

 Both macrophage and T/OC mouse promoters are unusual in the sense that they 
lack a TATA box and transcription initiates at multiple sites for each, generating 
several alternative 5′ noncoding exons [ 226 ,  228 ]. The T/OC promoter contains a 
number of candidate binding sites for transcription factors highly relevant to osteo-
clast biology, including AP1, which is implicated in RANKL-induced expression of 
osteoclast-specifi c genes, as well as the vitamin D receptor (VDR) and estrogen 
receptor alpha (ERα), both of which control osteoclast differentiation [ 240 ,  241 ] 
(Fig.  10.3 ). The macrophage promoter is AT rich but not GC rich, and there are no 
CpG islands in its vicinity [ 226 ]. It contains binding sites for transcription factors 
including a Runx1/CEBP binding site [ 242 ], PAX5 [ 243 ], EWS, FUS/TLS [ 244 ], 
and the myeloid master regulator PU.1 [ 245 ,  246 ] (Fig.  10.3 ). The FIRE enhancer 
element contains sites for Sp1/3, Egr-2, Ets, AP1, Runx1, PU.1, and C/EBP [ 235 ] 
(Fig.  10.3 ). Among these, PU.1, Egr-2, Ets, and Runx1 are activators of  Csf1r  

10 The PDGFR Receptor Family



400

 promoter [ 245 ,  247 ], while PAX5 acts as a repressor, silencing the  Csf1r  gene 
 during B lymphocyte development by binding directly to a specifi c DNA sequence 
at the  Csf1r  promoter overlapping with the main transcriptional start sites recog-
nized by EWS and Fus/TLS [ 226 ,  243 ].  

   Transcriptional Regulation of the  Csf1r  During Myeloid Development 

 During hematopoiesis, CSF-1R is expressed at low levels on hematopoietic stem 
cells (HSC) [ 35 ], and its expression increases ~10 fold at the earliest stage of com-
mitment to the monocytic lineage (colony-forming unit–macrophage, CFU-M) 
[ 37 ]. It is gradually upregulated as CFU-M differentiate to macrophages (monoblast → 
promonocyte→ monocyte→macrophage) [ 38 ]. In agreement with this, low, equiva-
lent levels of expression of  Csf1r  mRNA can be detected in hematopoietic stem 
cells (HSC), common myeloid progenitor (CMP) cells, and common lymphoid pro-
genitor cells [ 248 ,  249 ]. As CMPs differentiate to macrophages, changes in the 
chromatin status of FIRE occur that are associated with its activation. Using a 
PU.1   −/−   fetal liver cell line bearing an inducible form of the PU.1 protein to study 
the order of events during the activation of the  Csf1r  from the silent state, it was 
shown that transcription factor assembly (PU.1, Runx1 and C/EBP binding) and 
chromatin remodeling at the macrophage promoter is complete after 6 hours [ 245 , 
 250 ]. In contrast, factor assembly and chromatin remodeling at FIRE is complete 
only after 48 h. It has been suggested that this biphasic activation occurs because 
PU.1 is required to induce the expression of secondary transcription factors [ 237 ], 
including the Egr-2 and JunB (a component of the AP-1 complex) [ 251 ], and that 
this two-step activation mechanism ensures that high levels of  Csf1r  mRNA and 
CSF-1R protein are only expressed in the more differentiated cells that respond to 
CSF-1 alone.   

10.1.4.2     CSF-1R Protein 

 The CSF-1R gene encodes a type I transmembrane protein precursor of 972 amino 
acids (human) or 977 amino acids (mouse) (Fig.  10.4 ). Mouse and human CSF-1Rs 
are highly conserved, displaying 75 % amino acid identity and 82 % similarity. In 
the human CSF-1R, the fi rst 19 amino acids representing the signal peptide are fol-
lowed by an extracellular domain of 498 amino acids that can be further subdivided 
into fi ve Ig-like domains designated D1–D5, bearing 9 N-linked glycosylation sites. 
D1–D3 and D5 contain conserved cysteine residues that are involved in intrachain 
disulfi de bonding. The extracellular domain is followed by a 21-amino acid trans-
membrane helix and an intracellular domain comprised of a juxtamembrane regula-
tory region, a split kinase domain, and a C-terminal tail. The mouse CSF-1R has a 
similar domain organization with all the known covalent modifi cation sites being 
conserved. Using SDS-PAGE and Western Blotting, two CSF-1R bands can be 
detected, a lower M r  species of ~130 kDa, representing the immature high 
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  Fig. 10.4    The primary structure of human and mouse CSF-1R. The mouse (NCBI accession num-
ber P09581) and human (NCBI accession number P07333) sequences were aligned using 
ClustalW2. Maximal alignment of protein sequence was achieved by introducing 7 gaps in the 
human sequence and 2 gaps in the mouse sequence, each indicated by a dash.  Gray-boxed  regions 
indicate signal peptide and transmembrane domains.  Orange open boxes  indicate N-linked glyco-
sylation sites. The cysteine residues involved in disulfi de bridges are highlighted in  yellow . The 
fi ve Ig-like domains (D1–D5) are underlined with  green bars . The N- and C-lobes of the tyrosine 
kinase domain are underlined with  blue  and  purple bars , respectively. The  dashed boxes  delineate 
the juxtamembrane region ( black ), the catalytic loop ( purple ), and the activation loop ( red ). The 
phosphotyrosine sites detected by site-specifi c methods are boxed ( blue )       
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mannose-containing glycoprotein, and a higher M r  form of ~165 kDa,  corresponding 
to the mature N-glycosylated protein. In ligand-stimulated cells, additional higher 
molecular weight forms representing multi-ubiquitinated CSF-1Rs are also observed 
[ 252 ,  253 ]. In addition, a soluble form of CSF-1R that acts as a natural CSF-1R 
inhibitor has been reported in teleost fi sh [ 254 ].   

10.1.4.3     CSF-1R Oncoproteins 

 The  Csf1r  gene is a proto-oncogene from which  v-fms  oncogenes encoded by 
SM-FeSV [ 220 ] and HZ5-FeSV [ 255 ] feline retroviruses have been derived. Both 
oncogenes are identical, except for C-terminal amino acid deletions of  c-fms  
sequence that partially contribute to their transforming ability [ 189 ,  190 ]: HZ5- 
FeSV  v-fms  is missing the 24 C-terminal amino acids of the feline c-fms protein 
[ 255 ] and SM-FeSV  v-fms  a 40-amino acid C-terminal segment that is replaced by 
a sequence of 11 amino acids of unknown origin [ 188 – 190 ,  256 ]. While these 
C-terminal modifi cations present in  v-fms  are suffi cient to generate partially trans-
forming phenotypes, extracellular domain mutations Leu301Ser and Ala374Ser, 
located within a homodimerization interface [ 7 ,  257 ], are also required to generate 
a fully transforming  fms  gene [ 189 ]. CSF-1R oncoproteins involving deletions in 
CSF-1R extracellular domain that encompass the ligand-binding domain are also 
transforming, indicating that deletions in extracellular domain can result in consti-
tutive activation in the absence of C-terminal truncations [ 258 ].   

10.1.5     CSF-1R Ligands 

 CSF-1R interacts with two ligands, CSF-1 and the recently discovered interleukin-
 34 (IL-34) [ 5 ]. The discovery of a second ligand for CSF-1R was predicted, based 
on the more severe phenotype observed in CSF-1R-defi cient mice compared to 
CSF-1-defi cient  Csf1   op/op   mice [ 15 ]. IL-34 shows only 10 % sequence similarity 
with CSF-1. However, they share a short-chain four alpha-helix bundle cytokine 
fold and interact in a similar manner with the CSF-1R. In vitro ,  CSF-1 and IL-34 
functionally overlap in promoting macrophage differentiation, proliferation, and 
osteoclastogenesis [ 5 ,  9 ], but differ slightly in their signaling activation kinetics and 
strength [ 14 ]. When expressed under the control of the CSF-1 promoter, IL-34 res-
cues the CSF-1-defi cient phenotype as effectively as the secreted glycoprotein iso-
form of CSF-1 [ 9 ]. However, in vivo the two CSF-1R ligands exhibit different 
spatiotemporal patterns of expression and play complementary roles in controlling 
the development, maintenance, and activity of specifi c macrophage populations, 
Langerhans cells, and neuronal progenitors [ 9 ,  10 ,  12 ,  13 ]. 
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10.1.5.1     Colony-Stimulating Factor-1 

 CSF-1, also known as macrophage colony-stimulating factor (M-CSF), was the 
fi rst colony-stimulating factor purifi ed [ 4 ]. It was shown to stimulate the formation 
of macrophage colonies from single immature hematopoietic cells plated in semi-
solid medium [ 60 ,  259 ]. CSF-1 is synthesized by a variety of cells, including endo-
thelial cells, fi broblasts, myoblasts, thymic epithelial cells, keratinocytes, astrocytes, 
osteoblasts, mesothelial cells, liver parenchymal cells, ovarian granulosa cells, and 
the oviduct epithelium (reviewed in [ 51 ,  260 – 262 ]). It is also highly expressed by 
uterine epithelial cells during pregnancy [ 114 ,  115 ]. Consequently, CSF-1 mRNA 
is found in almost every tissue in the body and is particularly enriched in the heart 
and the skeletal muscle [ 9 ]. Also, as discussed above in detail (Section 10.1.3.2), 
many types of neoplastic cells synthesize CSF-1 that is involved in an autocrine or 
paracrine fashion in supporting tumor progression. Normal circulating levels of 
CSF-1 are 5–10 ng/ml for humans [ 162 ,  263 ] and 10–20 ng/ml for mice [ 15 ,  56 ]. 
Circulating CSF-1 levels increase during infection and sepsis and in autoimmune 
and infl ammatory diseases, cancer, and pregnancy [ 44 ,  54 ,  114 ,  162 ,  264 – 272 ]. 
Bacterial lipopolysaccharide induces a rapid increase in circulating CSF-1, due to 
the increased synthesis and release of the growth factor by endothelial cells of sev-
eral organs [ 68 ,  273 ]. Pharmacological studies utilizing biologically active, radio-
labeled CSF-1 showed that liver and spleen are responsible for clearing most of the 
circulating CSF-1 (~88 % and ~6 %, respectively), the remainder being cleared by 
renal fi ltration [ 274 ]. The clearance is mediated by sinusoidal macrophages, mainly 
by the Kupffer cells of the liver, via CSF-1R-mediated internalization and intracel-
lular degradation [ 274 ]. Consistent with the CSF-1R-dependence of clearance, lev-
els of circulating CSF-1 are elevated 20-fold in CSF-1R-nullizygous mice [ 15 ]. As 
circulating CSF-1 is a major regulator of the development and maintenance of 
many macrophage subpopulations [ 16 ] (reviewed in [ 11 ]), this clearance mecha-
nism provides a negative feedback control on macrophage numbers (Fig.  10.2 ). At 
physiological concentrations, circulating CSF-1 is cleared with a half-life of 
10 min. At higher (pharmacologic) concentrations, this physiologic clearance 
mechanism is saturated, and CSF-1 is cleared by renal fi ltration with a half-life of 
at least 90 min [ 274 – 276 ]. 

   Chromosomal Location of the CSF-1 Gene 

 The human CSF-1 gene is located on chromosome 1p13.3 between the epidermal 
growth factor receptor pathway substrate 8-like 3 (EPS8L3) and the 
adenosylhomocysteinase- like 1 (AHCYL1) loci [ 277 ,  278 ]. The mouse CSF-1 gene 
is situated in a syntenic region on chromosome 3 F3 between the predicted pseudo-
gene Gm5075 and the gene encoding and Ahcyl1 [ 279 ,  280 ].  
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   Structure of the CSF-1 Genomic Locus 

 The human CSF-1 gene contains 10 exons and 9 introns, which span 20 kb [ 281 ,  282 ]. 
The gene encoding mouse CSF-1 has a similar organization [ 54 ].  

   CSF-1 Isoforms 

 The human CSF-1 gene encodes a protein of 554 amino acids containing a signal 
peptide followed by a growth factor domain, a spacer region, a transmembrane 
domain, and a cytoplasmic tail [ 282 – 284 ] (Fig.  10.5 ). The full-length mouse gene 
encodes 552 amino acids [ 285 ]. Alternative splicing and differential proteolytic 
cleavage in the secretory vesicle generate three CSF-1 isoforms: a type I transmem-
brane glycoprotein, a secreted glycoprotein (N-terminal cleavage), and a secreted 
proteoglycan (C-terminal cleavage). The proteoglycan isoform contains a single 
~18-kDa chondroitin sulfate glycosaminoglycan chain per monomeric subunit 
(Fig.  10.5 ) and is the predominant isoform secreted [ 286 ,  287 ]. The transmembrane 
cell-surface isoform of CSF-1 is biologically active and can interact with receptor- 
bearing target cells by direct cell–cell contact [ 288 ]. All three isoforms are biologi-
cally active disulfi de-linked dimer containing the N-terminal 149 amino acids 
(amino acids 33–181 in the precursor form cytokine domain required for in vitro 
biological activity [ 281 ]. The cell-surface CSF-1 can be released via proteolytic 
cleavage by TNFα-converting enzyme (TACE) in the juxtamembrane region [ 289 , 
 290 ] or by another protease near amino acid residue 158 (190 in the precursor) [ 6 ]. 
However, studies in mice exclusively expressing the cell-surface isoform revealed 
that the cleaved cell-surface CSF-1 does not signifi cantly contribute to circulating 
CSF-1 levels [ 55 ].   

   The  Csf1  Osteopetrotic Mutations, Targeted Disruption of the  Csf1  Gene, 
and Other Experimental Models 

 Spontaneous null mutations in the  Csf1  gene include the mouse  osteopetrotic  
( Csf1   op

  ) and rat  toothless  ( tl ) mutations. In the  Csf1   op/op   mouse, a thymidine insertion 
in exon 4 of the  Csf1  gene leads to a frameshift at base pair 262 from the ATG initia-
tion codon and a stop codon 21 base pairs downstream, yielding a truncated CSF-1 
protein of 63 amino acids, signifi cantly shorter than the 149 required for biological 
activity [ 48 ]. In the  tl/tl  rat, a 10-bp insertion in exon 1 within the region encoding 
the signal peptide of the  Csf1  gene causes a frameshift mutation after codon 9, 
which creates a stop codon 96 base pairs downstream, yielding a greatly truncated, 
unrelated protein [ 291 ]. Mice harboring a  Csf1  fl oxed allele ( Csf1   fl /fl   ), in which 
exons 4–6 are fl anked by  loxP  sites, have been generated, and Meox2Cre-mediated 
(epiblast) deletion of  Csf1  in these mice during early embryogenesis recapitulates 
the skeletal and hematologic phenotypes of the  Csf1   op/op   mice [ 292 ]. Other experi-
mental models include mice individually expressing several  Csf1  promoter and fi rst 
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intron-driven transgenes, including the reporter gene β-galactosidase ( TgN(Csf1-Z)
Ers ), the membrane-spanning cell-surface isoform of CSF-1 ( TgN(CSCsf1)Ers ), the 
precursor of the secreted proteoglycan ( TgN(SPPCsf1)Ers ), a precursor of the 
secreted CSF-1 isoforms that lacks the proteoglycan addition site ( TgN(SGPCsf1)
Ers ), as well as the full-length CSF-1 encoding all three isoforms ( TgN(FLCsf1)
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  Fig. 10.5    Comparison of the major structural features of the CSF-1R ligands. ( a ) Domain struc-
tures of human (h) and mouse (m) CSF-1 and IL-34.  SP  signal peptide,  TM  transmembrane seg-
ment,  IC  intracellular domain. The cysteine residues involved in intrachain ( dashed lines ) and 
interchain ( purple diamonds ) disulfi de bonds are shown. Sites of predicted N-linked glycosylation 
( orange stars ), glycosaminoglycan addition ( green star ), and the putative O-linked glycosylation 
sites of IL-34 ( blue stars ) are also indicated (extensive O-linked glycosylation of CSF-1, not 
shown). Alternative splicing in exon 6 of CSF-1 mRNA leads to the expression of 3 CSF-1 precur-
sors in man and two in mouse ( superscripted numbers  indicate length after signal peptide cleav-
age). hCSF-1 224  and mCSF-1 225  encode the membrane-spanning cell-surface isoform. N- or 
C-terminal proteolytic cleavage of hCSF-1 406 , hCSF-1 522 , or mCSF-1 520  in the secretory vesicle, 
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and CSF-1 dimeric structures show that both CSF-1R ligands share a four alpha-helix bundle 
cytokine    architecture (panel reprinted with permission [ 7 ])       
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Ers ) [ 54 – 56 ]. These transgenic lines have been used to probe the functions of the 
various CSF-1 isoforms both developmentally [ 29 ,  54 – 56 ] and in disease models 
[ 293 ,  294 ].  

   Species Specifi city of CSF-1 

 The primary sequences of the CSF-1R ligands, as well as of the CSF-1R, are more 
divergent among species than other genes that encode proteins not involved in 
immunity [ 73 ]. This phenomenon confers CSF-1R ligand cross-species specifi city 
[ 9 ,  73 ,  295 ,  296 ] (Fig  10.6 ). While human CSF-1 can activate the CSF-1R in all 
species tested (human, mouse, feline, pig, sheep and dog), mouse CSF-1, which has 
an ~500-fold lower affi nity for the human CSF-1R than for its cognate receptor, 
cannot activate the human CSF-1R [ 73 ,  257 ,  297 ] and is less potent than human 
CSF-1 in activating the cat receptor [ 73 ,  295 ,  296 ]. Furthermore, chicken and feline 
CSF-1 are unable to activate human and mouse CSF-1R and are restricted to activat-
ing their cognate receptors [ 73 ].   

   CSF-1 Interaction with BARF1 

 The Epstein–Barr virus (EBV) lytic-cycle early protein BARF1 (BamHI-A right-
ward frame-1) is a secreted hexameric, CSF-1-binding protein with limited homol-
ogy to the extracellular domain of the CSF-1R [ 298 ]. BARF1 was shown to inhibit 
the secretion of the antiviral interferon-α [ 299 ] that is produced by human mono-
cytes in response to CSF-1 [ 300 ] and which plays an important role with interferon-β 
in the primary immune response to viral infection [ 301 ,  302 ]. The high-affi nity 
BARF1 binding renders CSF-1 incapable of binding the CSF-1R [ 302 ,  303 ] and is 
one mechanism by which EBV eludes the immune response. These fi ndings provide 
opportunities for novel approaches to the therapeutic targeting of CSF-1 in infl am-
matory and neoplastic disease and of BARF1 in EBV infections.   
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10.1.5.2     Interleukin-34 

 In normal healthy human serum, IL-34 is either not detectable [ 304 ,  305 ] or present 
at low concentrations (0.15 ng/ml) [ 306 ]. In contrast to CSF-1, which is found in 
almost every tissue in the body [ 262 ], the expression of mouse IL-34 is tissue 
restricted [ 5 ,  9 ]. In adult mice, the messenger RNA (mRNA) for IL-34 is most abun-
dant in skin followed by brain, salivary gland, adipose tissue, skeletal muscle, kid-
ney, pancreas, and the mammary gland [ 9 ]. Notably, IL-34, but not CSF-1, was 
detected together with CSF-1R in E11.5 embryonic brain [ 9 ]. Consistent with this 
pattern of expression, studies in IL-34-defi cient mice revealed that IL-34 produced 
by keratinocytes in the skin and neurons in the brain plays critical roles in the devel-
opment and maintenance of resident Langerhans cells and of microglia, respectively 
[ 12 ,  13 ]. The development of both Langerhans cells and microglia is highly depen-
dent on CSF-1R signaling [ 15 ,  17 ,  95 ]. The development and maintenance of 
Langerhans cells is primarily regulated by IL-34 [ 12 ,  13 ], whereas the regulation of 
microglia is shared between both ligands, which exhibit regional dominance 
[ 12 ,  13 ,  17 ]. Compared with CSF-1, IL-34 is strongly expressed in forebrain struc-
tures. It is the dominant CSF-1R ligand in the olfactory bulb, and consistent with 
this, atrophy of the olfactory bulb was reported to occur in  Csf1r    −/−   mice, but not in 
 Csf-1   op/op   mice [ 10 ]. In postnatal day 2 brain, CSF-1R is expressed predominantly in 
the meningeal microglia and neural progenitors and immature neurons located in 
the subventricular zone. Consistent with the dominant role of IL-34 in microglial 
development, IL-34, but not CSF-1, is co-expressed with CSF-1R in the meninges, 
while CSF-1 expression is restricted to neuronal layer VI, located in the vicinity of 
the subventricular zone [ 10 ]. In contrast, the fi nding that cultured osteoblasts express 
substantially more CSF-1 than IL-34 [ 9 ] suggested that IL-34 may be less important 
than CSF-1 in the regulation of osteoclastogenesis and hematopoiesis in the bone 
marrow. Indeed, later studies showed that in contrast to  Csf-1   op/op   mice, IL-34   −/−   
mice do not exhibit an osteopetrotic phenotype and have no apparent defects in 
blood monocytes, tissue macrophages, or DCs, with the exception of fewer 
CD11c + CD11b +  DCs in the lung [ 12 ]. However, IL-34 is necessary for maintaining 
a splenic pool of osteoclast precursors in  Csf-1   op/op   mice and contributes their age-
dependent recovery of osteoclastogenesis [ 307 ]. Based on the relative mRNA 
expression levels of CSF-1R, CSF-1, and IL-34 [ 9 ] (  www.biogps.org    ), it is expected 
that other tissues in which the CSF-1/CSF-1R complex may be preponderant include 
the female reproductive tract, heart, and retina. Thus, under normal conditions, the 
IL-34/CSF-1R complex is necessary for the development of mononuclear phago-
cytes in the epidermis and specifi c regions of the CNS, while CSF-1/CSF-1R sig-
naling is suffi cient for the development of the other tissue macrophages, monocytes, 
and osteoclasts. 

 Like CSF-1, IL-34 expression is induced by infl ammation [ 308 – 310 ] and during 
stress-induced hematopoiesis [ 311 ]. However, in rainbow trout, IL-34, but not CSF- 
1, expression is induced in primary head kidney macrophages by  pathogen- associated 
molecular patterns (PAMPs), infl ammatory cytokines, and parasitic kidney infec-
tion [ 312 ]. Furthermore, TNF-α induces IL-34, rather than CSF-1 expression in 
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fi broblast-like synovial cells isolated from patients with rheumatoid arthritis [ 305 ]. 
These data suggest that IL-34 could play a nonredundant role with CSF-1 in the 
control of macrophage activation during infl ammation. Indeed, studies in  Xenopus 
laevis  tadpoles infected with Ranavirus frog virus 3 (RV FV3) revealed that IL-34 
and CSF-1 have divergent patterns of expression and opposite roles in antiviral 
immunity, with IL-34 promoting immunity, while CSF-1 increases the susceptibil-
ity to RV FV3 infection [ 313 ]. Furthermore, recent studies in mice have identifi ed a 
new type of monocytic cell, the follicular dendritic cell-induced monocyte (FDMC) 
that arises through a CSF-1R-mediated differentiation process dependent on IL-34, 
but independent of CSF-1 [ 314 ]. FDMCs differ from monocytes by their ability to 
enhance IL-4-independent B-cell proliferation. Thus, IL-34 may have a unique role 
in the stimulation of antiviral and adaptive immune responses. Whether these unique 
functions of IL-34 are mediated via a newly identifi ed IL-34 receptor, RPTP-ζ  
(Sect. 10.1.5.2.6) remains to be determined. 

   Chromosomal Location of the Il34 Gene 

 Human  Il34  is located on chromosome 16q22.1 between the Vac14 homologue 
(Vac14) and small nucleolar RNA CD box (Snord) 111B loci. Mouse  Il34  is located 
on chromosome 8E1, also between Vac14 and Snord 111.  

   Structure of the Il34 Genomic Locus 

 Human  Il34  is composed of 6 exons and 5 introns spanning ~81 kb. Mouse  Il34  has 
a similar structure consisting of 6 exons and 5 introns and extending over ~64 kb.  

   IL-34 Isoforms 

 IL-34 is a secreted homodimeric protein, comprising 242 amino acids in man and 235 
amino acids in mouse, with an apparent monomeric molecular mass in SDS- PAGE of 
39 kDa. The fi rst 182 amino acids are suffi cient to activate the CSF-1R [ 14 ]. This 
region also contains a predicted N-glycosylation site and six cysteine residues that 
are highly conserved across species. Four of these cysteine residues are involved in 
intramolecular disulfi de bonding (Fig  10.5a, b ). Both human and mouse  Il34  mRNAs 
exhibit alternative splicing of a CAG codon that leads to isoforms with and without a 
glutamine residue (Q) at position 81. Notably, the absence of Q81 is predicted to alter 
the nearby structure from coiled coil to alpha-helix, and isoforms lacking Q81 exhibit 
reduced biological activity [ 9 ]. IL-34 also carries N-linked glycans at Asn 76 and Asn 
100 positions which are vital for its stability [ 8 ]. Other studies show that the 
C-terminal 50 amino acids of IL-34 are highly unstructured and also heavily 
O-glycosylated [ 315 ], but the physiological relevance of this fi nding is unclear as the 
last 40 amino acids are dispensable for CSF-1R binding and activation [ 7 ]. 
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 Although IL-34 lacks appreciable sequence similarity to CSF-1, structural 
 studies reveal that they share a similar three-dimensional folding [ 7 ,  8 ] (Fig.  10.5c ) 
characteristic of the short-chain four alpha-helix bundle cytokine family [ 316 ], 
which allows them to interact with CSF-1R.  

   Targeted Disruption of the Il34 Gene 

 A conditional fl oxed allele in which mouse  Il34  exons 3–5 are fl anked by  loxP  sites 
as well as a  Il34 -defi cient reporter allele in which exons 3–5 were replaced by  LacZ  
have been reported [ 12 ,  13 ]. The IL-34-defi cient mice are viable, and their pheno-
type is summarized in Table  10.1 .  

   Species Specifi city of IL-34 

 Similar to CSF-1, cross-species specifi city was reported for IL-34, with human 
IL-34 activating human, cat, and pig CSF-1Rs, but, unlike CSF-1, displaying poor 
activation of the mouse CSF-1R. Conversely, murine IL-34 could activate human, 
mouse, and pig CSF-1 receptors, but was much less effi cient in cats [ 9 ,  295 ] 
(Fig  10.6 ).  

   IL-34 Signaling Through Protein-Tyrosine Phosphatase-ζ (PTP-ζ) 

 The observations that IL-34 is often expressed in regions of the brain where there is 
minimal expression of the CSF-1R and that IL-34 is more active in suppressing 
neural progenitor cell self-renewal and stimulating their neuronal differentiation 
than CSF-1 [ 10 ] prompted the search for an additional receptor for IL-34. Proteomic 
studies identifi ed PTP-ζ (also known as RPTP-β), a membrane-spanning, cell- 
surface chondroitin sulfate proteoglycan, as an additional IL-34 receptor [ 317 ]. In 
vitro, human IL-34 binds to the extracellular domain of PTP-ζ with signifi cantly 
lower affi nity than to the CSF-1R ( K  d  ~10 −7  M vs.  K  d  ~ 10 −12  M) [ 317 ]   . However   , 
IL-34 acts on cells at lower concentrations than expected from this high in vitro  K  d , 
suggesting PTP-ζ clustering, or the involvement of a co-receptor. Ligand-induced 
dimerization of PTP-ζ leads to phosphatase inactivation and increased cellular tyro-
sine phosphorylation [ 318 – 320 ]. Consistent with this, IL-34 stimulation of the 
CSF-1R-negative human glioblastoma cell line U251 leads to a PTP-ζ phosphatase-
dependent increase in tyrosine phosphorylation of focal adhesion kinase and paxil-
lin, resulting in decreased cell motility [ 317 ]. In addition, IL-34 inhibits the viability 
and clonogenicity of U251 cells. Thus, IL-34 exerts CSF-1R-independent functions 
in PTP-ζ-expressing cells. Such functions may occur in the adult cerebral cortex, 
where CSF-1R expression is very low [ 10 ] and where PTP-ζ  co-localizes with 
IL-34 in layers IV and V [ 317 ]. In the brain, PTP-ζ is expressed by neural progeni-
tors, cerebral and cerebellar neurons, astrocytes, oligodendrocytes, radial glia, and 
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retinal Muller glia, suggesting that it plays an important role in the development 
and/or function of the nervous system [ 321 – 323 ]. Like  Il34    −/−   mice, PTP-ζ   −/−   mice 
are viable and fertile and do not exhibit gross anatomical defects [ 324 ]. However, 
they exhibit early oligodendrocyte differentiation during central nervous system 
development, and adults are less susceptible to experimentally induced demyelinat-
ing disease, indicating that PTP-ζ negatively affects these processes [ 325 ]. 

 Although PTP-ζ expression was initially thought to be restricted to the central 
nervous system [ 326 ], recent studies in mice showed that deletion of PTP-ζ  increases 
both LT-HSC and ST-HSC pools in an HSC-autonomous manner, without altering 
the normal differentiation capacity of bone marrow HSC [ 327 ]. Furthermore, there 
is no evidence of splenomegaly, lymphadenopathy, or leukemia, in PTP-ζ   −/−   mice at 
1 year, suggesting that deletion of PTP-ζ does not cause myeloproliferative or lym-
phoproliferative disease [ 327 ]. As discussed above (Sect. 10.1.2.2), the CSF-1R is 
also expressed in HSC and instructs their commitment to the myeloid lineage [ 35 ]. 
Because HSCs also express PTP-ζ, elevations in local concentrations of CSF-1 or 
IL-34 might trigger different HSC responses, by activating CSF-1R alone (CSF-1) 
or by simultaneously triggering both receptors (IL-34).    

10.1.6     CSF-1R Activation and Signaling 

10.1.6.1     Ligand Binding and CSF-1R Kinase Activation 

   Interaction of the CSF-1R with CSF-1 and IL-34 

 IL-34 and CSF-1 exhibit a similar three-dimensional architecture and both belong 
to the family of short-chain four alpha-helix bundle cytokines [ 6 – 8 ,  316 ]. Studies 
combining electron microscopy (EM) and small-angle X-ray scattering (SAXS) 
show that both CSF-1 and IL-34 dimers form structurally similar complexes with 
the CSF-1R [ 257 ,  315 ] (Fig.  10.7 ). Both cytokines interact with the CSF-1R with a 
stoichiometry of one ligand dimer to two receptors. The ligands bind to a concave 
surface formed by the D2 and D3 Ig-like domains of the CSF-1R with the D1 
domain extending away from the core of the complex without making any interac-
tions with the ligand or other receptor domains [ 257 ,  315 ] (Fig.  10.7b, c ). Studies of 
mouse IL-34 interaction with its cognate receptor suggest that the interactions with 
D2 and D3 are not functionally equivalent. While CSF-1R D2 is essential for ligand 
binding, mutations in IL-34 designed to antagonize charge–charge interactions with 
D2 revealed that none of the individual hydrophilic residues of IL-34 interacting 
with CSF-1R D2 is essential for IL-34 biological activity. In contrast, disturbing the 
interactions with CSF-1R D3 abolished IL-34 activity. Based on these fi ndings, it 
has been postulated that the strong charge attraction provided by CSF-1R D2 is fi rst 
used to capture IL-34, while interactions with D3 are formed subsequently [ 8 ]. 
Interestingly, the engagement of CSF-1R by IL-34 triggers a rotation between D2 
and D3 of the CSF-1R producing an elongated pose that is different from the kinked 
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confi guration of the CSF-1R/CSF-1 complex [ 7 ] (Fig.  10.7c ). Nevertheless, this 
reorientation of the hinge between D2 and D3 results in the D3–D4 junction being 
spaced equivalently in the two receptor complexes (distance between the two D3-D4 
junctions is 60 Å in the CSF-1R/IL-34 complex and 62 Å in the CSF-1R/CSF-1 
complex) and presumably triggers the homotypic interactions of D4 and the ensuing 

  Fig. 10.7    Human IL-34 and CSF-1 form structurally similar complexes with the extracellular 
domains of the human CSF-1R. ( a ) Negative stain electron microscope images (EM) and SAXS 
model projections (SAXS) of the IL-34 N21-P200 :CSF-1R D1–D5  complexes ( top panel , reproduced with 
permission [ 315 ]) and of the CSF-1 T33-Q181 :CSF-1R D1–D5  complexes ( bottom panel , reproduced with 
permission [ 257 ]). ( b ) Superimposition of the SAXS model and EM density map for CSF-1 T33- 
Q181   :CSF-1R D1–D5  (reproduced with permission [ 257 ]) (Electron Microscopy Data Bank acces-
sion code EMD-1977). ( c ) Ribbon representation of the CSF-1 T33-Q181 :CSF-1R D1–D5  and 
IL-34 N21-P200 :CSF-1R D1–D5  complexes (reproduced with permission [ 315 ])       

 

10 The PDGFR Receptor Family



412

signaling events [ 7 ]. Indeed, EM and SAXS studies of CSF-1/CSF-1R D1–D5  and 
IL-34/CSF-1R D1–D5  reveal that in receptor–ligand complexes, the D4 domains of the 
two CSF-1R molecules involved are in close proximity [ 257 ,  315 ] and CSF- 1R D4    
shares a dimerization sequence fi ngerprint with the other closely related RTK III 
receptors, Kit and PDGFR [ 328 ,  329 ]. Since both IL-34 and CSF-1 interact at higher 
affi nity with CSF-1R D1–D5 than with CSF-1R D1–D3 [ 7 ], these studies suggest 
that ligand binding to the CSF-1R elicits homotypic CSF-1R D4  interactions that 
dramatically increase the strength of interaction. The role of CSF-1R D5  is unclear as 
in soluble receptor–ligand complexes, the D5 domains on the two CSF-1R mole-
cules involved point away from each other [ 257 ,  315 ]. However, this orientation, 
described in a construct that only contains the extracellular domain of the CSF-1R, 
may not be identical to the conformation adopted in the full-length membrane- 
spanning CSF-1R and does not exclude a role for the membrane- proximal CSF-
1R D5  in stabilizing the ligand–receptor complex. Consistent with this, the  K  d  reported 
for the CSF-1/CSF-1R D1–D5  interaction at 37 °C was 200-fold higher than the  K  d  for 
the binding of the human CSF-1 to the corresponding native receptor on cells [ 257 , 
 330 ] and 50-fold higher than the  K  d  for the binding of the mouse CSF-1 to its cog-
nate receptor on cells [ 217 ]. A similar phenomenon has been observed in the case 
of other RTK III [ 331 ,  332 ] and suggests a signifi cant contribution of the spatial 
confi nement of the membrane to affi nity.   

   CSF-1R Kinase Activation 

 The structure of the inactive CSF-1R kinase domain closely resembles the two- 
lobed structures of the other RTK III family members, c-KIT and FLT3 [ 333 ,  334 ]. 
The smaller N-terminal lobe consists of a fi ve-stranded, antiparallel β-sheet (β1–β5) 
and a single α-helix, αC. It is connected to the C-terminal lobe by the kinase insert 
domain and a hinge region. The C-lobe has seven α-helices (αD, αE, αEF, αF-αI) 
and two β strands (β6 and β7) (Fig.  10.8a ). The N-lobe and hinge regions are mainly 
responsible for ATP binding (in a deep cleft between the N- and C-lobes) and pro-
vide some catalytic residues, while the C-lobe mediates substrate binding and catal-
ysis. Similar to the inactive conformations of c-KIT and FLT3, the inactive 
conformation of the CSF-1R kinase domain possesses an activation loop (AL) that 
folds back onto the ATP-binding cleft preventing substrate binding. The conserved 
Asp-796 of the invariant DFG motif at the start of the AL that is required for Mg 2+  
coordination of ATP is displaced from the active site (“DFG-out” conformation), 
being tucked into the hydrophobic cleft between the N- and C-lobes and pointing 
away from the catalytic Asp-778. The sole AL tyrosine 809 acts as a pseudosub-
strate with its hydroxyl group hydrogen bonding to the conserved catalytic residues 
Asp-778 and Arg-801 (Fig.  10.8b ).  

 By analogy with other kinases, the activation of the CSF-1R would require fl ip-
ping of the DFG motif (“DFG–in” conformation) and reorganization of the AL, 
involving the phosphorylation of Tyr-809. However, while studies of the mouse 
CSF-1R support the importance of this hydrogen bonding of Tyr-807 (the equivalent 
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tyrosine in mouse) in maintaining the structure of the active site, they do not confi rm 
a role for Tyr-809 phosphorylation in the early activation of the CSF-1R [ 335 ]. In 
addition, the very late tyrosine phosphorylation of the corresponding AL Tyr-823 of 
the closely related c-KIT [ 336 ] suggests that the phosphorylation of the AL tyrosine 
in either receptor is not required for activation. Furthermore, the kinase activity of 
the mouse Y807F mutant CSF-1R was similar to the kinase activity of the wt 

  Fig. 10.8    Crystal structure of the autoinhibited human CSF-1R intracellular domain. ( a ) Overview 
of the structure of the kinase domain with the N-lobe above the C-lobe. The secondary structural 
elements and N and C termini are labeled. The juxtamembrane domain (JM,  yellow ), glycine loop 
( orange ), hinge region ( green ), catalytic loop (CL,  red ), activation loop (AL) with Tyr809 ( blue ), 
and the position of the kinase insert domain (KID) are also shown. ( b ) Pseudosubstrate interaction 
of AL Tyr809 with CL residue Asp778 and AL residue Arg801. ( c ) Space-fi lling representation of 
the JMD ( yellow ) in relation to the kinase domain. The AL is colored in  red . ( d ) CSF-1R 
JMD. JM-B ( cyan ), JM-Z ( magenta ), and JM-S ( yellow ), showing the positions of the JM tyrosines 
and of Asp-565, which facilitates the positioning of JM Tyr-571. ( e ) JM-B Tyr-546 interaction with 
αC residues Glu-633 and Glu-626 ( magenta ). ( f ) JM-B residues Arg-549, Trp-550, Lys-551, and 
Ile 553 interacting with CL residues ( magenta ). ( g ) Interactions of JM-S residues Leu-569 and 
Tyr-571 with αC residue Lys635 ( magenta ) and kinase domain residue Glu-576 ( light blue ), 
respectively. ( h ) Role of the JMD in stabilization of the inactive CSF-1R. Kinase domain is shown 
as a combination of white surface representation, AL ( red ) and JMD ( yellow ), with Trp-550 repre-
sented as a surface. The AL of active c-KIT ( green ) is superimposed. The JMD of the autoinhibited 
kinase inserts itself into the active site and prevents the AL from switching into an active confor-
mation. Panels a–g reproduced with permission [ 333 ].  Panel H  reproduced with permission [ 334 ]       
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CSF-1R, suggesting that other tyrosine residues besides Tyr-807 are involved in 
activation [ 337 ]. Particularly important in this respect is Tyr-561 in the juxtamem-
brane domain (JMD) [ 253 ,  335 ,  338 ], for which the kinase activity of the corre-
sponding mouse Y559F mutant CSF-1R is ~50 % of the kinase activity of the wt 
CSF-1R [ 337 ]. The JMD itself (Fig.  10.8c ) mediates a critical autoinhibitory mecha-
nism which is relieved by phosphorylation of Tyr-559, which acts as a switch, keep-
ing kinase activity “off” in the absence of ligand, and as the fi rst residue to be 
phosphorylated, turning it “on” by relieving autoinhibition, through its phosphoryla-
tion in response to ligand [ 335 ]. The JMD (Q542-K574) has been subdivided into 
three components: JM-B (binding or buried region, Y546-I553), JM-S (switch motif, 
E554-I564), and JM-Z (zipper region D565-K574) (Fig.  10.8d ). The JM-B domain 
is largely buried, making direct contacts with the αC helix, the catalytic loop, and 
AL. The hydroxyl group of Tyr-546, whose equivalent, Tyr-544, in the mouse 
CSF-1R is critical for kinase activity [ 335 ,  337 ], forms hydrogen bonds with the 
conserved Glu633 in αC that in active kinase conformations forms a salt bridge with 
Lys616 that is important for ATP binding (Fig.  10.8e ). Arg-549 forms hydrogen 
bonds with the catalytic loop Arg-777, and two other JM-B residues, Lys-551 and 
Ile-553, help to stabilize the buried JMD through interactions with Ile775 and 
Asn773, respectively (Fig.  10.8f ). The JM-S domain forms a hairpin (Fig.  10.8d ) 
that is located externally to the C-lobe (Fig.  10.8c ) and contains the key Tyr561 
switch residue, pointing toward the C-lobe that is involved in kinase activation. The 
JM-Z domain is positioned along the solvent-exposed face of the αC helix 
(Fig.  10.8c ), with hydrogen bonding between Leu-569 and the conserved αC Lys- 
635 and a side-chain–side-chain interaction between the hydroxyl group of Tyr-571 
and Glu-576 at the commencement of the kinase domain (Fig.  10.8g ). Thus, in the 
inactive CSF-1R, the JM-B and JM-Z domains together block αC, preventing the AL 
from adopting an active conformation and restricting inter-lobe plasticity [ 333 ]. No 
structure of the activated CSF-1R kinase domain has been reported. However, based 
on the close structural similarities between c-KIT and the CSF-1R, how the CSF-1R 
AL is repositioned in the activated receptor can be envisaged from superimposition 
of the AL of activated c-KIT onto inactive CSF-1R [ 334 ] (Fig.  10.8h ).   

10.1.6.2     CSF-1R Signal Transduction in Macrophages 
and Myeloid Progenitor Cells 

   Systems Used to Study CSF-1R Signal Transduction 

 Studies of CSF-1R structure/function in macrophage survival, proliferation, and 
differentiation have utilized cells of the GM-CSF-responsive  Csf1r    −/−   macrophage 
cell line, MacCsf1r   −/−  , which, when transduced with the wt CSF-1R, mediates 
responses to CSF-1 that mimic those of primary bone marrow-derived macrophages 
[ 337 ]. Alternatively, BMM have been transduced with an erythropoietin receptor 
extracellular domain-CSF-1R fusion protein construct, in which erythropoietin elic-
its CSF-1R responses [ 339 ]. A differentiation response can be measured in the 
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MacCsf1r   −/−   cells in which CSF-1 signaling through the wt CSF-1R induces down-
regulation of the dendritic cell marker CD11c and a 20-fold upregulation of the 
macrophage differentiation marker CD11b [ 337 ]. However, studies of CSF-1R 
structure/function in differentiation have predominantly utilized myeloid progenitor 
cells in which the CSF-1R is expressed by transfection. The multipotent myeloid 
progenitor cell line, FDC-P1, does not express the CSF-1R, but proliferates in 
response to IL-3. CSF-1 stimulation of wt CSF-1R-transfected FDC- P1 (FD-Fms) 
cells leads to macrophage differentiation [ 340 ]. A similar system utilizing CSF-1R-
transfected myeloblasts of the growth factor-independent M1 cell line has also been 
used [ 341 ]. These systems have permitted elucidation of the CSF-1R signaling in 
the survival, proliferation, differentiation, and chemotaxis of myeloid cells as 
described below and illustrated elsewhere [ 342 ].  

   Short- and Long-Term CSF-1R Responses 

 Addition of CSF-1 to CSF-1-starved mouse macrophages results initially in CSF-1R 
tyrosine autophosphorylation, followed by CSF-1R ubiquitination and the 
membrane- proximal tyrosine phosphorylation of 0.02 % of the total cellular protein 
[ 343 ]. Downstream responses can be divided in short-term responses occurring 
within 30 min following CSF-1R activation and long-term responses that require 
changes in gene expression. The short-term responses include rapid cytoskeletal 
remodeling leading to increased membrane ruffl ing and membrane spreading fol-
lowed by cell elongation and polarization, which permits effective cell migration 
[ 344 – 346 ]. The long-term responses include increased motility and chemotaxis 
[ 345 – 347 ] and changes in gene expression leading to the entry of the cells into the 
S phase (reviewed in [ 343 ,  348 ]) as well as to the increased expression of the mac-
rophage differentiation marker Mac1 (CD11b) [ 337 ] and of cytokines, chemokines, 
and cell-surface markers characteristic of M2 polarization [ 82 ,  87 ].  

   Early Signaling by the Activated CSF-1R 

 Prior to CSF-1 addition, CSF-1Rs are clustered or are undergoing a rapid dimer- 
monomer transition [ 349 ] (Fig.  10.9 , step 1). CSF-1 binding initially leads to the 
rapid dimerization of CSF-1R followed by phosphorylation of 8 of the 19 tyrosine 
residues in the intracellular domain (reviewed in [ 343 ,  350 ]) (Fig.  10.9 , steps 2, 3, 
and 5). Activated CSF-1Rs form complexes with Grb2/Sos, Src family kinases 
(SFK), the ubiquitin ligase Cbl, the p85 regulatory subunit of PI-3 kinase (PI3K), 
Grb2, and other signaling molecules, many of which become tyrosine phosphory-
lated [ 349 ,  351 – 356 ] (Fig.  10.9 , steps 3–5). The CSF-1R/Sos/Grb2 complexes dis-
sociate rapidly (Fig.  10.9 , step 4). Subsequently, Cbl-dependent ubiquitination leads 
to a second wave of CSF-1R tyrosine phosphorylation, increased CSF-1R serine 
phosphorylation [ 253 ,  349 ,  352 ], and CSF-1R endocytosis [ 252 ,  354 ] (Fig.  10.9 , 
steps 5–7). After internalization, the CSF-1R/CSF-1 complex can continue to signal 
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[ 357 ], prior to its subsequent targeting to the lysosomal system, where both CSF-1 
[ 217 ] and the CSF-1R [ 252 ] are degraded (Fig.  10.9 , step8). Simultaneously, Cbl 
also becomes ubiquitinated. However, in contrast to the CSF-1/CSF-1R complex, 
Cbl is not degraded, but rather deubiquitinated and translocated back to the cytosol 
3–10 min after stimulation [ 252 ,  353 ,  354 ]. Tyrosine phosphorylation and ubiquiti-
nation of the cell-surface CSF-1R dimers are stoichiometric [ 349 ,  354 ] although 
ubiquitination may be asymmetric and restricted to only one monomer of the ubiq-
uitinated CSF-1R dimer [ 253 ]. A previously reported covalent linkage of receptor 
dimers [ 349 ] was recently shown to be artifactual, but useful as a measure of recep-
tor activation [ 253 ]. Similar behavior of the CSF-1R following ligand binding has 
been reported for myeloid progenitor cells [ 338 ,  358 – 360 ].    
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  Fig. 10.9    Schematic representation of mouse CSF-1R activation and early signaling events. In the 
absence of ligand, the CSF-1R rapidly undergoes monomer–dimer transitions, probably mediated 
by the conserved dimerization motifs in D4 ( orange spheres ). The intracellular kinase domain is in 
an inactive conformation. Binding of CSF-1 stabilizes receptor dimerization and releases kinase 
autoinhibition through phosphorylation of the juxtamembrane domain (JMD) Tyr-559 (Y559-PO4). 
Activation of the kinase domain results in the phosphorylation of additional CSF-1R tyrosine resi-
dues ( yellow spheres ) that create binding sites for SH2- and PTB- domain-containing adaptors or 
enzymes, including SFK and Grb2, thus initiating downstream signaling events leading to the 
increased tyrosine phosphorylation of cytosolic proteins (X). The CSF-1R association with the 
Grb2/Sos complex is transient, compared with the more stable association of PI3K and Grb2-Shc. 
The CSF-1R-associated SFK recruits Cbl via SLAP2 and Cbl-mediated CSF-1R ubiquitination 
leads to enhanced CSF-1R tyrosine phosphorylation and the recruitment of additional downstream 
signaling molecules. The ubiquitinated CSF-1R signaling complexes are subsequently internal-
ized. Both CSF-1 and the CSF-1R are lysosomally degraded, while Cbl is recycled. Steps 1–8 are 
described in detail in the text.  D1–D5  Ig-like domains,  KID  kinase insert domain,  Ub  ubiquitin, 
 MVB  multivesicular bodies       
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10.1.6.3     The Role of Individual CSF-1R Intracellular Domain 
Phosphotyrosines in Signal Transduction 

   CSF-1R Tyrosines Phosphorylated by Receptor Activation 

 Ligand-induced mouse CSF-1R dimerization triggers the phosphorylation of six 
intracellular tyrosine residues (Tyr-544, Tyr-559, Tyr-697, Tyr-706, Tyr-721, Tyr- 
807, Tyr-921, and Tyr-974) (reviewed in [ 350 ,  358 ,  359 ,  361 ]). The phosphorylation 
of two additional tyrosine residues, Tyr-544 and Tyr-921, has been demonstrated in 
the constitutively active  v-fms  oncoprotein [ 362 ,  363 ]. Phosphorylation of these 
tyrosines creates binding sites for effector and adaptor molecules containing 
phosphotyrosine- recognition domains (Src homology 2 (SH2) and phosphotyrosine- 
binding (PTB) domains); pTyr-559 for Src family kinases (SFKs); pTyr-697 for the 
Grb2, Mona, and Socs1 adaptor proteins; pTyr-721 for the p85 subunit of PI3K, 
PLCγ2, and Socs1; and pTyr-921 for Grb2 and pTyr-974 for Cbl (reviewed in [ 350 , 
 358 ,  359 ,  361 ]). These downstream effector and adaptor proteins may also become 
tyrosine phosphorylated and/or activated to initiate a cascade of signaling events 
leading to cytoskeletal reorganization, cell proliferation, and differentiation 
(reviewed in [ 350 ,  361 ]). The necessity for the eight CSF-1R phosphotyrosines has 
been investigated in macrophages by their mutation to phenylalanine [ 337 ,  339 ] and 
their suffi ciency for triggering specifi c responses examined by adding them back to 
a receptor backbone in which all 8 tyrosines were mutated to phenylalanine [ 253 , 
 335 ]. Similar approaches have been used to study the role of CSF-1R tyrosine phos-
phorylation in the differentiation of myeloid progenitor cells to macrophages 
(reviewed in [ 342 ,  358 ,  359 ]) or to osteoclasts [ 364 ].  

   The CSF-1R Juxtamembrane Domain Tyrosine 559 Is Critically Required 
for CSF-1R Activation 

 Following CSF-1 binding to CSF-1R, the fi rst phosphorylation event occurs at Tyr- 
559 of the CSF-1R  in trans  (step 2, Fig.  10.9 ) [ 253 ,  335 ,  337 ]. Phosphorylation of 
CSF-1R Tyr-559 triggers the binding of Src family kinases (SFKs) to this site and 
their activation [ 365 ] as well as the recruitment of the ubiquitin ligase Cbl to the 
CSF-1R pTyr-559/SFK complex, which is probably mediated by the Src-like adap-
tor protein 2 (SLAP 2) [ 366 ]. Cbl-mediated ubiquitination of CSF-1R is associated 
with a change in the cytoplasmic domain of the receptor that allows increased 
CSF-1R tyrosine phosphorylation [ 253 ]. The requirement for Cbl-mediated ubiqui-
tination in CSF-1R activation was demonstrated in Cbl   −/−   macrophages and Cbl   −/−   
macrophages expressing Cbl ubiquitin ligase inactive mutants. In both cases, 
addition of CSF-1 resulted in decreased CSF-1R ubiquitination and tyrosine phos-
phorylation. The initiating role of Tyr-559 in the initiation of the cascade of events 
leading to full CSF-1R activation is supported by several lines of evidence: (1) 
Maximum phosphorylation of Tyr-559 preceded the attainment of maximum phos-
phorylation of Tyr-807, Tyr-697, and Tyr-721, which was temporally correlated 
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with the onset of CSF-1R ubiquitination; (2) CSF-1R ubiquitination was  dramatically 
compromised in the Tyr-559 F mutant and only slightly reduced in the Tyr- 697 F 
and Tyr-807 F mutant receptors; and (3) reconstitution studies, adding back tyro-
sines to the a CSF-1R backbone in which all 8 tyrosines were mutated to phenylala-
nine (Y eight F, YEF), have demonstrated that phosphorylation of CSF-1R Tyr-559 
was alone suffi cient to trigger CSF-1R tyrosine phosphorylation and ubiquitination. 
In contrast, macrophages expressing receptor add-backs (AB) of tyrosines 697, 721, 
or 807 (Tyr-697AB, Tyr-721AB or Tyr-807AB CSF-1Rs) failed to undergo receptor 
tyrosine phosphorylation or exhibit signifi cant receptor ubiquitination. Thus, phos-
phorylation of Tyr-559 is necessary and suffi cient to induce the appropriate CSF-1R 
conformational change that leads to receptor activation [ 253 ].  

   CSF-1R Tyrosine Residues 544, 559, and 807 Are Necessary and Suffi cient 
for CSF-1-Induced CSF-1R Activation and Macrophage Proliferation 

 Macrophages expressing a CSF-1R in which the juxtamembrane domain (JMD) Tyr-
559 or the AL Tyr-807 were mutated to phenylalanine (CSF-1R Tyr-559F and Tyr-
807F CSF-1R, respectively) exhibited severely impaired in vivo receptor tyrosine 
phosphorylation, consistent with the existence of cellular mechanisms inhibiting 
CSF-1R tyrosine phosphorylation that are relieved by phosphorylation of these two 
sites. These mutations also severely compromised macrophage proliferation and dif-
ferentiation [ 337 ,  339 ]. When the Tyr-807 was the only conserved tyrosine phosphor-
ylation site reconstituted in YEF (Y807 add-back, Y807AB), macrophages proliferated 
constitutively in the absence of CSF-1 in a CSF-1R kinase-dependent manner and in 
the absence of detectable Tyr-807 tyrosine phosphorylation. This proliferation was 
mediated by the phosphatidylinositol 3-kinase (PI3K) and ERK1/2 pathways. 
Addition of Tyr-559 alone (Y559AB) supported a low level of CSF-1- independent 
proliferation that was slightly enhanced by CSF-1, indicating that Tyr- 559 has a posi-
tive Tyr-807-independent effect. However, the addition of Tyr-559 to the Y807AB 
background suppressed proliferation in the absence of CSF-1 and restored most of the 
CSF-1-stimulated proliferation, suggesting a switch function for Tyr-559. Full resto-
ration of CSF-1R kinase activity and proliferation required the additional add-back of 
JMD Tyr-544 (YEF.Y544,559,807AB) [ 335 ] which contributes signifi cantly to the 
in vitro kinase activity of the CSF-1R [ 337 ]. These studies [ 335 ] established that tyro-
sine residues 544, 559, and 807 are suffi cient for CSF-1R kinase activation and trigger 
signaling events leading to normal proliferative responses.  

   CSF-1R Tyrosine Residues 706, 721, and 974 Mediate CSF-1R-Induced 
Morphological and Motility Responses 

 Granulocyte–macrophage CSF (GM-CSF) can substitute for CSF-1 to support mac-
rophage proliferation in vitro; however, compared to CSF-1-derived macrophages, 
GM-CSF-derived macrophages are less elongated, and they express lower 
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cell- surface levels of a macrophage differentiation marker CD11b and higher levels 
of the dendritic cell marker CD11c [ 337 ]. These changes are reversible after 7 days 
of culture in CSF-1 [ 337 ]. Examination of the long-term morphological responses 
induced by CSF-1 in GM-CSF-derived macrophages revealed that mutations elimi-
nating phosphorylation at residues Tyr-706, Tyr-721, and Tyr-974 altered CSF-1- 
induced morphological responses in a site-specifi c manner, while tyrosine to 
phenylalanine mutations in the remaining tyrosines did not cause major effects on 
macrophage morphology [ 337 ]. While the CSF-1R Tyr-721 and Tyr-974 were both 
necessary for macrophage elongation, Tyr-706 was inhibitory. Macrophages 
expressing the CSF-1R Y974F mutant spread poorly, suggesting that the Tyr-974 
was required not only for cytoskeletal remodeling but also for the formation of 
membrane protrusions. As Tyr-974 is a binding site for Cbl [ 367 ], it is possible that, 
in addition to its actions in the early steps of CSF-1R activation discussed above 
(Sect. 10.1.6.2), Cbl mediates other events leading to cytoskeletal reorganization. In 
contrast, macrophages expressing the CSF-1R Y721F mutant spread more than 
those expressing the wt CSF-1R. Examination of the early biochemical events and 
morphological responses of macrophages to CSF-1 stimulation revealed that Tyr- 
721 was necessary and suffi cient (on the YEF.Y544,559,807AB background) for 
mediating the association of CSF-1R with the p85 subunit of phosphoinositide 
3-kinase (PI3K), polarized PtdIns(3,4,5)P 3  production at the putative leading edge 
of migrating cells, as well as CSF-1-induced chemotactic and chemokinetic 
responses, suggesting that the CSF-1R pTyr-721/PI3K pathway is a major regulator 
of CSF-1-induced macrophage migration [ 368 ].  

   CSF-1R Tyr-807 Is Necessary for Macrophage Differentiation 
Which Is Suppressed by Tyr-706 

 Studies of the role of the CSF-1R tyrosine autophosphorylation sites in FD-Fms 
differentiation to macrophages have shown that (1) Tyr-697, Tyr-706, Tyr-721, and 
Tyr-807 were not essential for CSF-1-dependent progenitor cell proliferation; (2) 
Tyr-697, Tyr-706, and Tyr-721, located in the kinase insert region of CSF-1R, were 
not necessary for differentiation, but their presence enhanced differentiation; and 
(3) Y807F FDC-P1 cells failed to differentiate and, conversely, exhibited an 
increased rate of proliferation, suggesting that Tyr-807 may control a switch between 
growth and differentiation [ 369 ]. The Y807F CSF-1R exhibited decreased binding 
and phosphorylation of PLC-γ2, which was also dependent on tyrosine phosphory-
lation of Tyr-721. Furthermore, a specifi c PLC-γ inhibitor abrogated the differentia-
tion of the wt CSF-1R FDC-P1 cells [ 370 ]. These data suggest that a CSF-1R 
Tyr-807/PLC-γ2 pathway augmented by pTyr-721 signaling plays a major role in 
macrophage differentiation. 

 In MacCsf1r   −/−   macrophages expressing the wt CSF-1R (MacCsf1r   −/−  .WT), 
CSF-1 signaling induces upregulation of the macrophage marker CD11b and down-
regulation of the dendritic cell marker CD11c [ 337 ]. When macrophages expressing 
various CSF-1R Tyr to Phe mutants were stimulated with CSF-1, the induction of 
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CD11b varied from ~70 % of the levels induced by the wt CSF-1R (for cells express-
ing the Y544F, Y697F, Y721F, or Y947F mutants) to 20–30 % in cells expressing 
CSF-1R YEF, Y559F, or Y807F mutant, suggesting that Tyr-559 and Tyr-807, but 
not the other tyrosine residues, play an important role in triggering macrophage dif-
ferentiation in these more mature cells. In contrast, CSF-1R Y706F cells induced 
CD11b expression to levels above those obtained with the wt CSF-1R, suggesting 
that the phosphorylation of Tyr-706 negatively impacts signaling for macrophage 
differentiation [ 337 ].   

10.1.6.4     Downstream Signaling Events Regulating Macrophage 
Differentiation, Survival, Proliferation, and Motility 

   CSF-1R Regulation of Macrophage Differentiation 

 CSF-1 directly induces the myeloid cell fate in mouse HSCs through upregulation 
of the myeloid transcription factor PU.1 and thus has an instructive role, rather than 
simply permitting the survival and/or expansion of determined progenitors [ 36 ]. It 
also instructs granulocyte–macrophage progenitors (GMP) to differentiate into 
macrophages [ 74 ]. 

 Ca 2     +  signaling plays an important role in CSF-1R signaling for macrophage dif-
ferentiation and both PLC-γ2 and PKC-δ    [ 370 – 372 ] are critical downstream effec-
tors. Stimulation of CSF-1R induces the rapid tyrosine phosphorylation, activation, 
and membrane translocation of PKC-δ which in turn upregulates the expression of 
PKA-related protein kinase (Pkare) [ 371 ]. This, together with the Ca 2+ -dependent 
activation of nuclear factor of activated T-cell (NFAT) transcription factors, drives 
monocytic differentiation. Consistent with this, the CSF-1R Y807F mutant which 
failed to activate PLCγ2 and PKC-δ also fails to support differentiation [ 370 ] (see 
Sect. 10.1.6.3.5). In addition, proteomic studies in FDC-P1 multipotent progenitors 
transfected with CSF-1R revealed that the tyrosine phosphorylation of several pro-
teins, including p46/52 Shc, depends on the phosphorylation of CSF-1R Tyr-807 
[ 341 ]. Expression of a non-tyrosine-phosphorylatable form of p46/52 Shc prevented 
CSF-1-mediated macrophage differentiation, suggesting that p46/52(Shc) may play 
a role in CSF-1- induced macrophage differentiation [ 341 ]. 

  Central Role of the ERK Pathway in CSF-1R-Regulated Myeloid 
Differentiation     Studies in M1 myeloblasts revealed that CSF-1-induced differenti-
ation was augmented by elevation of intracellular cAMP which also led to increased 
Erk1/2 activity, but paradoxically inhibited bulk protein-tyrosine phosphorylation 
[ 373 ], suggesting that the Erk1/2 pathway is central to CSF-1-induced differentia-
tion. In FD-Fms myeloid progenitor cells, CSF-1 induces two temporally distinct 
phases of mitogen-activated protein kinase MEK/Erk1/2 phosphorylation charac-
terized by an early and transient phase (reaching a peak at ~5 min of CSF-1 stimula-
tion) and a late and persistent phase starting at 1 h of stimulation [ 374 ]. Studies 
utilizing FD-Fms cells treated with the MEK inhibitor, U0126, revealed that CSF-1R 
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signaling for differentiation was not dependent on the fi rst wave of Erk1/2 
 phosphorylation but required MEK activity between 8 and 24 h of M-CSF stimula-
tion. Furthermore, the differentiation signal was not dependent upon Grb2/Sos 
assembly or PI 3-kinase activity [ 374 ].  

  Myeloid Cell Mediators of CSF-1R Signaling Positively Regulating Erk1/2 
Activation and Differentiation     These mediators include the monocytic adaptor pro-
teins, Mona, [ 375 – 377 ], Grb2-associated-binding protein (Gab)2 [ 378 ], and Gab3 
[ 379 ]. The adaptor proteins    Gab3 and Mona interact and are co-induced during 
monocytic differentiation [ 377 ]. Mona also interacts with CSF-1R pTyr-697, and 
FD-Fms Y697F cells exhibited reduced Gab3 tyrosine phosphorylation, a reduced 
ability to induce Mona expression and a reduced propensity to differentiate into 
macrophages [ 377 ]. Furthermore, CSF-1R Y807F also failed to induce Mona pro-
tein expression. While enforced expression of Mona in FD-Fms cells led to increased 
late-phase Erk phosphorylation, it did not alter CSF-1-induced differentiation, dem-
onstrating that upregulation of Mona alone is not suffi cient to enhance macrophage 
differentiation [ 376 ]. In contrast, overexpression of Gab3 in multipotent myeloid 
progenitor FD-Fms cells dramatically accelerated CSF-1-stimulated macrophage 
differentiation [ 379 ], suggesting that Gab3 has a signifi cant role in CSF-1R-induced 
macrophage differentiation that could be partially mediated by the Gab3–Mona 
complex. However, as macrophage development is normal in Gab3-defi cient mice 
[ 380 ], it appears that CSF-1R/Mona/Gab3/Erk1/2 pathway is not essential for 
steady-state macrophage development in vivo. 

 Gab 2 has also been implicated in CSF-1R-driven macrophage differentiation. 
Gab2 defi ciency in mouse resulted in profoundly defective expansion of CSF-1R- 
dependent CMP and GMP in the bone marrow, through decreased proliferation and 
survival and accelerated differentiation to monocytes [ 378 ]. Structure–function 
studies, utilizing Gab2 mutants unable to interact with either PI3K or SH2 domain 
protein-tyrosine phosphatase 2 (Shp2), showed that Gab2 interaction with both 
enzymes was necessary to support the formation of CFU-M from bone marrow 
precursors. Interestingly, the absence of Gab2 disrupted CSF-1-induced signaling 
in a developmental stage-specifi c manner. The phosphorylation of Akt, Erk1/2, S6, 
and PI3K was decreased in Gab   −/−   CD31 high  Ly6C -  myeloid progenitors compared 
to Gab +/+  controls, while in the more differentiated CD31 +  Ly6C +  progenitors, the 
activation of Akt was normal, and PI3K and Erk1/2 were much less affected. Gab2 
defi ciency also reduced CSF-1-induced proliferation of mature bone marrow- 
derived macrophages (BMM), but BMMs did not require Gab2 for full activation 
of Akt or S6 and, paradoxically, Gab2 defi ciency caused increased phosphorylation 
of Erk1/2. Inhibitor and knockdown studies demonstrated that in mature BMM, 
Gab2 defi ciency caused an increased phosphorylation of JNK, probably due to fail-
ure to upregulate the expression of inducible dual specifi city phosphatases (DUSPs) 
[ 378 ]. These studies identify Gab2 as a node in the CSF-1R signaling network from 
which signals for macrophage and macrophage precursor differentiation, survival 
and proliferation emerge.  
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  Negative Regulators of Erk1/2 Activation and Macrophage Differentiation     These 
negative regulators include the following phosphatases: T-cell protein-tyrosine 
phosphatase (Tcptp)[ 381 ], which dephosphorylates the activated CSF-1R; the 
serine–threonine phosphatase 2A (PP2A) [ 382 ], which dephosphorylates, among 
other substrates, components of the Ras pathway acting upstream of Erk1/2 [ 383 ]; 
and the dual specifi city phosphatase DUSP5 [ 384 ], which directly dephosphorylates 
and deactivates Erk1/2. Substrate-trapping experiments revealed that the tyrosine- 
phosphorylated CSF-1R is a substrate of Tcptp [ 381 ]. CSF-1 stimulation induced 
increased CSF-1R association with a Grb2/Gab2/Shp2 complex, and enhanced acti-
vation of Erk1/2 was observed in Tcptp   −/−   mouse macrophages. Furthermore, com-
pared with wt mice, Tcptp   −/−   mice possessed increased numbers of bone marrow 
GMP and CFU-M and exhibited increased GMP differentiation into macrophages, 
suggesting that Tcptp is a signifi cant regulator of CSF-1R signaling and mononu-
clear phagocyte development in hematopoiesis [ 381 ]. Studies in the M1 myeloblast 
cell line have shown that CSF-1R Tyr-559 initiates an SFK-dependent differentia-
tion pathway leading both to the activation of STAT3 [ 360 ] and Erk1/2 and to the 
inactivation of PP2A through the tyrosine phosphorylation of its catalytic subunit 
[ 382 ]. Addition of the serine–threonine phosphatase inhibitor okadaic acid to M1 
cells expressing CSF-1R Y559F partially restored Erk1/2 phosphorylation and res-
cued their ability to differentiate into macrophages in response to CSF-1, suggesting 
that inhibition of PP2A plays a signifi cant role in enhancing Erk1/2- mediated mac-
rophage differentiation. DUSP5 acts as a negative feedback regulator of Erk1/2, and 
its expression is induced by CSF-1 in various myeloid cells [ 384 ]. Overexpression 
of DUSP5 in two different multipotent progenitor cell lines (FD-Fms and the pro-T-
cell line, EGER-Fms) increased CSF-1R-dependent proliferation, prevented macro-
phage differentiation, and favored granulocytic differentiation [ 384 ].  

  Cyclic Activation of the PI3K/Akt Pathway Is Required for the CSF-1-Induced 
Differentiation of Human Monocytes to Macrophages     During CSF-1-induced dif-
ferentiation of primary human monocytes to macrophages, the cells undergo a 
cyclic activation of the PI3K and Erk1/2 pathways that is correlated with successive 
rounds of phosphorylation and dephosphorylation of CSF-1R Tyr-723. Successive 
waves of Akt activation, increasing in amplitude and duration, were required for 
activation of caspase-8 and caspase-3 which contributed to macrophage differentia-
tion through cleavage of nucleophosmin [ 385 ]. Nucleophosmin cleavage products 
inhibit macrophage migration and phagocytosis of bacteria, but not of apoptotic 
bodies, suggesting that they mediate differentiation of macrophages toward an 
M2-like phenotype [ 386 ]. Erk1/2 was activated with coordinated kinetics, but was 
not essential for nucleophosmin cleavage, and its role in human monocyte 
 differentiation remains to be defi ned. In contrast, the SFKs, Hck, and, to a lesser 
extent, Lyn, but not Fyn or Src, mediated CSF-1R signals leading to the proteolysis 
of nucleophosmin [ 385 ].  

  Role of MicroRNAs in CSF-1-Induced Monocyte Differentiation     Studies in 
human monocytes have shown that 45 microRNAs (miRs) were increased and 45 
miRs were decreased during CSF-1-induced differentiation to macrophages [ 387 ]. 
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Among these, miR132-3p, a hematopoietic-specifi c miR, was shown to suppress 
CSF-1R- induced monocyte differentiation by preventing the upregulation of early 
growth response 2 (Egr2), a transcription factor that suppresses granulocytic and 
promotes monocytic differentiation. CSF-1-induced elevation of Egr2 in turn sup-
pressed miR132-3p expression and increased the expression of CSF-1R [ 387 ]. 
These data identify a novel molecular circuitry that regulates the monocyte to mac-
rophage transition. In contrast, miR-mediated downregulation of the CSF-1R is a 
key event for the maturation of monocyte-derived dendritic cells [ 388 ].   

   CSF-1R Regulation of Myeloid Cell Proliferation 

 Early studies showed that CSF-1-stimulated BMM survival occurred at concentra-
tions below those stimulating proliferation [ 37 ]. Cell survival was primarily associ-
ated with inhibition of total protein degradation, whereas the increase in total 
cellular protein, occurring at proliferation-inducing concentrations, was primarily 
associated with a CSF-1 dose-dependent increase in the rate of protein synthesis 
[ 389 ]. Following CSF-1 addition to CSF-1-starved cells, the growth factor was 
required for almost the entire lag period (~12 h) for the entry of macrophages into S 
phase [ 390 ], during which time the steady-state level of cell-surface CSF-1Rs was 
downregulated, but turning over rapidly and presumably signaling [ 217 ]. 

  Positive Regulation of Myeloid Proliferation by the CSF-1R     Studies in myeloid 
cells have shown that SFKs, ceramide-1P (C1P), MEK/Erk, PI3K, PLC, PKCζ, 
and β-catenin pathways contribute to the proliferative response in a CSF-1R pTyr-
721- independent manner [ 335 ,  339 ,  391 – 395 ]. In mouse macrophages, C1P stimu-
lates proliferation through activation of PI3K/Akt, JNK, and ERK1/2 pathways 
[ 395 ]. CSF-1R Tyr-559, required for CSF-1R ligand responsiveness, also contrib-
utes to the proliferative response through a SFK kinase-dependent pathway [ 335 , 
 339 ], while CSF-1R Tyr-807 contributes by activating both the MEK and PI3K 
pathways [ 335 ]. 

 In myeloid progenitors, Gab2 mediates the activation of the PI3K-Akt and Erk 
pathways that control progenitor cell survival and proliferation [ 378 ]. Multiple 
ERKs may be involved in the control of macrophage proliferation, as their contribu-
tion has been inferred from studies utilizing MEK inhibitors. A signifi cant role has 
been assigned to ERK5, which is activated by the CSF-1R in a SFK-dependent 
manner [ 396 ]. ERK5 knockdown compromises the macrophage proliferative 
response to CSF-1 [ 396 ]. Interestingly, in actively proliferating  fes -transformed 
macrophages, mitogenic concentrations of CSF-1 were shown to increase ERK1/2 
activation, whereas low doses of CSF-1 reduced ERK1/2 phosphorylation, nuclear 
localization, and cell proliferation, indicating that low doses of CSF-1 can suppress 
cell proliferation by inhibiting ERK1/2 [ 393 ]. Concomitant with ERK1/2 activa-
tion, the CSF-1R also activates the membrane-associated PKCε, leading to the 
increased expression of mitogen-activated protein kinase phosphatase-1 (MKP-1, 
also known as DUSP-1) and thereby suppressing prolonged Erk1/2 activation and 
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preventing cell cycle arrest [ 397 ]. In myeloid progenitors, another member of the 
PKC family, PKCζ, was reported to mediate CSF-1-dependent proliferation and 
Erk1/2 activation [ 392 ]. PKCζ activity was increased by CSF-1 and overexpression 
of PKCζ increased the intensity and duration of Erk1/2 phosphorylation and ren-
dered myeloid progenitors more responsive to CSF-1-induced proliferation. In con-
trast, in mature BMM, PKCζ inhibition had a modest effect on proliferation and 
induced a paradoxical increase in MEK and Erk phosphorylation, suggesting that 
PKCζ activates a negative regulatory step upstream of MEK [ 392 ]. 

 In a MAPK- and Akt- independent manner, CSF-1R activation in macrophages 
induces the tyrosine phosphorylation of β-catenin, which requires the expression 
and tyrosine phosphorylation of the transmembrane adaptor protein, DAP12 [ 156 ]. 
DAP12-defi cient humans and mice have defects in osteoclasts and microglia [ 398 ]. 
DAP12 defi ciency in macrophages leads to impaired CSF-1R signaling for prolif-
eration and survival in vitro ,  but does not affect differentiation [ 156 ]. The cytoplas-
mic tail of DAP12 contains immunoreceptor tyrosine-based activation motifs 
(ITAMs) which become phosphorylated in response to CSF-1R activation. Tyrosine- 
phosphorylated DAP12 ITAMs recruit and activate the cytosolic tyrosine kinase 
Syk which in turn activates another cytosolic tyrosine kinase, Pyk2. Pyk2 phos-
phorylates β-catenin, triggering its nuclear translocation. Nuclear β-catenin acts a 
coactivator of the transcription factors TCF and LEF, to induce the transcription of 
cell cycle genes, including cyclin D1 and c-Myc, thereby triggering cell prolifera-
tion. In a DAP12-independent manner, CSF-1R also inhibits the degradation of 
β-catenin by triggering the serine phosphorylation and inactivation of the serine–
threonine kinase GSKβ.  

  Negative regulation of CSF-1R-induced myeloid proliferation     Proteins that 
 negatively regulate CSF-1R-mediated proliferative responses include the CSF-
1R- interacting adaptor protein Lnk [ 399 ,  400 ], proline–serine–threonine (PEST)–
phosphatase- interacting protein 2 (PSTPIP2) [ 401 ], suppressor of cytokine 
signaling 1 (Socs 1) [ 402 ], interferon-inducible P204 protein (Ifi 204) [ 403 ], and 
Src kinase-associated phosphoprotein of 55 kDa (SKAP55)-related adaptor pro-
tein (SKAP55R). 

 Lnk is required for optimal Erk1/2 phosphorylation and inhibits the phosphory-
lation of Akt downstream of the CSF-1R. Lnk defi ciency leads to the expansion of 
bone marrow CFU-M and of circulating monocytes [ 399 ,  400 ], but does not affect 
macrophage differentiation [ 399 ]. 

 PSTPIP2 is a membrane-cytoskeletal adaptor expressed predominantly in the 
myeloid lineage [ 404 ]. PSTPIP2-defi cient mice exhibit extramedullary hematopoi-
esis, increased tissue macrophages and osteoclasts, autoinfl ammatory disease, and 
osteopenia [ 22 ,  401 ,  405 ]. Absence of PSTPIP2 causes increased CSF-1-induced 
proliferation of myeloid precursors, while its overexpression in macrophages inhib-
ited their growth. These phenotypes correlate with increased or decreased CSF-1- 
induced Erk1/2 phosphorylation [ 401 ]. PSTPIP2 interacts with PEST-family tyrosine 
phosphatases PTPN12 [ 22 ] and PTPN18 [ 406 ]. As recruitment of the PEST phos-
phatase PTPN12 to the T-cell receptor signalosome inhibits Erk1/2 activation [ 407 ], 
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it is possible that PSTPIP2 negatively regulates Erk1/2 by recruiting  PTP- PEST to 
signaling complexes upstream of Erk1/2. 

 Socs1 is an adaptor protein that binds to all Janus kinase (JAK) family members 
and inhibits their tyrosine kinase activity, which is needed for the activation of sig-
nal transducers and activators of transcription (STATs). Socs1 is a negative regula-
tor of Kit and Flt3 mitogenic signals [ 408 ]. Ectopic expression of Socs1 in 
hematopoietic cell lines decreased their growth rates in the presence of physiologi-
cal, but not higher, concentrations of CSF-1 [ 402 ]. The molecular mechanism 
involved is unknown. It has been suggested that it may involve the interaction of 
Socs1 with signaling proteins other than JAK, e.g., Grb2 and Vav [ 402 ,  408 ]. 

 Ifi 204 is induced by the activated CSF-1R in FD-Fms cells and may act to tip the 
balance between CSF-1R-induced proliferation and differentiation toward differen-
tiation [ 409 ]. 

 SKAP55R is tyrosine phosphorylated following CSF-1R activation and associ-
ates with actin [ 410 ]. Overexpression of SKAP55R in FD-Fms cells decreased 
CSF-1R-induced proliferation but did not affect their differentiation into macro-
phages suggesting that SKAP55R is a negative regulator of macrophage progenitor 
cell growth.   

   Membrane and Cytoskeletal Reorganization and Chemotaxis 

 Addition of CSF-1 to macrophages triggers a rapid membrane ruffl ing response that 
peaks at 5 min and is followed by cell spreading and then by cell polarization, char-
acterized by a leading edge formed by an extended lamellipod and a trailing edge 
that are characteristic of migratory cells [ 344 ,  346 ,  411 ]. All these processes involve 
dynamic reorganization of the actin cytoskeleton (reviewed in [ 347 ,  412 ]). CSF-1- 
stimulates a rapid actin polymerization response that peaks at 30 s of stimulation, 
followed by a longer lasting wave peaking at 5–6 min [ 368 ,  413 ]. After 5 min of 
CSF-1R stimulation, there is an increase in focal complex and point contact forma-
tion that coincides with the peak tyrosine phosphorylation of the focal adhesion 
kinases, Pyk2 and FAK, and is followed by peak focal complex formation at 15 min 
poststimulation, coincident with maximal phosphorylation of paxillin [ 345 ,  368 ]. 

 As described above (Sect. 10.1.6.3.4), structure–function studies in macrophages 
have shown that the mechanism by which CSF-1 stimulates actin polymerization 
and adhesion critically requires the CSF-1R Tyr-721/PI3K pathway. PI3K p110δ is 
the major PI3K isoform recruited by the CSF-1R and the main regulator of actin 
polymerization, cytoskeletal remodeling, cell adhesion, and migration [ 414 ]. 
Indeed, specifi c inhibition of PI3K p110δ suppresses CSF-1-induced PIP3 
 production and Akt activation, as well as macrophage spreading and invasive capac-
ity [ 415 ]. The exact pathway(s) by which induction of PIP3, the product of PI3K 
activation, mediates macrophage migration and chemotaxis remains to be eluci-
dated. Loss of the p85α subunit of PI3K in BMM impairs their proliferation and 
chemotactic migration in response to CSF-1 and results in reduced activation of 
Akt and Rac but not Erk1/2 [ 416 ]. The essential role of Akt in CSF-1-induced 
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 macrophage migration has been confi rmed in several studies. Disruption of Akt2 
expression inhibited the CSF-1-induced phosphorylation of PKCζ and down-
stream phosphorylation of LIMK/Cofi lin, leading to defects in actin polymerization 
and chemotaxis [ 417 ]. In addition, two adaptor proteins that suppress CSF-1-
induced activation of Akt, Lnk, and STAP-2 have also been shown to inhibit CSF-
1-induced macrophage migration [ 399 ,  418 ]. 

 CSF-1R-induced chemotaxis also requires the activation of the small GTPases, 
Rac, and Cdc42 and of their downstream effectors, members of the family of 
Wiskott–Aldrich syndrome protein (WASP), and WASP-family verprolin- 
homologous (WAVE)2 actin nucleators [ 413 ,  419 – 422 ]. Studies in SHIP-defi cient 
macrophages, which exhibit increased and prolonged chemotactic responses to 
CSF-1, suggested that PI3K-induced elevation of PIP3 triggers the plasma mem-
brane recruitment of Vav proteins, which become tyrosine phosphorylated in 
response to CSF-1 and activate the small GTPase Rac, thus triggering macrophage 
chemotaxis [ 423 ]. However, subsequent studies in single Vav-defi cient BMM [ 424 ] 
as well as in triple-defi cient Vav1/2/3   −/−   BMM have shown that Vav proteins are not 
required for CSF-1-induced activation of Rac1, membrane ruffl ing, or cell spread-
ing [ 425 ]. Furthermore, the CSF-1R Y721F mutation did not affect the ability of 
CSF-1 to activate Rac or Cdc42, suggesting that activation of the small GTPases is 
independent of the CSF-1RY721/PI3K pathway [ 368 ]. However, in primary BMM, 
neither Rac1 nor Rac2 were required for CSF-1-induced chemotaxis, and cells dou-
ble defi cient for Rac1 and 2 could also migrate to CSF-1 [ 426 ,  427 ]. In contrast, 
studies in macrophage cell lines suggest that Rac1 and 2 are important for CSF-1-
induced membrane ruffl ing and chemotaxis [ 428 ,  429 ]. In RAW267.4 macrophages, 
CSF-1 stimulates the association of Grb2 with PLD2 which, in addition to its lipase 
activity, acts as a GEF for Rac2 [ 430 ,  431 ]. Grb2 association increases the lipase 
activity of PLD2 which cooperates with Rac2 to enhance CSF-1- stimulated mem-
brane ruffl ing [ 430 ]. During chemotaxis, Rac2 has a dual effect on PLD, slightly 
enhancing its activity initially (positive feedback), but then inhibiting PLD by pre-
venting its interaction with PIP2 at the plasma membrane during the late chemotac-
tic response, thus leading to cell immobilization [ 432 ]. Other studies in RAW267.4 
cells have shown that WAVE2 becomes activated downstream of Rac1 and IRSp53 
and forms a complex with Abi1 that mediates the formation of F-actin- rich protru-
sions and macrophage migration in response to CSF-1 [ 420 ,  429 ]. Both CSF-1-
induced activation of WASP and macrophage chemotaxis are fully dependent on the 
small GTPases Cdc42 and PI3K [ 421 ]. Cdc42-dependent activation of WASP is 
absolutely necessary for podosome formation, while combined CSF-1R- induced 
tyrosine phosphorylation and Cdc42-dependent activation of WASP are necessary 
for macrophage chemotaxis to CSF-1 [ 422 ]. 

 Cell motility requires that the actin polymerization leading to the formation of 
adhesion structures be balanced by inhibitory proteins and actomyosin-dependent 
contractility for retracting the trailing edge. The membrane-cytoskeletal adaptor, 
PSTPIP2, is one of the earliest proteins to become tyrosine phosphorylated in mac-
rophage response to CSF-1. PSTPIP2 phosphorylation peaks at 30 sec–1 min after 
CSF-1 stimulation, suggesting that it may be involved in the regulation of the early 
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responses involving plasma membrane and actin. Indeed, PSTPIP2 overexpression 
blunts the initial CSF-1-stimulated membrane ruffl ing, inhibits actin polymeriza-
tion, and promotes migration and chemotaxis, while its reduced expression has 
opposite effects [ 346 ]. Modulation of the levels of expression of PSTPIP2 did not 
affect CSF-1R-induced activation of Rac, Rho, or Cdc42, indicating that PSTPIP2 
acts either downstream or independently of small GTPases. The nonreceptor 
protein- tyrosine phosphatase ϕ (PTPϕ) increases motility and decreases adhesion in 
macrophages by dephosphorylating paxillin. In the presence of CSF-1, basal levels 
of paxillin phosphorylation are suffi cient to sustain cell spreading and adhesion. In 
the absence of CSF-1, PTPϕ is upregulated leading to poor lamellipodial adhesion 
and increased dorsal ruffl es [ 345 ]. 

 S100A4 is a member of the S100 family of Ca 2+ -binding proteins that interacts 
with and inhibits the assembly of non-muscle myosin II A [ 433 ]. S100A4   −/−   macro-
phages exhibit decreased chemotaxis to CSF-1, due to reduced persistence and size 
of membrane protrusions [ 434 ]. Associated with this phenotype are (1) persistent 
and enhanced actomyosin-IIA assembly that increases contractility and decreases 
actin polymerization in the lamellipodium; (2) altered CSF-1R signaling leading to 
the hyperphosphorylation of Pyk2, possibly triggered by enhanced myosin II assem-
bly or by local disruption of Ca 2+  homeostasis; and (3) hyperphosphorylation of 
paxillin, the downstream target of Pyk2, accompanied by paxillin mislocalization 
away from the leading edge. 

 The small GTPase, Rho, promotes tail retraction in migrating macrophages by 
controlling myosin activity [ 435 ] and is required for CSF-1-mediated macrophage 
chemotaxis [ 436 ]. In macrophages stimulated with CSF-1, Rho undergoes cycles 
of activation and deactivation. While the pathway mediating the activation of Rho 
by CSF-1R is unclear, RhoA deactivation is mediated by the PI3K p110δ/
p190RhoGAP axis [ 437 ].  

   CSF-1R Regulation of Myeloid Cell Survival 

 Several antiapoptotic pathways involving lipid and protein mediators are activated 
by CSF-1R. CSF-1 withdrawal stimulates acid sphingomyelinase activity in macro-
phages leading to the accumulation of ceramides which, in turn, induce macrophage 
apoptosis [ 438 ]. In contrast, CSF-1 activates ceramide kinase, which phosphory-
lates ceramide generating C1P, which in turn inhibits the acid sphingomyelinase, 
enhances the activity of the PI3K/Akt pathway, and maintains the production of the 
antiapoptotic factor Bcl-X(L), thereby promoting cell survival [ 439 ,  440 ]. 

 The PI3K/Akt pathway is a major mechanism by which CSF-1 promotes cell sur-
vival [ 441 – 444 ], while the Erk, p38, and JNK1 pathways are not involved in this 
process [ 445 ]. In macrophages, Akt can be activated directly through the CSF-1R 
pTyr721/PI3K pathway [ 368 ,  446 ] and indirectly, via Gab2, through CSF-1R pTyr559/
SFK/PI3K signaling [ 335 ,  378 ,  446 ]. This last pathway is counteracted by a CSF-1R 
pTyr559/Lyn/SHIP-1 pathway in which SH2-containing inositol 5′-phosphatase 
1 (SHIP-1) is recruited by Lyn to the plasma membrane, where it antagonizes the 
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increase in PI3K-induced phosphatidylinositol 3,4,5-trisphosphate (PI(3,4,5)P 3 ) and 
the PI(3,4,5)P 3 -dependent activation of Akt [ 447 ]. The transcription factor Ets2 is a 
downstream target of the PI3K/Akt/JNK pathway [ 448 ] that mediates increased 
expression of Bcl-x(L) and promotes macrophage survival [ 449 ,  450 ]. 

 PI3K-independent pathways regulating CSF-1R survival signals involve phos-
pholipase C (PLC) [ 394 ] and Fms-interacting protein (FIMP) [ 451 ]. PI3K and PLC 
independently enhance CSF-1-dependent macrophage survival by controlling glu-
cose uptake [ 442 ]. Physiological stimuli such as hypoxia [ 452 ], or oxidized LDL 
[ 453 ], can prolong macrophage survival, either in the absence or presence of low 
CSF-1 concentrations, by enhancing the glycolytic activity which in turn is required 
to maintain Bcl-2 and Bcl-x(L) protein levels [ 453 ]. 

 FIMP is transiently associated with and tyrosine phosphorylated by the activated 
CSF-1R. A substantial proportion of FIMP is nuclear localized, where it inhibits 
CSF-1R-mediated signaling for survival [ 451 ]. CSF-1R-regulated PKC-dependent 
serine phosphorylation translocates FIMP to the cytosol, enhancing macrophage 
survival and differentiation [ 451 ].   

10.1.6.5     CSF-1R Signaling in Osteoclast Differentiation, Activation, 
and Survival 

   Role of the CSF-1R in Osteoclastogenesis 

 CSF-1 is essential for osteoclast (OC) development in vivo [ 15 ,  48 ,  49 ,  51 ,  454 ]. In 
combination with RANKL, CSF-1 drives OC differentiation from myeloid progeni-
tors [ 455 ]. CSF-1 also sustains the survival of mature mouse OC [ 456 ,  457 ] and 
stimulates the spreading [ 458 ,  459 ] and migration [ 456 ,  460 ] of these cells. 

 Studies employing human umbilical cord-derived CFU-GM as OC precursors 
have shown that CSF-1 has similar developmental actions in human osteoclastogen-
esis [ 461 ]. As in mouse, CSF-1 appears to play a nonredundant role in human osteo-
clastogenesis, as it cannot be substituted by GM-CSF, FLT3 ligand, or VEGF [ 462 ]. 
IL-34 can substitute for CSF-1 in the stimulation of OC differentiation in vitro ,  or 
when expressed under control of the CSF-1 promoter in vivo [ 9 ]. However, OC dif-
ferentiation is unaffected in  Il34    −/−   mice [ 13 ]. In vitro, the effects of CSF-1 on OC 
differentiation are biphasic, with low concentrations (in the normal physiological 
range) enhancing OC precursor fusion and high concentrations inhibiting OC pre-
cursor fusion and promoting macrophage differentiation [ 461 ,  463 ]. Furthermore, 
addition of CSF-1 during the OC fusion phase caused increased cytoplasmic spread-
ing and inhibited resorption, while blockade of CSF-1 had no effect on the number 
of OC formed, nor their size [ 461 ]. These data are consistent with previous studies 
in mouse bone marrow cultures showing that blockade of CSF-1 during the prolif-
erative phase of osteoclast formation dramatically inhibited osteoclastogenesis, but 
had very little effect after the onset of osteoclast fusion [ 464 ]. They suggest that the 
major role of CSF-1 is to drive the expansion of osteoclast precursors and their 
maturation to a fusion-competent state, but that CSF-1 is not required for OC pre-
cursor fusion per se.  
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   CSF-1R Signaling for OC Differentiation 

 The developmental signals of activated CSF-1R and RANK converge at the level of 
transcription factors essential for OC differentiation. The transcription factors 
TRAF6, NFkB, c-Fos, Mitf, NFATc, and C/EBPα play essential roles in OC differ-
entiation, and their defi ciency leads to the loss of multinucleated OC and severe 
osteopetrosis without impairing macrophage development [ 465 – 467 ]. CSF-1 
induces RANK expression in OC precursors [ 468 ] in a c-Fos-dependent manner 
[ 469 ]. This process is inhibited by activated TLRs, which promote matrix 
metalloproteinase- mediated CSF-1R shedding, thus diverting OC precursors to a 
monocytic fate [ 470 ]. The combined actions of CSF-1 and RANKL induce high C/
EBPα expression in murine bone marrow cells [ 466 ]. Based on the observation that 
the ectopic expression of C/EBPα induced RANK, c-Fos and NFATc1 expression, 
and reprogrammed monocytic cells to OC-like cells in the absence of RANKL, it 
has been suggested that C/EBPα is the key transcriptional regulator of OC lineage 
commitment [ 466 ]. RANKL induces the p38 MAPK-dependent phosphorylation of 
Mitf at Ser307, leading to increased tartrate-resistant acid phosphatase expression 
[ 471 ]. Furthermore, the CSF-1R-activated, Erk1/2-mediated phosphorylation of 
Mitf at Ser73 is required for the upregulation of TRAP activity and OC precursor 
fusion [ 472 ]. Another event critical for OC differentiation is the Tbx3-dependent 
induction of Jun dimerization protein 2 (JDP2) expression by the CSF-1/Erk1/2 
pathway [ 473 ]. JDP2 mediates RANKL-induced upregulation of the TRAP and 
cathepsin K expression [ 474 ]. 

 The small GTPase Cdc42 is another downstream target of both CSF-1R and 
RANKL signaling. Cdc42 is required for CSF-1 activation of p38 and the Akt/
GSK3β pathway, but not of ERKs, and also mediates the RANKL-induced activa-
tion of p38, ERK, JNK, and Akt, but not NFkB. Cdc42 promotes CSF-1-driven 
proliferation in OC precursors and their osteoclastic differentiation by enhancing 
the expression of NFATc1 and RANKL-induced phosphorylation of Mitf [ 475 ]. In 
vivo, selective OC-specifi c ablation of Cdc42 using cathepsin K-Cre led to increased 
bone density and protection from ovariectomy-induced bone loss, while a Cdc42 
gain-of-function mouse model exhibited a reciprocal phenotype [ 475 ]. The small 
GTPase RhoU/Wrch is the only Rho GTPase induced by RANKL during osteoclas-
togenesis [ 476 ]. Wrch inhibits CSF-1-induced OC precursor migration and integ-
rin-mediated adhesion while simultaneously promoting their aggregation and 
fusion [ 477 ]. 

 Although not critically required for basal bone homeostasis in vivo, the SFKs, 
Fyn and Lyn, have also been implicated in the fi ne-tuning of CSF-1R and RANK 
signaling for OC precursor proliferation, OC differentiation, and bone resorptive 
activity. In the monocytic/OC lineage, SFKs Fyn and Lyn are expressed in BMM 
and throughout osteoclastogenesis, while Src is absent from BMM and its expres-
sion is a marker of commitment toward the OC lineage [ 478 – 480 ]. Mice defi cient 
in Fyn or Lyn exhibit normal basal osteoclastogenesis and bone density. However, 
their responses to RANKL-stimulated osteoclastogenesis in vivo were suppressed 
and increased, respectively. Lyn defi ciency results in enhanced RANKL signaling 

10 The PDGFR Receptor Family



430

for OC differentiation but does not alter CSF-1-mediated activation of Erk1/2, OC 
precursor proliferation, or the bone-resorbing activity of mature osteoclasts [ 478 ]. 
In contrast, Fyn defi ciency reduced CSF-1-stimulated proliferation of BMM and 
OC precursors, delayed differentiation, diminished osteoclastogenesis, and 
increased susceptibility of mature OC to apoptosis in vitro. While CSF-1 signaling 
to ERK1/2 and Akt was normal in Fyn   −/−   BMM, CSF-1-induced phosphorylation of 
Lyn was increased. In contrast, RANK-induced activation of Akt, IkB, and c-Jun 
was decreased [ 479 ]. Defi ciency in the Hck or Src SFKs leads to cytoskeletal defects 
that cause either abnormal OC development or impaired bone resorption leading to 
osteopetrosis [ 480 ,  481 ]. OCs develop normally in Src   −/−   mice; however, they fail 
to form ruffl ed borders or resorb bone [ 481 ].  Hck    −/−   OC precursors exhibit defective 
podosome organization and migration through three-dimensional matrices, result-
ing in impaired bone homing of preosteoclasts and abnormal development of tra-
becular bone. In contrast, mature OCs exhibit normal cytoskeletal structures and 
enhanced bone resorption in vitro ,  probably due to a compensatory overexpression 
of Src [ 480 ]. 

 Adaptor proteins such as SH3BP2, PSTPIP2, SLAP, and DAP12 play important 
roles in the control of OC development by CSF-1. Gain-of-function mutations in 
SH3BP2 lead to cherubism, an autoinfl ammatory disorder that is associated with 
enhanced CSF-1 and RANKL-mediated activation of Erk1/2 and Syk, leading to 
the formation of unusually large OCs, which resorbs the mandible and/or maxillar 
bone [ 482 ]. PSTPIP2 defi ciency in mice also leads to an autoinfl ammatory disorder 
and osteopenia that is associated with increased numbers of OC and OC precursors. 
Multipotent myeloid precursors isolated from PSTPIP2-defi cient mice have an 
increased propensity to form OC in the presence of CSF-1 and RANKL. In con-
trast, the ectopic expression of PSTPIP2 in OC precursors inhibits both TRAP 
expression and OC precursor fusion, while mutations that eliminated PSTPIP2 
tyrosine phosphorylation in response to CSF-1R activation block the inhibitory 
activity, suggesting that PSTPIP2 is part of a negative feedback loop [ 22 ]. The 
adaptor protein, SLAP, regulates OC development and survival, but is not essential 
for bone homeostasis in vivo [ 483 ]. SLAP   −/−   mouse bone marrow cells compared 
with wt cells exhibit increased osteoclastogenic responses. In BMM, SLAP associ-
ates with the CSF-1R in lipid rafts and its defi ciency leads to increased CSF-1-
induced Erk1/2 activation and increased BMM proliferation without affecting 
RANKL signaling. In mature OC, SLAP is not necessary for bone resorption. 
However, its defi ciency leads to increased caspase-3 activation and OC apoptosis 
following CSF-1 and RANKL withdrawal, suggesting that SLAP   −/−   mice counter-
balance the effects of SLAP defi ciency on OC differentiation and survival, to main-
tain normal OC numbers [ 483 ]. 

 DAP12-defi cient mice exhibit mild osteopetrosis and their cultured bone marrow 
cells differentiate into bone-resorbing TRAP+ mononuclear cells that fail to fuse 
into multinucleated OC in the presence of CSF-1 and RANKL suggesting that 
DAP12 regulates OC precursor fusion [ 484 ,  485 ]. In contrast, mouse BMM from 
DAP12   −/−   mice form multinucleated osteoclasts in vitro that exhibit cytoskeletal 
defects resulting in loss of bone resorptive activity [ 486 ]. Mice overexpressing 
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DAP12 have an osteopenic bone phenotype and an increased numbers of OC. 
The increase in OC numbers is associated with an increased rate of osteoclastogen-
esis from splenic, but not from the bone marrow cells, due to a greater splenic abun-
dance of CFU-GM and CFU-M that hyperproliferate in the presence of CSF-1 and 
RANKL [ 487 ]. In contrast, DAP12   −/−  -cultured splenocytes did not exhibit hyper-
responsiveness to increasing concentrations of RANKL, indicating that RANK sig-
naling was not affected. As DAP12 mediates the proliferative signals of the CSF-1R 
[ 156 ], it is possible that increased CSF-1R-driven amplifi cation of OC progenitors 
explains the early OC differentiation of DAP12-overexpressing cells. 

 In osteoclast precursors, DAP12 associates with triggering receptor expressed in 
myeloid cells (TREM)-2 [ 488 ]. siRNA-mediated reduction of TREM2 expression 
in RAW 264.7 macrophages results in loss of OC formation in response to RANKL 
and CSF-1 [ 488 ], and DAP12- and TREM2- defi cient human blood monocytes fail 
to fuse and form multinucleated OC in vitro [ 489 ,  490 ]. However, a recent study 
shows that TREM2   −/−   mice are osteopenic, and this phenotype is associated with 
decreased cell proliferation and accelerated differentiation during osteoclastogene-
sis and anomalies in CSF-1, but not RANK, signaling in bone marrow macrophages 
[ 491 ]. Compared to wt controls, CSF-1 stimulation of day 4 TREM2   −/−   BMM leads 
to enhanced phosphorylation of Erk1/2 and JNK and decreased β-catenin stabiliza-
tion, all of which occur independently of DAP12 (see Sect. 10.1.6.4.2). In addition, 
DAP12-mediated CSF-1R signaling events including the phosphorylation of Syk, 
Pyk2, and β-catenin, as well as β-catenin nuclear translocation, were decreased 
[ 491 ]. Thus, signals emerging from TREM2 regulate CSF-1R signaling in osteo-
clast precursors at multiple levels. 

 CSF-1R also interacts functionally with integrins to promote osteoclastogenesis 
[ 364 ]. Bone marrow cells isolated from integrin  β   3    –/–   mice exhibit defective upregu-
lation of TRAP activity and fusion but normal proliferation and survival. The 
arrested differentiation was corrected by high-dose CSF-1 and required CSF-1R 
Tyr-697, but not CSF-1R Tyr-721, nor CSF-1R Tyr-921. In  β   3    –/–   pre-OCs, CSF-1R 
Tyr-697 was specifi cally required for sustained CSF-1R-triggered Erk1/2 phosphor-
ylation of ribosomal S6 kinase 2 (RSK2) and downstream activation of c-Fos. Like 
high-dose CSF-1, the overexpression of c-Fos rescued  β   3    –/–   defi ciency, showing that 
CSF-1R and  β   3    –/–   collaborate via the shared activation of the Erk1/2 and c-Fos 
pathways. 

 Targeted disruption of either the inositol phosphatase SHIP or the SH2 domain- 
containing protein-tyrosine phosphatase-1 (SHP-1) resulted in increased osteoclas-
togenesis leading to osteoporosis, indicating that these nonreceptor phosphatases 
suppress osteoclastogenesis.  SHIP1    −/−   mice have severe osteoporosis [ 492 ], and 
their BMM exhibit increased osteoclastogenic responses due to increased CSF-1- 
driven proliferation of OC precursors that is associated with increased PI3K/Akt 
activation, but unaltered MAPK pathway activation [ 493 ]. Viable motheaten 
( me   v  / me   v  ) mice, in which tyrosine phosphatase activity of cytosolic enzyme SHP-1 
is decreased by 80–90 %, show severe defects in hematopoiesis and osteopenia due 
to an increased number of osteoclasts and enhanced bone resorptive activity [ 494 ]. 
In macrophages, SHP-1 also interacts via its SH2 domain with the immunoreceptor 
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tyrosine-based inhibitory motif (ITIM)-containing receptors, SIRPα (also known as 
BIT) [ 495 ], the human leukocyte Ig-like receptor B (LILRB), and its mouse homo-
logue, murine paired Ig-like receptor B (PIR-B) [ 496 ,  497 ]. Activation of LILRB 
receptors suppresses the differentiation of human CD14 +  monocytes into mononu-
clear osteoclast precursors, while PIR-B defi ciency accelerates OC differentiation 
in bone marrow cells exposed to CSF-1 and RANKL [ 496 ]. Currently, it is unclear 
whether SHP-1/PIR-B complexes modulate CSF-1R and/or RANK activation. If 
present, the effect of SHP-1/PIR-B complex on CSF-1R signaling is likely to be 
indirect, as PIR-B does not interact with CSF-1R in macrophages [ 495 ,  497 ]. In 
contrast, SIRPα constitutively interacts with CSF-1R and mediates its association 
with SHP-1 [ 495 ]. SIRPα defi ciency in mice leads to reduced cortical bone mass 
and increases OC actin ring formation while not affecting osteoclastogenesis [ 498 ]. 
SHP-1 also interacts constitutively with the adaptor protein, Dok-1, and negatively 
regulates CSF-1-induced tyrosine phosphorylation of Dok-1 [ 499 ]. Dok-1 defi -
ciency does not affect bone structure, presumably because of redundancy with other 
Dok family members. However, double-defi cient Dok-1   −/−  /Dok-2   −/−   mice exhibit 
osteopenia, with increased numbers of osteoclasts. Their bone marrow cells exhibit 
increased osteoclastogenic responses at suboptimal concentrations of CSF- 1, and 
their mature osteoclasts have increased bone resorptive capacity [ 500 ]. Thus, SHP-1 
may play an important role in the negative regulation of CSF-1R signaling in OC 
precursors and mature OC.  

   CSF-1R Regulation of OC Migration and Bone Resorption 

 The CSF-1R regulates OC cytoskeletal organization, migration, chemotaxis, and 
resorption [ 501 – 503 ]. In mature human OC cultured on dentine, co-treatment with 
CSF-1 augmented RANKL-induced bone resorption by increasing the number of 
activated OCs [ 502 ]. CSF-1 facilitated RANKL-induced activation of c-Fos and 
increased Erk1/2 phosphorylation, but did not enhance NFκB nor NFATc1 activa-
tion. The MEK1 inhibitor, PD98059, partially blocked augmentation of resorption 
[ 502 ]. However, how the MEK/Erk/c-Fos pathway enhances bone resorption in 
mature human OC remains to be clarifi ed. 

 Migration and resorption represent alternative states of osteoclast behavior. In 
vitro, nonresorbing osteoclasts move on the bone surface and do not show clear 
evidence of apical–basolateral polarity. Bone-resorbing osteoclasts are nonmotile 
and form an adhesion structure known as the sealing zone between the ruffl ed bor-
der and the rest of the cell membrane [ 504 ]. The sealing zone contains F-actin-rich 
podosomes and α v β 3  integrins [ 503 ,  505 ]. Inhibition of integrin-mediated adhesion 
using echistatin, a disintegrin containing RGD motifs, leads to the disruption of the 
sealing zone and inhibition of bone resorption [ 505 ]. A structure analogous to the 
sealing zone is the peripheral podosome belt formed after plating mature osteoclasts 
on glass. When stimulated with CSF-1, mature rodent osteoclasts exhibit a rapid 
spreading and chemotactic response concomitant with a decrease in their resorptive 
capacity [ 506 ,  507 ]. The spreading response is accompanied by the dissolution of 
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the podosome belt and the reorganization of F-actin in peripheral ruffl es and peri-
nuclear punctae [ 503 ,  508 ,  509 ]. At the same time, CSF-1 induces the tyrosine 
phosphorylation and activation of multiple proteins, including c-Src [ 503 ] and PI3K 
[ 507 ,  509 ,  510 ]. Early studies indicated that the CSF-1-induced spreading and che-
motactic response are critically dependent on PI3K [ 507 ,  510 ]. However, disruption 
of the CSF-1R-p85 binding site (CSF-1R Y721F) does not suppress cytoskeletal 
remodeling or actin ring formation in osteoclasts [ 508 ]. Indeed, the simultaneous 
osteoclast-specifi c deletion of the mouse p85 α and β genes results in an osteope-
trotic phenotype associated with decreased bone-resorbing activity, but normal seal-
ing zone formation in osteoclasts cultured on mineralized matrix [ 509 ]. The bone 
resorptive defect is due to the inability of CSF-1 to activate Akt, resulting in the 
absence of a ruffl ed border and defective transport of cathepsin K-containing vesi-
cles at the plasma membrane [ 509 ]. These defects are rescued by the expression of 
constitutively active Akt. Thus, CSF-1R signaling through PI3K/Akt is required for 
the ruffl ed border formation and vesicular transport, but not for formation of the 
sealing zone. 

 In mature OC, the Y559F mutation, which abrogates the SFK-binding site, 
blocks cytoskeletal reorganization [ 508 ], and several lines of evidence suggest that 
the SFK regulating the pathway mediating CSF-1R-induced actin remodeling in OC 
is c-Src: (1) defi ciencies in Fyn or Lyn do not affect actin organization in OC[ 478 , 
 479 ]; (2) Hck controls podosome formation in pre-OC before Src expression is 
upregulated, but is not essential for podosome formation or bone resorption by 
mature OC in which Src is highly expressed [ 480 ]; and (3) Src   −/−   mature OC plated 
on glass fails to form a podosome ring, and their F-actin reorganization in response 
to CSF-1 is abolished [ 503 ]. 

 The small GTPase Wrch/RhoU was proposed as a mediator of cytoskeletal 
remodeling in OC downstream of the CSF-1R/Src pathway. The plasma membrane 
localization and activation of Wrch are suppressed by Src-mediated phosphoryla-
tion of Tyr-254 [ 511 ]. Studies in RAW264.7 cells have shown that Wrch specifi cally 
inhibits CSF-1-driven pre-OC migration and promotes OC fusion [ 477 ]. 
Overexpression of wt and constitutively active Wrch, but not of a GTPase inactive 
mutant, in mature OC leads to the reorganization of the podosomes from a periph-
eral belt confi guration to clusters and rings distributed through the adherent surface 
of the cell. However, sealing zone formation and mineralized matrix resorption 
were normal, suggesting that Wrch is more relevant for OC development than for 
their activity. 

 In osteoclasts, the activated CSF-1R stimulated formation of a SFK/c-Cbl/PI3K 
complex in a CSF-1R pTyr-559-dependent manner leading to the downstream acti-
vation of the Rho/Rac guanine nucleotide exchange factors Vav3 and Rac [ 508 ]. 
Vav3 mediates CSF-1-induced activation of Rac1 in osteoclasts [ 512 ] and is a key 
mediator of CSF-1-induced OC spreading [ 458 ]. Rac1 and 2 mediate CSF-1- induced 
chemotactic migration in preosteoclasts and mature osteoclasts [ 508 ,  513 ,  514 ]. 

 Another pathway through which CSF-1R pTyr-559-dependent activation of 
SFKs regulates OC cytoskeletal organization is mediated by DAP12 [ 486 ]. The 
phosphorylation of the ITAM motifs in DAP12 triggers the recruitment and 
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 activation of the nonreceptor tyrosine kinase, Syk, via SH2 domain-mediated 
 interactions [ 486 ]. Activated Syk phosphorylates the Src homology region 2 (SH2) 
domain- containing leukocyte protein-76 (SLP-76) adaptor which in turn recruits 
and mediates the tyrosine phosphorylation of Vav3 [ 515 ]. It is unclear whether the 
CSF-1R pTyr-559/Src/DAP12/Syk/SLP76 pathway induces OC migration, which 
would be expected to lead to a simultaneous decrease in bone resorptive capacity. 
Syk is not necessary for macrophage chemotaxis to CSF-1 [ 420 ], and deletion of 
DAP12, Syk, or SLP76 yields osteoclasts that fail to organize their cytoskeleton and 
exhibit defects in bone resorption [ 486 ,  515 – 517 ]. Furthermore, although both Syk 
and SLP-76 are necessary for CSF-1R- and adhesion-induced tyrosine phosphory-
lation of Vav3 in pre-OC, SLP76 defi ciency does not impair the activation of Rac. 
Thus, it is possible that activation of the CSF-1R/Src/DAP12/Syk pathway in 
mature OC mediates cell spreading without promoting a migratory phenotype. 
While the requirement for the CSF-1R pTyr-559/Src pathway for CSF-1-triggered 
reorganization of the OC cytoskeleton has been clearly demonstrated, it should be 
noted that CSF-1R Tyr-559 is not suffi cient to mediate CSF-1R-induced OC spread-
ing, membrane ruffl ing, and migration, which requires cooperative signals triggered 
by Tyr- 697 and Tyr-721 [ 508 ]. 

 The CSF-1R also initiates a negative feedback pathway leading to phosphoryla-
tion of Syk at Tyr-317, which promotes Syk association with Cbl, the ubiquitination 
and degradation of Syk, and attenuation of OC function [ 516 ]. The Y317F mutation 
abolishes the association of Syk with Cbl resulting in CSF-1-induced hyperphos-
phorylation of the cytoskeleton-organizing molecules, SLP76, Vav3, and PLCγ2, 
and increased resorptive capacity of the osteoclasts [ 516 ].  

   CSF-1R Signaling for OC Survival 

 CSF-1 and RANKL withdrawal triggers rapid OC apoptosis by inducing the upreg-
ulation of the proapoptotic Bcl-2 family member Bim, a process which is sup-
pressed in OC precursors by the tyrosine kinase Fyn [ 479 ] and in mature OC by the 
small GTPase Cdc42 [ 475 ]. In contrast, the activated CSF-1R was shown to induce 
Cbl-dependent ubiquitination and degradation of Bim in OC [ 518 ]. In OC precur-
sors, CSF-1 exerts antiapoptotic effects through the upregulation of the antiapop-
totic protein Bcl-X(L) which in turn inhibits caspase-9-mediated apoptosis [ 519 ]. 
CSF-1R promotes the survival of mature osteoclasts by activating mTOR/S6 
kinase through multiple pathways including SLAP, PI3K/AKT, Erk, and geranyl-
geranylated proteins [ 483 ,  520 ]. In addition to its role in OC differentiation (Sect. 
10.1.6.5.2), Mitf was shown to be necessary for the expression of the antiapoptotic 
protein Bcl-2 in the OC lineage. Since both Mitf- and Bcl2-defi cient mice are 
osteopetrotic [ 521 ], it is possible that Mitf activation by CSF-1 and RANKL also 
contributes to OC survival. Another mechanism through which CSF-1 promotes 
OC survival is by stimulating the electroneutral Na + /HCO 3  -  co-transporter, NBCn1, 
leading to alkalinization of intracellular pH and inhibition of caspase-8–mediated 
apoptosis [ 457 ].   
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10.1.6.6     CSF-1R Signal Transduction Regulated by IL-34 

 Transgenic expression of IL-34 under the control of  Csf1  promoter rescues the 
developmental defects of  Csf-1   op/op   mice to the same degree as the secreted glyco-
protein isoform of CSF-1, demonstrating that the capacity of IL-34 to support 
CSF-1R signaling for monocyte and osteoclast differentiation is comparable to that 
of CSF-1 [ 9 ]. However, studies of the phenotype and function of the macrophages 
differentiated in the presence of IL-34 or CSF-1 reveal several differences in the 
biological activity of these ligands. In human peripheral blood mononuclear cells, 
cultured (PBMC) IL-34 cannot induce macrophages with elongated morphology to 
the same extent as CSF-1, and macrophages grown in IL-34 produced more 
eotaxin-2 and less MCP-1 than those grown in CSF-1 [ 14 ]. Human CD14 +  mono-
cytes exposed to IL-34 exhibit an immunosuppressive phenotype very similar to 
that induced by CSF-1 [ 82 ]. However, transcriptional profi ling suggests that, 
although both IL-34 and CSF-1 regulate overlapping sets of genes, the effects of 
IL-34 on gene expression are dampened for about 25 % of the genes tested [ 522 ]. 
One difference, the decreased ability of IL-34 to repress CCR2, the receptor for the 
monocyte chemoattractant proteins (MCP) [ 523 ], raises the possibility of differen-
tial effects of IL-34 and CSF-1 in fi ne-tuning infl ammatory responses, since the 
MCP-1/CCR2 axis is one of the key pathways that regulate migration and tissue 
infi ltration of infl ammatory monocytes in response to infl ammation [ 524 ,  525 ]. 

 The strength and duration of CSF-1R signaling elicited by the two ligands is also 
slightly different. IL-34 exhibits a reduced ability to activate the phosphorylation of 
p70 ribosomal S6 kinases and Stat proteins in human monocyte cultures [ 14 ]. 
Moreover, using a human pre-myeloid cell line stably transfected to express human 
CSF-1R (TF-1-fms), Chihara et al. have shown that compared to CSF-1, IL-34 
induces a stronger but more transient tyrosine phosphorylation of several proteins 
including the adaptor protein p66Shc, focal adhesion kinase (FAK), and CSF-1R 
tyrosine residues 546 and 809 [ 14 ]. Thus, while signaling through the same recep-
tor, CSF-1 and IL-34 elicit quantitatively different responses.   

10.1.7     Regulation of Gene Expression by CSF-1R 

 Consistent with the roles of CSF-1R in adult physiology (Sect. 10.1.2), studies in 
mouse models have shown that among the genes upregulated by the CSF-1/CSF-R 
complex are regulators of cell survival, proliferation, and differentiation (Bcl-xL, 
c-Myc, Cyclin D1, c-Fos, JunB) [ 357 ,  526 – 529 ]; chemokines, chemokine recep-
tors, and other genes involved in the control of infl ammation (MCP-1, MCP-3, 
IP-10, IL-10 and urokinase plasminogen activator) [ 87 ,  205 ,  530 ]; as well as genes 
involved in cholesterol synthesis and effl ux (DHCR24, HMGCR, MVD, IDI1, 
FDPS, SQLE, CYP51A1, EBP, NSDHL, DHCR7, and ABCG1)[ 205 ,  530 ]. 
Representative genes repressed by the CSF-1/CSF-R complex include Toll-like 
receptors TLR1, TLR2, TLR6, and TLR9 [ 531 ] and antiatherogenic proteins 
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(apolipoprotein E, CXCR4) [ 530 ]. Global analysis of gene expression using 
 microarrays revealed that both IL-34 and CSF-1 induce in macrophages a gene 
expression signature that is similar to that of the anti-infl ammatory M2 macro-
phages [ 82 ,  87 ]. Transcriptional profi ling of human macrophages has shown that 
9,436 genes exhibited a response to CSF-1 or IL-34 of a ≥1.7-fold upregulation or 
downregulation of mRNA after 7 days in culture with minor differences in magni-
tude or direction of change between the two ligands [ 522 ].  

10.1.8     CSF-1R Internalization, Processing, and Attenuation 

 As described (Sect. 10.1.6.2.3), CSF-1 activates a CSF-1R pTyr-559/SFK/Cbl path-
way that mediates CSF-1R multiubiquitination, permitting full CSF-1R tyrosine 
phosphorylation and kinase activation. CSF-1R ubiquitination also triggers inter-
nalization of the CSF-1/CSF-1R complex, which is followed by the degradation of 
both receptor and ligand [ 217 ,  252 ,  253 ]. CSF-1R pTyr-559 signaling is necessary 
and suffi cient to trigger CSF-1-induced CSF-1R degradation as (1) CSF-1R degra-
dation was signifi cantly reduced in CSF-1R Y559F macrophages compared with 
CSF-1R WT- or CSF-1R Y807F- expressing cells and (2) the Y559AB CSF-1R 
displayed WT-like ubiquitination and degradation kinetics, whereas the Y807AB 
CSF-1R failed to undergo signifi cant degradation [ 253 ]. Degradation of the inter-
nalized CSF-1 and CSF-1R is primarily intralysosomal [ 217 ,  252 ]. 

 LPS and phorbol esters, which activate PKC, were shown to cause loss of cell- 
surface CSF-1Rs due to extracellular domain cleavage [ 532 – 535 ], and phorbol 
esters were also shown to generate a cleaved intracellular domain fragment [ 534 ]. 
Cytokines also downmodulate CSF-1Rs. These include IL-3    and GM-CSF [ 536 ] 
and the macrophage-activating cytokines, IL-2 [ 537 ] and IL-4 [ 538 ], the IL-2 and 
IL-4 effects exhibiting partial PKC and phospholipase C dependence. The macro-
phage activator, IFN-γ, does not downmodulate CSF-1Rs, but enhances the effects 
of LPS possibly through a rapid block of CSF-1R signaling [ 535 ,  538 ]. The phorbol 
ester- or LPS-induced shedding of the CSF-1R extracellular domain in response to 
macrophage activation is mediated by TNF-converting enzyme (TACE) which 
occurs between residues Gln 503  and Ser 504  [ 539 ,  540 ]. A second cleavage, by 
γ-secretase, occurs at two sites located in the CSF-1R transmembrane domain (main 
cleavage site between Leu 532  and Leu 533  and minor site between Leu 535  and Tyr 536 ) 
[ 540 ], releasing a cleaved CSF-1R intracellular domain to the cytoplasm, where it is 
ubiquitinated and rapidly degraded by the proteasome [ 541 ,  542 ]. This two-step 
process, known as regulated intramembrane proteolysis or RIPping, also occurs 
when macrophages are stimulated by a variety of TLR agonists [ 543 ]. Induction of 
CSF-1R RIPping by macrophage activators could prevent both the expansion and 
prolonged survival of tissue-destructive macrophages as well as prevent their rever-
sion to an alternatively activated (M2) state.  
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10.1.9     Perspective 

 The discovery of the new CSF-1R ligand, IL-34, provides additional mechanisms 
for CSF-1R regulation in development, immunity, and disease. As the prime regula-
tor of tissue macrophage development and maintenance, the CSF-1R is important 
for innate immunity and for critical trophic and scavenger roles played by macro-
phages in the development of many tissues. This, together with the requirement of 
the CSF-1R for osteoclast development, also confers on this receptor a central role 
in the development and progression of many infl ammatory and degenerative dis-
eases. The importance of CSF-1R-regulated tumor-associated macrophages in 
tumor progression and metastasis, even in the case of tumors not expressing the 
CSF-1, renders the CSF-1R a novel target for multiple types of cancer. The demon-
stration that dominant inactivating mutations in the CSF-1R kinase domain lead to 
ALSP provides opportunities to further understand the role of the CSF-1R in brain 
and to develop new approaches to ALSP diagnosis and treatment. The recent 
description of cell-autonomous regulation by the CSF-1R in Paneth cells and in 
neural progenitor cells indicates that much remains to be learned about the fascinat-
ing biology of this RTK, how it signals, and its disease relevance.   

10.2     FLT3 2  

10.2.1     Introduction to the FLT3 Receptor Tyrosine Kinase 

 Fms-like tyrosine kinase 3 (FLT3, also known as fetal liver kinase2 (Flk2), or 
CD135) is expressed in several hematopoietic lineages [ 547 ] and is activated by its 
cognate ligand, FLT3 ligand (FL) [ 548 ] which is expressed in soluble form or dis-
played as an active ligand on the cell surface. This class III receptor tyrosine kinase 
(RTK) is also detected in placenta, gonads, and brain [ 549 ,  550 ], where its roles 
remain to be established. In immature hematopoietic cells [ 550 ,  551 ], FLT3 controls 
the expansion, maintenance of clonogenic potential and self-renewal of early hema-
topoietic cells, and the proliferation and differentiation of dendritic cells (DC), 
B-cell progenitors, and myelomonocytic cells in a cell-autonomous fashion [ 550 , 
 552 – 554 ]. Non-cell autonomously, it regulates the activation of natural killer (NK) 
and T regulatory (T reg) cells [ 555 – 557 ]. FLT3 signaling pathways include the 
phosphoinositide 3-kinase (PI3K)/Akt and the MAPK/ERK pathways [ 558 ,  559 ]. 
Constitutively activating mutations of FLT3 occur in hematological malignancies, 
most frequently in acute myeloid leukemia (AML), where they are predictive of 
poor outcome [ 556 ,  560 ]. Unlike the ligand-activated wild-type receptor, these 
mutant receptors phosphorylate STAT5 and upregulate STAT5 targets [ 556 ,  559 ], 
activities associated with their strong transforming potential, pronounced 
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antiapoptotic effects, and suppression of myeloid cell differentiation [ 559 ,  561 , 
 562 ]. The mutant FLT3 receptors exhibit impaired maturation, accumulating as 
incompletely glycosylated proteins in the endoplasmic reticulum [ 563 ,  564 ]. This 
information, together with the elucidation of the structure of the extracellular FLT3 
receptor–FL ligand complex [ 565 ] and of the FLT3 kinase domain [ 566 ], has pro-
vided rationales for FLT3 inhibitor design. Small chemical inhibitors have been 
developed to target FLT3 folding, stabilization, activation, or biogenesis [ 567 ,  568 ].  

10.2.2     The Role of the FLT3 Receptor Tyrosine Kinase 
in Embryonic Development and Adult Physiology 

 Despite effects on development of multipotent stem cells and lymphoid differentia-
tion [ 569 ],  fl t3    −/−   mice survive to adulthood and remain healthy with a normal 
mature blood cell profi le (Sect. 10.2.4.1). Thus, possible roles of FLT3 in embry-
onic development have not been studied. Instead, studies have focused on the role 
of FLT3 in the development of DC, B cells, and T cells from hematopoietic stem 
cells (HSC) as well as in NK cell activation. In hematopoietic organs, FLT3 expres-
sion is restricted to HSC and early committed progenitors, such as lin-kit + sca-1+ 
(LSK) bone marrow cells and lin-AA4.1+ fetal liver cells, and early B lymphocyte 
subsets. FLT3 is also expressed at low levels on monocytes [ 553 ,  570 ] (Fig.  10.10 ). 
FL binding is not detected on promyelocytes, myelocytes, promonocytes, metamy-
elocytes, polymorphonuclear cells, eosinophils, or nucleated erythroid cells [ 553 ].  

  Role of FLT3 in DC Development     Dendritic cells (DC) are bone marrow-derived 
cells detected in lymphoid and most nonlymphoid tissues [ 571 ]. They are derived 
from common myeloid progenitor (CMP), from common lymphoid progenitors 
(CLP) [ 572 ], or from the recently described lymphoid-primed multipotent progeni-
tors (LMPP) that are capable of forming DC, macrophages, and lymphoid cells, but 
lack erythroid, granulocyte, or megakaryocyte potential [ 573 ] (Fig.  10.10 ). DCs are 
classifi ed into plasmacytoid DC that have the unique ability to produce type I inter-
feron during infection (pDC, or type 1 interferon-producing cells (IPC)), lymphoid- 
tissue resident or classical DC (cDC), and nonlymphoid tissue or migratory DC 
such as epidermal DC (or Langerhans cells, LC) and dermal DC [ 572 ]. With respect 
to this classifi cation, FLT3 is continuously expressed from progenitor cells to 
steady-state DC [ 574 – 577 ], and FL is considered a major, nonredundant cytokine 
required for DC development in mice [ 578 – 580 ], instructing the differentiation of 
progenitor cells into cDC and pDC [ 580 – 585 ]. Elevation of FL levels, either by 
injection or overexpression of FL, increases pDC and cDC numbers in all lymphoid 
and nonlymphoid organs [ 578 ,  586 – 588 ]. Conversely, mice with a targeted deletion 
of  fl t3l  or  fl t3  display dramatically reduced cDC, pDC, and interstitial dermal DC 
[ 578 ,  579 ], and treatment of mice with a FLT3 inhibitor dramatically reduces lym-
phoid-organ pDC and cDC [ 580 ,  589 ], demonstrating that mouse FL controls DC 
development in a FLT3-dependent manner. Constitutive depletion of DC in mice 
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using a CD11c-DTA transgene induced an increase in circulating FL, consistent 
with decreased receptor-mediated FL clearance, as well as a myeloproliferative syn-
drome, secondary to the elevated circulating FL [ 590 ]. 

 FLT3 actions in both BM progenitors and peripheral DC precursors [ 579 ,  580 , 
 589 ,  591 ] are mediated through the regulation of downstream transcription and dif-
ferentiation factors including STAT3, IRF-8, PU.1, and FLT3 itself [ 592 – 594 ]. 
PI3K-AKT and the mammalian target of rapamycin (mTOR) act downstream of 
FLT3 to control DC development and expansion [ 595 ,  596 ]. Consistent with this 
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  Fig. 10.10    Scheme showing FLT3 expression in normal hematopoiesis. Adult long-term hemato-
poietic stem cells (LT-HSCs) give rise to proliferating short-term HSCs, with limited self-renewal 
potential, that in turn generate multipotent progenitors (MPPs) committed to differentiating into 
mature cells. MPP gives rise to progenitors committed to myeloid (common myeloid progenitor, 
or CMP) or lymphoid (common lymphoid progenitor or CLP) fates. CMP further differentiates to 
megakaryocyte/erythrocyte progenitors (MEP) and granulocyte/macrophage progenitors (GMP). 
Alternatively, MPP develops into recently described lymphoid-primed multipotent progenitors 
(LMPP) that have lost megakaryocyte/erythrocyte developmental potential, but retain DC, 
myeloid, and lymphoid potential. CMP, CLP, and LMPP have DC potential that is restricted to 
progenitors expressing the FLT3 receptor ((+)). Macrophage–DC progenitors (MDP) give rise to 
monocytes (mo), macrophages (MΦ), classical DC (cDC), and plasmacytoid DC (pDC). MDP- 
derived monocytes can further differentiate into infl ammatory DC (iDC). MDP generate common 
DC progenitors (CDP), which are DC restricted, giving rise to pDC and, via pre-DC, to cDC. 
Progenitors of T cells (pro-T), B cells (pro-B), and natural killer cells (pro-NK) are also shown. 
 Solid arrows  show confi rmed pathways, whereas  dotted arrows  show suggested pathways that 
have not been formally proven. Figure adapted from [ 574 ]       
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regulation, conditional deletion of  LAMTOR 2, an activator of mTOR and ERK, in 
CD11c +  DC in mice resulted in plasma membrane accumulation of the FLT3 recep-
tor, defi cient ERK signaling from late endosomes, altered DC homeostasis (expan-
sion of pDC and cDC), and a myeloproliferative syndrome in aging mice [ 597 ].  

  Role of FLT3 in Treg Cell Development     The FL/FLT3 axis coordinates regulation of 
DC and Treg cells in vivo. In mice, DC are involved in Treg cell homeostasis. FL, by 
increasing DC, expands Treg cells [ 598 ], and loss of Treg cells increases DC divi-
sion in a FL-dependent manner [ 599 ]. Similarly, an FL-mediated increase in DC, or 
DC depletion, was associated with increases or decreases in Treg cell frequency, 
respectively [ 590 ,  598 ]. These results suggest that FL-generated DC promotes Treg 
development and that low Treg levels feedback to enhance DC production [ 600 ].  

  Role of FLT3 in NK Cell Activation     In mice, the presence of CD11c hi  DC is required 
for in vivo priming of NK cell responses to viral and bacterial pathogens [ 601 ]. 
Furthermore, maintenance of NK cells in the absence of infections requires the 
presence of a CD11c hi  DC population expressing IL-15 that mediates FL-induced 
NK cell expansion in vivo [ 602 ]. Thus, as in the regulation of Treg cells, the role of 
FL in NK cell activation is indirect, a consequence of DC support of NK effector 
function [ 603 ].   

10.2.3     The Role of the FLT3 Receptor Tyrosine 
Kinase in Human Disease 

  Role of FLT3 in Acute Myeloid Leukemia (AML)     Activating mutations in FLT3 are 
the most recurrent genetic modifi cations detected in AML, where they have prog-
nostic value and determine the choice of therapy. Two main types of FLT3 muta-
tions have been identifi ed in approximately 40 % of AML patients. These are 
in-frame internal tandem duplications (ITD) within the juxtamembrane domain and 
point mutations within the activation loop of the kinase domain. Both types of muta-
tion lead to constitutive (ligand-independent) activation of the receptor. 

 Both wild-type and mutant forms of FLT3 are highly expressed in certain hema-
topoietic malignancies, including 70–100 % of AML, acute lymphoblastic leuke-
mias (ALL), and chronic myelogenous leukemias [ 560 ,  570 ,  604 ]. FLT3–ITDs 
were detected at low frequency in myelodysplastic syndrome (MDS or preleuke-
mia), where a correlation between accumulation of FLT3 ITDs and disease progres-
sion toward leukemia was observed [ 605 ,  606 ]. Interestingly, the length of the ITD 
and the mutational load has been shown to vary among patients [ 607 ], and multiple 
studies have consistently associated higher levels of ITD mutational load with 
poorer outcomes [ 608 – 614 ]. However, the FLT3 receptor mutational status alone 
cannot fully describe the pathogenesis of AML, or predict the activity of the thera-
peutics targeting FLT3. 
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 In addition, a recent genome-wide alternative splicing screen performed on 193 
AML patients identifi ed FLT3 as one of the most spliced transcripts in approxi-
mately 70 % of AML patients compared to normal donors, with signifi cant correla-
tions between the frequency of a particular splice variant and the stage of the 
disease progression [ 615 ]. Moreover, the spleen tyrosine kinase SYK transacti-
vates FLT3 by direct binding, resulting in a protein complex, which activates MYC 
transcriptional programs. FLT3–ITD AML cells are more vulnerable to SYK inhi-
bition than FLT3–WT cells. Furthermore, SYK is indispensable for the develop-
ment of a myeloproliferative disease in a FLT3–ITD model in vivo. In this model, 
it promotes transformation to AML, suggesting that SYK regulates FLT3 enhance-
ment of AML [ 616 ].  

  Role of FLT3 in Atherosclerosis     Analysis of the non-lymphocyte population 
 present in the adult mouse aorta revealed high expression of poorly phagocytic, 
immune stimulatory CD11c + MHC II hi  DC in the normal intima [ 617 ]. The intimal 
DC were of two types: classical FLT3–FL signaling-dependent CD103 + CD11b −  DC 
and colony- stimulating factor-1 (CSF-1)-dependent CD14 + CD11b + DC-SIGN +  
monocyte- derived DC. Both types expanded during atherosclerosis, and unlike 
macrophages, the CD103 +  cDC had an athero-protective function [ 617 ].   

10.2.4     FLT3 

10.2.4.1      fl t3  Gene 

  Discovery and Cloning of the  fl t3  Gene     Two groups who employed different clon-
ing strategies [ 547 ,  551 ,  618 ] simultaneously and independently identifi ed the FLT3 
receptor. Rosnet and colleagues screened a human testis cDNA library with a human 
genomic FMS probe from the CSF-1 receptor (CSF-1R) kinase domain [ 619 ] to 
isolate a cDNA clone encoding a fragment of a RTK that was named FLT3. The 
human  fl t3  gene was mapped to chromosome 13q12.2 and further used to identify 
its mouse counterpart on chromosome 5 [ 551 ,  618 ]. In contrast, Matthews et al. 
identifi ed conserved regions within the kinase domain of several tyrosine kinase 
receptors to defi ne degenerate oligonucleotides and used a PCR-based strategy to 
screen a purifi ed murine fetal liver stem cell cDNA library to isolate a cDNA clone 
encoding a full-length receptor that was named fetal liver kinase 2 (fl k-2) [ 547 ].  

  Structure of the Genomic Locus Encoding the FLT3 Receptor     The genomic loci 
encoding the  fl t3 ,  csf1r , and  c-kit  receptors genes share overall conservation of exon 
size, number, sequence, and exon/intron boundary positions, suggesting that these 
genes have arisen from a common ancestral gene [ 620 ]. The two receptor-type tyro-
sine kinase genes  fl t1  and  fl t3  are arranged in a head-to-tail orientation, separated by 
~150 kb containing three CpG islands, two of which are associated with  fl t1  and  fl t3  
[ 621 ]. The third CpG island, in this intervening region, is part of the recently  annotated 
PAB-dependent poly(A)-specifi c ribonuclease subunit 3 (PAN3) gene (Fig.  10.11a ).   
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  The  fl t3  Gene Sequence     The human  fl t3  coding sequence contains 2,979  nucleotides 
(NM_004119.2) encoding a primary translational product of 993 amino acids 
(NP_004110.2) (Fig.  10.11b ) [ 622 ]. It possesses a polyadenylation signal 17 bp 
downstream of the STOP codon, but no poly(A) stretch. The mouse  fl t3  coding 
sequence is 3,003 nucleotides in length (NM_010229.2) coding for a 1,000-amino 
acid protein (NP_034359) (Fig.  10.12 ).   

  Isoforms of the FLT3 Receptor     Only one isoform of the FLT3 receptor has been 
reported, in mice [ 623 ]. This isoform lacks the extracellular D5 Ig-like domain as a 
result of the skipping of two exons during transcription. Although less abundant 
than the wild-type receptor, this alternative isoform, of unknown physiological sig-
nifi cance, is able to bind FL and become phosphorylated, indicating that the Flt3 D5 
domain is not necessary for either FL ligand binding or FLT3 receptor tyrosine 
kinase activation.  

  Targeted Disruption of the  fl t3  Gene     In contrast to the severe phenotypes observed 
in mice with deletions in either  Csf1r  or  c-kit  [ 624 ], adult  fl t3    −/−   mice are healthy 
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  Fig. 10.11    Genetic organization of the  fl t3  locus and domain organization of FLT3. ( a ) Human  fl t3  
is located on chromosome 13q12.2., adjacent to the  pan3  gene which separates it from the  fl t1  
gene, encoding a closely related  fl t3  family member. The  fl t3  gene consists of 24 exons ( vertical 
bars ) spanning ~97 kb, oriented at the minus strand, and encodes a full-length 3.7-kb transcript, 
with a 2,979-bp open reading frame (source: e!Ensembl. transcript ID: ENST00000241453). 
( b ) Human FLT3 protein consists of a signal peptide (SP) (aa 1–26,  black ), an extracellular domain 
(ECD) (aa 27 to 543) containing fi ve immunoglobulin-like domains (D1: aa 79–161, D2: aa 167–
244, D3: aa 245–345, D4: aa 348–434, D5: aa 435:533,  blue ), a transmembrane domain (TM) (aa 
544–563,  orange ), and an intracellular domain (ICD) (aa 597–993) comprised of a juxtamembrane 
domain (JM) (aa 591–597), an intracellular kinase domain ( yellow ) divided in two moieties, N-lobe 
(aa 618–718) and C-lobe (aa 762–962) by a hydrophilic interkinase domain (IK) (aa 719–761) 
and a short cytoplasmic tail (CT) (aa 962–993). The eight predicted N-linked glycosylation sites 
are indicated with  black diamonds  (source: UniProt). Established ( solid black lines ) and putative 
( dashed black lines , predicted by homology) disulfi de bonds are shown [ 565 ].  Green lines  indicate 
the positions of pTyr, pSer, or pThr sites detected by site-specifi c methods ( in bold ) or by MS 
analysis ( unbolded ) [ 561 ,  564 ,  658 ,  659 ,  667 ,  726 ,  727 ]       
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  Fig. 10.12    The primary structure of human and mouse FLT3. Amino acid sequence identity of the 
mouse (NCBI accession number NP_034359) and human (NCBI accession number NP_004110) 
sequences is indicated by an asterisk. Maximal alignment of protein sequence was achieved by 
introducing three gaps in the human sequence, each indicated by a  dash . Both sequences are num-
bered from the start of the signal sequence. The amino acid numbers referred to below are from the 
human sequence.  Gray-boxed  regions indicate signal peptide (aa: 1–26) and transmembrane (aa: 
542–564) domains. Open  boxes  indicate N-linked glycosylation sites. The established ( solid lines ) 
and putative ( dashed lines ) disulfi de bridges are shown in  red  [ 565 ]. The fi ve Ig-like domains 
(D1–D5) are underlined with  blue bars . The N- and C-lobes of the tyrosine kinase domain are 
within the  purple boxes . The tyrosine phosphorylation sites, detected by site-specifi c methods, are 
indicated by vertical  green bars        

 



444

with normal mature hematopoietic populations [ 569 ]. However, they are defi cient in 
primitive B-lymphoid progenitors, and bone marrow transplantation experiments 
have shown that  fl t3- defi cient stem cells have a reduced capacity to reconstitute both 
T cells and myeloid cells [ 569 ]. Taken together, this data demonstrate an important 
role for FLT3 in the development of multipotent stem cells and lymphoid differen-
tiation [ 569 ]. Choi and colleagues [ 617 ] found that genetic ablation of Flt3 in low-
density lipoprotein receptor knockout (Ldlr  −/− ) atherosclerosis prone mice correlated 
with lower numbers of classical DCs. These mice developed more severe athero-
sclerosis relative to control Ldlr  −/−  mice, and Flt3-defi cient Ldlr  −/−  mice had less 
Treg cells and more infl ammatory cytokines, IFNγ and TNFα, in the aorta. This 
identifi es an athero-protective role of FLT-3-driven DCs.  

   fl t3  Transcriptional Regulation     Three transcription regulatory proteins, Pax5, 
N-CoR, and Hoxa9, have been shown to directly bind to the  fl t3  promoter and to regu-
late  fl t3  gene expression. Pax5, a transcription factor that is essential for the restriction 
of lymphoid progenitors to the B-cell fate, directly binds to the  fl t 3 promoter within 
200 bp upstream of the transcription start site and represses  fl t 3 expression [ 625 ]. 
Thus, FLT3-mediated maintenance of multipotency of early lymphoid progenitors is 
suppressed, facilitating unilineage differentiation by Pax5 [ 625 ]. Similarly, the 
nuclear receptor corepressor (N-CoR) that is essential for the differentiation of ery-
throid cells binds the  fl t3  promoter to repress  fl t3  transcription, and posttranslational 
loss of N-CoR causes increased expression of FLT3 [ 626 ]. In contrast, Hoxa9 directly 
binds to the  fl t 3 promoter to activate  fl t3  transcription, consistent with the role of 
Hoxa9 in the positive regulation of lymphopoiesis and B-cell development [ 627 ].   

10.2.4.2     FLT3 Protein 

  Amino Acid Sequence     The FLT3 protein sequence is evolutionary conserved in 
higher vertebrates and displays all the features of a RTK [ 622 ] (Fig.  10.11b ). It has 
a 26-amino acid signal peptide, followed by an extracellular region of 541 amino 
acids comprised of fi ve Ig-like domains and bearing 9 potential asparagine-linked 
glycosylation sites [ 622 ] (Figs.  10.11b  and  10.12 ). FLT3 also contains a 21-amino 
acid transmembrane domain, and an intracellular region comprised of a short juxta-
membrane domain, a kinase domain split in two moieties by an interkinase insert, 
followed by a short cytoplasmic tail. The FLT3 protein has a calculated molecular 
mass of approximately 113 kDa. However, analysis by SDS-PAGE reveals a higher 
M r  form of 155–160 kDa, corresponding to the mature N-glycosylated protein, and 
a lower M r  species of ~130 KDa, representing the immature, high mannose- 
containing glycoprotein [ 549 ].  

  FLT3 Mutant Proteins     Two types of FLT3-activating mutations, ITDs and activat-
ing point mutations, have been identifi ed in approximately 40 % of AML patients. 
Up to 34 % of AML patient leukemic cells possess in-frame ITDs within the FLT3 
juxtamembrane domain [ 609 ,  628 ]. However, their length (6–68 amino acids) and 
position vary from patient to patient [ 610 ]. It is believed that these repeat sequences 
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serve to disrupt the autoinhibitory role of the JM domain, causing constitutive acti-
vation of FLT3. The second class of FLT3-activating mutations comprises point 
mutations, the majority occurring at the key aspartate residue 835 (D835) within the 
activation loop of the FLT3 kinase domain [ 629 ,  630 ] (see Sect. 10.2.4.3). As 
observed for both c-kit D814 [ 631 ] and CSF-1R D802 [ 632 ], FLT3 D835 mutations 
led to constitutive activation of the receptor by stabilizing the active form of the 
FLT3 activation loop [ 630 ]. The most common substitution noticed in patients was 
D835Y, but other substitutions, including D835T, D835V, D835H, D835E, and 
D835N, have also been observed [ 630 ]. Additional activating point mutations have 
been identifi ed in AML patients in which isoleucine 836 is either deleted or 
 substituted with a threonine or with a methionine and an arginine [ 609 ]. Both FLT3-
ITD and FLT3-point mutations triggered FLT3 autophosphorylation; phosphoryla-
tion of downstream ERK1/2, Akt, and STAT5; as well as upregulation and activation 
of Pim-2 kinase, PU.1, and C/EBPalpha [ 559 ,  562 ,  630 ,  633 ]. 

 Recently, a G to A transition in the splice donor site of intron 9 of the mouse  fl t3  
gene [ 603 ] was shown to generate a translation product that lacked the exon 
9-encoded amino acids Tyr 402 and Ser 403 within domain D4. This  fl t3  mutant 
allele encodes a nonfunctional FLT3 protein [ 603 ].   

10.2.4.3     FLT3 Crystal Structure and Structure–Function Studies 

  Extracellular Domain     The structure of the extracellular FLT3 receptor–FL ligand 
complex has been elucidated [ 565 ]. Using the crystallographic data and thermody-
namic analysis of complex formation, it has been shown that the FLT3–FL 
 interaction involves high-affi nity binding of the FL dimer to the Ig-like domain 3 
(D3, a.a. 346–434) of the monomeric receptor, followed by receptor dimerization 
[ 565 ]. Unique characteristics of this class III RTK–ligand complex formation 
include a small receptor–ligand interface (Fig.  10.13a,b ), ligand–receptor-binding 
preceding receptor dimerization (Fig.  10.13c ), and a distinctive D1 domain plastic-
ity (Fig.  10.13a,b ).  

 At ~900 Å 2 , the receptor–ligand interface is very compact and two times smaller 
than the measured interfaces of all other class III/V RTKs. Tight contacts are 
formed between the N-terminal domain of FL and the D3 domain of Flt3 
(Fig.  10.13a ) [ 565 ]. 

 Unlike other members of the RTKIII/V family, Flt3 does not exhibit receptor 
homotypic interactions involving the membrane-proximal D4 and D5 domains 
(Fig.  10.13b ), due to the absence of conserved amino acids located within these 
domains in the other RTKs. Analysis of the Flt3–FL complexes indicates that 
domains D4–D5 remain separated by a distance of ~20 Å in the dimerized receptor 
and do not contribute to FL dimer binding to FLT3 (Fig.  10.13b ). Although this 
study does not eliminate the possibility of homotypic interactions involving the 
trans- or juxtamembrane domains of FLT3 [ 634 ,  635 ], nor addresses the homo- and 
heterodimers formed by FLT3-ITD and wild-type FLT3 that are constitutively 
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active [ 636 ], it assists in prioritizing regions within FLT3 that could be targeted 
pharmacologically. 

 The analysis of the FLT3–FL complex also shows that FLT3 D1 (Fig.  10.13a,b ) 
is the largest and the most atypical D1 domain in the entire RTK III/V family. As it 
does not make contact with any other complex components, its role remains 
unknown, possibly mediating intermolecular interactions or stabilization of the 
unbound receptor [ 565 ]. 

 The structural analysis of the Flt3 receptor–FL ligand complex has provided 
valuable information on the extent of the FLT3–FL interaction epitope and on sites 
in the extracellular domain that can be exploited for pharmacological or antibody- 
based targeting of FLT3 activation [ 637 ] .  

  Fig. 10.13    Crystal structure of the human FLT3–FL complex and proposed mechanism of 
FL-dependent FLT3 activation. ( a ) The crystal structure of the FLT3 D1–D4 –FL complex is shown in 
ribbon representation with the twofold symmetry axis of FL oriented along the vertical axis of the 
plane. As shown, a specifi c color is assigned to each of the four FLT3 domains. Disulfi de bridges 
are shown as  yellow spheres  and N-linked glycans as  green sticks . The structural panels to the right 
show 2 alternative views of the complex with FL in ribbon representation and the receptor in sur-
face representation. ( b ) The architecture of FLT3–FL complex. Receptor ectodomains and ligand 
are colored as in  a . ( c ) The architecture of human KIT–SCF complex. Receptor ectodomains and 
ligand are colored as in  a . ( d ) Schematic of FL binding to FLT3. Activation of FLT3 is initiated by 
binding of dimeric FL to the D2–D3 interface of the extracellular FLT3 domain of a single receptor 
molecule, and this binary complex recruits a second FLT3 molecule, leading to receptor dimeriza-
tion and juxtapositioning of FLT3 cytoplasmic domains for autophosphorylation. Panels A–C from 
[ 565 ], with permission. Panel D modifi ed from [ 637 ]       
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  FLT3 Intracellular Domain     Similar to the inactive conformations of ABL [ 638 ], 
c-KIT [ 639 ], and the insulin receptor tyrosine kinase [ 640 ], the inactive conforma-
tion of the FLT3 kinase domain (H564–V958) revealed an activation loop folded 
back onto the ATP-binding cleft (loop-in conformation) that prevented substrate 
binding [ 566 ] (Fig.  10.14a, b ). The N-terminal region of the activation loop dis-
played the key Asp-Phe-Gly (DFG) motif in a DFG-out conformation in which the 
Asp side chain, required for Mg 2+  coordination of ATP, was displaced from the 
active site. By analogy, activation of FLT3 would thus entail fl ipping of the DFG 
motif and reorganization of the activation loop [ 641 ]. This process exposes an addi-
tional hydrophobic binding site adjacent to the ATP-binding site that can be inde-
pendently targeted therapeutically by type II (non-ATP-binding site) kinase 
inhibitors [ 641 ,  642 ].  

  Fig. 10.14    Crystal structure of the autoinhibited FLT3 intracellular domain. ( a ) Structure of the 
intracellular domain. Ribbon diagram showing the spatial arrangement of N ( red )- and C ( blue )-
lobes of the kinase domain, the activation loop ( green ) folded up between them, and the JM domain 
( yellow ) that nearly spans the length of molecule. All tyrosines in the JM domain and the activation 
loop are displayed as “stick” representations. ( b ) Ribbon representation of the structure of the JM 
domain and its relation to other components of FLT3. Topologically, the FLT3 JM domain can be 
divided into three components: the JM-binding motif (JM-B), the JM switch motif (JM-S), and the 
zipper segment (JM-Z). JM-B (Tyr572-Met 578), in molecular surface representation, is a short 
fi ngerlike segment that makes contact with all structural components responsible for the activation/
inactivation of the intracellular kinase domain, including the conserved glycine-rich loop located 
in the ATP-binding site, the activation loop, and the only α-helix of the N-lobe (αC) (see also  panel  
C). As rotation of the N-lobe toward the C-lobe generates the activated kinase fold, the role of 
JM-B is to stabilize FLT3 in its inactive conformation by preventing this movement through tight 
interactions with the N-lobe of the kinase domain and the N-terminal hinge of the activation loop. 
JM-S (Val579–Val592) is located externally to the C-lobe and contains the key tyrosine residues 
Tyr-589 and Tyr-591, phosphorylation of which disrupts the interaction between JM-S and the 
C-lobe leading to kinase activation (shown schematically in Fig. 4d). JM-Z (Asp593–Trp603) is 
mainly associated with the N-lobe, forming contacts with αC. Since the role of JM-Z is to correctly 
align and maintain the JM-S during transitions between the activated and inactivated states of 
FLT3, its length is critical and known to be conserved between all members of the PDGFR family. 
( c ) Active site of FLT3. Two sets of interactions involving hydrogen and salt bridges stabilize the 
FLT3 active site in its “loop-in conformation.” In the fi rst, Tyr–Lys–Glu, Tyr572 forms a hydrogen 
bond with a highly conserved Glu661, which together with Lys644 forms an ion pair known to be 
critical for ATP binding. In the second, Tyr–Arg–Asp, Tyr842, an anchoring point on the activation 
loop, is hydrogen bonded to Asp811, which forms a second ion pair with Arg834. Both tyrosines 
572 and 842 are phosphorylated in activated receptor disrupting the loop-in conformation (shown 
schematically in Fig. 4d). Figure from [ 566 ], with permission       
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 In addition to providing a rationale for inhibitor design, the structure of the 
 autoinhibited FLT3 has uncovered a crucial role of the FLT3 juxtamembrane (JM) 
domain in regulating FLT3 kinase activity. This mechanism is controlled by the 
phosphorylation state of Tyr589 and Tyr591 (Fig.  10.14b ). When phosphorylated, 
these Tyr residues remove conformational restraints in the JM domain that are 
required for its binding to the C-lobe of the kinase domain. Similarly, the ITD inser-
tions observed in AML patients offset the positioning of the JM domain relative to 
the C-lobe of the kinase domain [ 566 ], rendering FLT3 autoinhibition “leaky” [ 643 ] 
and FLT activation ligand independent [ 566 ]. 

 Stabilization of the FLT3 active site in its “loop-in conformation” is realized 
through two sets of hydrogen bonds and salt bridges established between the amino 
acids of the two conserved peptide motifs Tyr-Lys/Arg-Glu/Asp involving Tyr572 
(located in the JM domain) and Tyr842 (on the activation loop) (Fig  10.14c ). 
Consequently, tyrosine phosphorylation at 572 and 842 contributes to activation by 
disrupting these interactions. 

 The study of the crystal structure of FLT3 kinase domain has demonstrated the 
ability of FLT3 to adopt distinctive “off” states, also identifi ed for other kinases 
[ 566 ], and enabled the development of pharmacological inhibitors that selectively 
trap FLT3 in its inactive conformation [ 641 ].    

10.2.5     FLT3 Ligand (FL) 

10.2.5.1     Chromosomal Location of the  fl t3l  Gene 

 The human  fl t3l  gene maps to chromosome 19q13.3–13.4 (NC_000071.6) [ 555 , 
 644 ], and the mouse  fl t3l  gene is located on chromosome 17 (NC_000073.6).  

10.2.5.2     Structure of the  fl t3l  Genomic Locus  

 The similarities observed in the genomic organization of the c-kit ligand, CSF-1 and 
FL genes suggest that they are ancestrally related. Thus, they share the same number 
of exons with a high degree of conservation of exon size and all encode both mem-
brane-spanning and secreted isoforms [ 644 ]. The human and mouse genomic loci 
encompassing the coding region of the FLT3 ligand differ in size, with the human gene 
(5.9 kb) being larger than the mouse (4.0 kb) due to the presence of repeated sequences 
of unknown signifi cance within introns I, II, IV, V, and VI of the human locus [ 644 ].  

10.2.5.3     FL Isoforms 

 Alternative splicing of the  fl t3l  pre-mRNA yields mRNAs encoding different, active 
FL isoforms of undetermined function that fall into three main categories: cell- 
surface isoforms that are proteolytically processed, cell-surface isoforms that are 
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stable, and secreted isoforms (Fig.  10.15 ). The most prevalent human isoform, also 
identifi ed in mouse, is the full-length type I membrane-spanning molecule that 
readily undergoes extracellular domain proteolytic cleavage to generate a 158- 
amino acid biologically active glycoprotein [ 548 ,  645 ,  646 ]. Shedding of FL from 
the cell surface is metalloprotease-dependent and mainly mediated by TNFα- 
converting enzyme (TACE) [ 647 ]. A second FL isoform includes a 220-amino acid 
membrane-spanning, protease-resistant glycoprotein that arises from failure to 
splice an intron. This isoform lacks the TACE juxtamembrane proteolytic cleavage 
site and the transmembrane domain, which is replaced by a hydrophobic membrane- 
anchoring region [ 648 ]. A less prevalent third FL isoform, detected in lower amounts 
in both human [ 644 ] and mouse [ 648 ] tissues, contains an alternatively spliced sixth 
exon which introduces a stop codon near the C-terminus of the extracellular domain, 
resulting in a shorter, soluble, biologically active FL protein.   
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  Fig. 10.15    Biosynthesis and expression of FLT3 ligand isoforms. The most abundant FL isoform 
is a type I membrane-spanning glycoprotein [ 547 ] that dimerizes during biosynthesis, is processed 
in the ER and the Golgi apparatus, and predominantly released by TACE proteolytic cleavage from 
the plasma membrane. As a result of alternative splicing, at least two other isoforms arise. One 
[ 548 ] is membrane associated, via a novel hydrophobic domain, and is abundantly expressed as a 
stable cell-surface protein. The other [ 549 ], in which synthesis terminates before the transmem-
brane domain, is secreted in low amounts. All isoforms are N- and O-glycosylated (not shown), 
noncovalent dimers. The location of the TACE proteolytic cleavage is indicated       
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10.2.5.4     Targeted Disruption of the  fl t3l  Gene 

 Similar to  fl t3    −/−   mice,  fl t3l    −/−   mice are viable, breed normally, have a healthy 
appearance, and show a defect in early B-cell development [ 580 ]. However, unlike 
 fl t3    −/−   mice,  fl t3l    −/−   mice display reduced cellularity in peripheral blood, spleen, and 
BM, a decrease in splenic DC, and a lack of NK cell activity in the spleens of either 
poly IC- or IL-15-treated mice [ 580 ]. These effects are reversible upon FL adminis-
tration, confi rming that they are specifi cally due to  fl t3l  disruption. Although the 
 fl t3    −/−   mice were on a different genetic background from the  fl t3l    −/−   mice, the differ-
ence in the phenotypes between the ligand- and receptor-defi cient mice, combined 
with the broader expression pattern of FL over FLT3 [ 547 ,  551 ,  646 ,  649 ], could 
point to the existence of a second FL receptor.  

10.2.5.5     Species Specifi city of FL 

 Human and mouse FLs are able to bind to and activate the FLT3 receptor expressed 
on both murine and human cells [ 650 ]. Moreover, the human FL is active on mouse, 
rabbit, nonhuman primate, and human cells [ 555 ], indicating a lack of species- 
related specifi city.  

10.2.5.6     Binding of FL to Its Receptor 

 FL was shown to bind the FLT3 receptor on human myeloid leukemia cells with high 
affi nity ( K  d  ~ 0.1 nM) [ 554 ] comparable to the affi nities of kit ligand ( K  d  16–310 pM) 
[ 651 ] and CSF-1 ( K  d  ~ 0.1 nM) [ 217 ] for their cognate receptors on cells.   

10.2.6     FLT3 Receptor Signal Transduction 

10.2.6.1     Signaling by Wild-Type FLT3 Receptors 

 Upon binding of the FL dimer, the FLT3 receptor undergoes dimerization followed 
by RTK activation and receptor cytoplasmic domain transphosphorylation 
(Fig.  10.16 ). The phosphorylated tyrosine residues create binding sites that recruit 
signal transduction molecules containing phosphotyrosine-binding domains (i.e., 
Src homology 2 (SH2)- and phosphotyrosine-binding (PTB) domains) that mediate 
the activation of downstream signaling networks, with PI3K/Akt and RAS/MAPK 
as the main regulatory nodes (see below) [ 652 – 657 ]. Several intracellular tyrosine 
residues have been shown to be phosphorylated in the activated human (Tyr-572, 
Tyr-589, Tyr-591, Tyr-599) [ 658 ] and mouse (Tyr-572, Tyr-589, Tyr-591, Tyr-597, 
Tyr-599, Tyr-726, Tyr-768, Tyr-793, Tyr-842, and Tyr-955) [ 659 ] receptors. FLT3 
signaling from the plasma membrane is negatively regulated by protein-tyrosine 
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phosphatases (PTPs) and dual specifi city phosphatases (DUSPs) and terminated by 
adaptor-mediated receptor ubiquitination, internalization, and degradation [ 559 , 
 633 ,  654 – 656 ,  660 – 662 ].  

 Apart from the role of the juxtamembrane (JM) residues Tyr-589 and Tyr-599 in 
regulating FLT3 kinase activity (Sect. 10.2.4.3), their phosphorylation leads to the 
recruitment of the Src homology 2-containing PTP2 (SHP2 or PTPN11) and Src 
family kinases (SFK) [ 658 ]. SHP2 interaction with FLT3 is dependent on Tyr-599 
phosphorylation and enhances FL-mediated ERK1/2 activation and cell  proliferation, 
whereas negative regulation of the mitogenic response by SFK is dependent on Tyr-
589 phosphorylation [ 658 ]. 

 Similar to its binding and negative regulation of other class III RTKs, the adaptor 
protein Lnk apparently binds to FLT3 in a Tyr-572, Tyr-591, and Tyr-919 
phosphorylation- dependent manner and negatively regulates the receptor phosphory-
lation state and the downstream activation of PI3K and ERK1/2, suppressing 
FL-stimulated hematopoietic progenitor cell expansion [ 663 ]. The binding of  S rc- like  
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  Fig. 10.16    Scheme depicting FLT3 signal transduction. Binding of FL ligand dimer induces 
receptor dimerization and activation of the intracellular kinase domain, resulting in the phosphory-
lation of tyrosine residues that create binding sites for phosphotyrosine-binding domain- containing 
adaptors or enzymes, including Grb2, SHP-2, SOCS, and Cbl. These FLT3 complexes initiate 
activation of components of downstream pathways, such as AKT, MAPKs, STATs, and MDM2, 
that control FL-regulated cellular functions of cell survival, growth, proliferation, differentiation, 
and apoptosis. Locations of tyrosine phosphorylation and of receptor-binding proteins do not 
refl ect the actual sites. The connectors between pathway components do not necessarily indicate 
direct effects       
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adaptor protein (SLAP) to Flt3 appears to be Tyr-572, Tyr-793, Tyr-919, and Tyr-955 
phosphorylation dependent and results in downstream activation of Akt, ERK1/2, 
p38, and the ubiquitin ligase, Cbl, initiating Cbl-mediated receptor ubiquitination, 
internalization, and degradation [ 664 ]. Suppressors of cytokine signaling SOCS2 
[ 665 ] and SOCS6 [ 666 ] also negatively regulate FLT3 signal transduction by directly 
binding FLT3 in a Tyr-589 and Tyr-919 phosphorylation-dependent manner, blocking 
activation of ERK1/2 and STAT5, but not Akt, and also by enhancing receptor ubiq-
uitination, internalization, and degradation. The transmembrane PTP, density-
enhanced phosphatase-1 (DEP-1 or PTPRJ), identifi ed in a shRNA screen targeting 
PTPs expressed in myeloid cells [ 667 ], is a direct interactor of FLT3 that negatively 
regulates FLT3 phosphorylation and signaling [ 668 ]. DEP-1- defi cient cells displayed 
increased site-specifi c phosphorylation of Tyr-589, Tyr- 591, and Tyr-842 in response 
to FL. While DEP-1 depletion positively regulated ERK 1/2 and STAT5 activation 
and cell proliferation ex vivo, it did not allow the development of a 32D-FLT3 myelo-
proliferative disease in mice [ 650 ].  

10.2.6.2     Signaling by FLT3 Mutant Receptors 

 FLT3–ITD mutant receptors activate aberrant signaling compared to the ligand- 
activated FLT3 receptor and exhibit stronger transforming potential [ 561 ,  576 ]. 
FL-independent activity of FLT3–ITD in AML cells leads to constitutive activation 
of ERK1/2, PI3K, p38, JAK2, STAT3, STAT5A, STAT5B, Cbl, VAV, and SHP2 
[ 559 ,  633 ,  661 ,  669 ,  670 ], as well as decreased RTK ubiquitination, due to RTK 
mutations in ubiquitin ligase binding sites, or to inactivating mutations in the ubiq-
uitin ligases [ 664 ]. Apart from these mechanisms, the altered signaling mediated by 
FLT3–ITD receptors can also be contributed to by retention of the receptor as a 
high-mannose precursor in an intracellular compartment [ 671 ,  672 ]. Indeed, genetic 
ablation of endoplasmic reticulum protein retention receptor 1 (KDELR1), a protein 
that is involved in the retention of proteins in the lumen of the endoplasmic reticu-
lum, reduced FLT3–ITD-expressing 32D myeloblast-like cell proliferation, colony 
formation, and their ability to generate a leukemia-like disease in syngeneic C3H/
HeJ mice [ 563 ], identifying KDELR1 as an additional potential target for FLT3–
ITD-driven leukemias. 

 The consequences of abnormal FLT3–ITD signaling include oxidative inactiva-
tion of negative regulators of receptor signaling (e.g., DEP-1, [ 673 ]) and upregula-
tion of STAT 5 gene targets such as the PIM1/2 kinases [ 556 ,  559 ,  633 ]. One 
example of altered signaling by FLT3 mutant receptors is constitutive STAT5 acti-
vation. Increased basal levels of pSTAT5 have been shown to predict the presence 
of FLT3–ITD mutations in AML patients’ samples [ 558 ,  633 ,  674 ,  675 ], and FLT3–
ITD binding of STAT5 was shown to be dependent on Tyr-589 and Tyr-591 [ 561 ], 
suggesting a role for these residues in altered FLT3–ITD signaling. Whereas FLT3–
ITD    activates STAT5 and STAT3 [ 558 ,  633 ,  674 ,  675 ], ligand-activated FLT3 or 
activating FLT3 activation loop point mutants are comparatively weak STAT5 
 activators [ 558 ,  661 ,  675 – 678 ]. Since FLT3–ITD is a more powerful inducer of 
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myeloproliferative disease in mice than the most common activated point mutant, 
FLT3 D835Y [ 661 ], STAT5 and STAT5 target gene activation may be particularly 
important in AML carcinogenesis. 

 Recently, a comprehensive phosphoproteomic analysis of FLT3–ITD-mediated 
signaling in human AML cell lines uncovered additional relevant downstream path-
ways, including Fc epsilon RI, BCR, and CD40 signaling [ 679 ]. FLT3–ITD was 
shown to regulate tyrosine phosphorylation of approximately 200 proteins, includ-
ing cell-surface protein kinases, adaptor/scaffold proteins and phosphatases, as well 
as cytoskeletal or cytosolic proteins, including RNA processing proteins. On the 
basis of the results, the targeting of a DNA methyl transferase (DNMT1) that may 
specifi cally link FLT3–ITD activity with regulation of epigenetic events in human 
AML cells was suggested [ 667 ]. 

 The diversity of cellular modifi cations associated with FLT3 oncogenic signaling 
offers a variety of molecules and processes that can be targeted pharmacologically.  

10.2.6.3     FLT3 Signaling and Normal Homeostasis 

 Understanding how FLT3-associated networks regulate DC maturation and homeo-
stasis is relevant to our understanding of autoimmune and infl ammatory diseases, as 
well as to immune reprogramming and DC-based vaccine approaches. Relevant to the 
mechanisms connecting FL ligation and DC homeostasis, it was shown that FL acts 
on both bone marrow progenitors and peripheral DC precursors [ 579 ,  580 ,  589 ,  591 ] 
through regulation of the downstream transcription and differentiation factors STAT3, 
IRF-8, PU.1, ID2, and FLT3 itself [ 592 – 594 ]. However, lack of detailed knowledge 
of the transcriptional changes associated with defi ciencies of these transcription fac-
tors hinders their manipulation for therapeutic purposes. Importantly, PI3K–mTOR 
signaling promotes maturation [ 595 ] and facilitates anti- infl ammatory responses in 
cDC, through increased secretion of IL-10 [ 680 ,  681 ], whereas in pDC it is required 
for TLR-induced type I interferon production [ 682 ,  683 ]. Consistent with these obser-
vations, FL-induced mTOR signaling was shown to be necessary for FL-driven 
development of DC in vitro, whereas DC-intrinsic expression of PTEN restricted 
PI3K–mTOR signaling to maintain an optimal DC subset composition [ 596 ].   

10.2.7     FLT3 Selective Inhibitors 

 The high frequency of FLT3–ITD [ 612 ,  684 ] and FLT3 activation loop mutations 
[ 630 ,  685 ], the overexpression of both FL and the FLT3 receptor in human leukemic 
blasts [ 604 ,  686 ], and the elucidation of the structure of the FLT3 [ 565 ,  566 ] have 
provided a rationale for designing small molecule inhibitors or antibody-based ther-
apies targeting multiple forms of the FLT3 receptor. Small molecule inhibitors cur-
rently being developed are either indirect, targeting FLT3 folding or stabilization 
(e.g., heat shock protein (HSP)-90 inhibitors), or direct, targeting FLT3 activation 
(e.g., ATP mimetics) [ 567 ]. 
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10.2.7.1     Indirect Inhibitors of FLT3 

 Unlike its WT counterpart, FLT3–ITD requires HSP-90 protein for proper folding 
and stabilization [ 687 ], and indirect inhibition of FLT3 has been achieved by target-
ing the chaperone function of HSP-90, which reduces the levels of several proteins 
involved in cell cycle and growth factor-mediated RTK signaling [ 688 ]. These 
inhibitors suppress mitogenesis by blocking Raf-1 signaling; by destabilizing and 
reducing the cellular levels of mutant oncoproteins; by inhibiting the activity of 
survival factors, such as Akt; by inducing cell cycle arrest; and by inhibiting 
 angiogenesis, as well as tissue invasion and metastasis by decreasing the levels of 
metalloproteinases [ 689 – 691 ]. Three Hsp-90 inhibitors, the ansamycin antibiot-
ics herbimycin A (HA), geldanamycin (GM), and 17-allylamino-17- 
demethoxygeldanamycin (17-AAG) were shown to exert anticancer effects by 
binding of the N-terminus pocket of HSP90 [ 692 ]. HA [ 693 ] and 17-AAG [ 687 , 
 694 – 696 ] have been synthesized and successfully tested for in vitro activity against 
FLT3–ITD and in vivo effi cacy against AML. 17-AAG displayed the lowest hepa-
totoxicity in vivo [ 697 ,  698 ] and is in phase I/II clinical trials for the treatment of 
young patients with recurrent or refractory leukemia or solid tumors [ 688 ,  699 ] and 
in two phase III studies for the treatment of refractory multiple myeloma [ 700 ].  

10.2.7.2     Direct Inhibitors of FLT3 

 All the direct small molecule FLT3 inhibitors being developed are type I or type II 
ATP competitors [ 701 – 708 ]. No non-ATP-competitive, direct FLT3 inhibitors have 
been reported to date. 

 Type I direct FLT3 inhibitors bind in and around the region occupied by the 
adenine ring of ATP [ 701 ]. As such, their selectivity is signifi cantly affected by 
changes in the tertiary structure of the binding pocket resulting from amino acid 
changes, such as those created by FLT3–ITD mutations [ 709 ,  710 ]. However, type 
1 inhibitors may exhibit decreased selectivity due to the high sequence conservation 
between the ATP-binding domains of human TKs. In some cases, lack of selectivity 
may be an advantage. For instance, PKC412 (midostaurin, N-benzoyl-staurosporine; 
Novartis Pharma AG, Basel, Switzerland) is a multikinase inhibitor that targets 
FLT3, PKC alpha, vascular endothelial growth factor receptor 2 (VEGFR2), 
platelet- derived growth factor receptor b (PDGFRb), c-KIT, and c-FMS [ 708 ,  711 ]. 
It has potential antiangiogenic and antineoplastic activities and has been shown to 
disrupt cell cycle and inhibit proliferation, apoptosis, and angiogenesis in suscepti-
ble tumors (  www.cancer.gov/clinicaltrials    ). PKC412 is currently in phase II clinical 
trials on AML patients with FLT3–ITD (2011-003168-63, 2011-002567-17, NCI-
2013- 00868) and in phase I clinical trials on relapsed or refractory leukemia in 
children (Clinical Trials.gov, ID: NCT00079404, ID: NCT00093821) and in patients 
older than 60 (NCI-2009-01285). 

 Type II direct FLT3 inhibitors, in addition to occupying the ATP-binding site, also 
engage an adjacent hydrophobic site that is accessible only when the kinase is in its inac-
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tive confi guration [ 701 ,  704 ,  707 ] (Sect. 10.2.4.3). As such, they are expected to be more 
selective in inhibiting mutant FLT3 kinase activity and to override resistance to other FLT3 
inhibitors. For example, Weisberg and colleagues recently described fi rst- and second-
generation derivative analog type II FLT3 inhibitors that potently and selectively inhibit 
FLT3–IDT in vitro, with no apparent effect on cells harboring WT FLT3 [ 704 ,  707 ].  

10.2.7.3     Future Prospects for FLT3 Inhibition 

 AML treatment with FLT3 inhibitors, tested as single agents or in combination with 
chemotherapy, indicated that only a fraction of FLT3–ITD patients showed a clini-
cal response [ 712 – 714 ]. Unfortunately, most AML patients acquired resistance to 
these direct inhibitors, or relapsed with an increase in the mutant-to-wild-type FLT3 
ratio [ 715 – 717 ]. Furthermore, due to incomplete suppression of downstream FLT3 
signaling pathways, some FLT3–ITD patients did not benefi t from FLT3 inhibition 
treatment, despite almost complete inhibition of FLT3 autophosphorylation [ 718 –
 720 ]. Several suggestions have been made to address these and other problems 
associated with the use of FLT3 inhibitors in the treatment of AML. One approach 
is to use these inhibitors in combination with other small molecules that act syner-
gistically in vitro to inhibit FLT3 and/or other downstream signaling molecules such 
as mTOR, PI3K, and MAPK/ERK 1/2 [ 702 ,  721 ,  722 ]. Also, based on the observa-
tion that only a subset of leukemic blasts display self-renewal and are able to initiate 
leukemia in irradiated recipient mice [ 568 ,  723 ], targeting this subset is appropriate 
[ 719 ]. In addition, since interactions with the stroma (possibly involving FL) may 
be important in maintaining these leukemia-initiating cells, disrupting these interac-
tions provides a new therapeutic strategy [ 719 ,  724 ]. Finally, in view of the dra-
matic increase of circulating FL in patients post-chemotherapy, the combined use of 
inhibitors targeting both FL and FLT3 in AML could be considered [ 725 ]. Thus, it 
is likely that the treatment of AML patients whose leukemic cells express FLT3 
mutations will have to be multifaceted, to target oncogenic signaling at several lev-
els, including FLT3 phosphorylation, activation of downstream signaling molecules, 
FL expression, and the leukemia cell–stroma interaction.    

10.3     The KIT Receptor Tyrosine Kinase 3  

10.3.1     Stem Cell Factor, SCF 

 The ligand for KIT is called stem cell factor (SCF), and it is produced by several cell 
types, including endothelial cells, keratinocytes, certain epithelial cells, fi broblasts, 
and some tumor cells [ 728 ]. Under normal condition, the concentration SCF in 
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plasma is about 3 ng/ml [ 729 ]. However, it is likely that locally SCF concentrations 
may be signifi cantly different. Alternative names for SCF are steel factor (SF), mast 
cell growth factor (MGF), and KIT ligand (KITLG). SCF is a 30-kDa glycoprotein, 
although the glycosylation has not been found to be important for its biological 
activity. The functionally active form is a noncovalent SCF homodimer held together 
by both polar and hydrophobic interactions, which allow simultaneous binding to 
two KIT monomers promoting their dimerization [ 730 ]. However, each SCF sub-
unit contains disulfi de bonds important for its structure. The gene encoding SCF is 
located on human chromosome 12 (mouse chromosome 10), and it contains nine 
exons [ 731 ]. The primary sequence of SCF consists of an extracellular domain, a 
transmembrane region, and a short intracellular tail [ 732 ]. Alternative splicing of 
exon 6 generates two forms of SCF; the translation product containing exon 6 gen-
erates a 248-amino acid protein that has a cleavage site in its extracellular region 
(Val–Ala–Ala–Ser) and can be converted into a soluble 165-amino acid form by 
proteolytic cleavage (Fig.  10.17 ). In contrast, the form of SCF lacking exon 6 is 220 
amino acids long and resistant to cleavage and will remain membrane associated. 
There is a secondary cleavage site in exon 7 that may be used to release a soluble 
form of SCF [ 733 ]. Interestingly, the soluble form of SCF cannot fully compensate 
for loss of the membrane-associated form. This was illustrated in mice only express-
ing SCF with the  Sl   d   mutation (lack of transmembrane and intracellular domains) 
since these mice have macrocytic anemia and a reduced number of tissue mast cells, 
are sterile, and display pigmentation defects [ 734 ]. Conversely, the membrane- 
bound form of SCF cannot completely compensate for loss of soluble SCF. Mice 
expressing mutant SCF lacking the proteolytic cleavage site, and which thus remains 
membrane associated, showed reduced number of mast cells and increased sensitiv-
ity to sublethal irradiation [ 735 ]. Complete lack of SCF expression is embryonic 
lethal due to anemia.   

  Fig. 10.17    Stem cell factor (also called KIT ligand) exists as a noncovalent constitutive dimer. 
Two alternative splice forms exist yielding a soluble form and a membrane-bound form       
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10.3.2     KIT Gene Structure and Regulation of Its 
mRNA Expression 

 KIT is a transmembrane protein whose function is to sense the presence of SCF in 
the environment and transmit this information into the cell. The KIT gene was iden-
tifi ed as the normal homologue to the previously identifi ed viral oncogene v-Kit 
found in Hardy–Zuckerman 4 feline sarcoma virus [ 736 ]. Subsequent work showed 
the KIT gene to be at human chromosomal location 4q11 (chromosome 5 in mice) 
and span 34 kb of DNA encompassing 21 exons and that it generates a 5.5-kb tran-
script which is translated into a 145-kDa protein [ 737 ,  738 ]. The fi rst exon encodes 
the initiation codon and a signal peptide, exon 2–9 the extracellular part, exon 10 
the transmembrane domain, and exon 11–21 the intracellular domain containing the 
tyrosine kinase domain. Subsequent work showed that KIT is allelic to the white 
spotting locus (W) in mice [ 739 ,  740 ]. Mutations in the W locus result in anemia, 
reduced fertility, pigmentation defects, or lethality, depending on the identity and 
whether the mutation is hetero- or homozygous [ 734 ]. Complete loss of KIT expres-
sion leads to death in utero or perinatally, likely due to severe anemia. In addition, 
there is a testis-specifi c form of KIT that is truncated due to the use of an alternative 
promoter denoted tr-Kit [ 741 ]. 

 KIT expression is dynamic during development and controlled by a range of 
growth factors, cytokines and even vitamin A (retinoic acid) [ 728 ,  742 ]. There are at 
least two regions in the promoter for KIT that have been demonstrated to be impor-
tant in regulating its expression. In one region, located 58 bp upstream of the tran-
scription initiation codon, there are binding sites for the transcription factors AP2, 
Sp1, Ets, and Myb [ 743 ]. The other region, located 139 bp upstream of the tran-
scription initiation codon, contains binding sites for Myb and Ets2 [ 744 ]. Both Myb 
and Ets2 have been shown to be important for KIT expression in hematopoietic 
cells. The importance of AP2 for KIT expression is illustrated by the loss of KIT 
expression when AP2 is lost [ 745 ]. The impact of various transcription factors on 
KIT expression may also depend on cell type, for example, in melanocytes MITF 
has been demonstrated to regulate KIT expression [ 746 ]. In addition to transcription 
factor-mediated regulation, KIT expression is also infl uenced by microRNAs, 
which are noncoding RNAs that act as posttranscriptional regulators of protein 
expression, for example, miR-218, miR-221a, miR-222, and miR-193b [ 747 – 750 ]. 
Interestingly, MITF is a regulator of KIT, and KIT promotes miR-539 and miR-381 
expression which in turn affects MITF expression [ 751 ], thus establishing an elabo-
rate regulatory network. 

 KIT expression has been found in several cell types, including germ cells, hema-
topoietic stem cells, mast cells, melanocytes, epithelial cells, vascular smooth 
 muscle cells, and umbilical vein endothelial cells [ 752 – 755 ]. Interestingly, KIT is 
expressed on primordial germ cells and SCF has been observed along the migratory 
route for these cells suggesting an important function guiding their migration during 
embryonic development [ 753 ,  756 ,  757 ]. Similarly, KIT is believed to be essential 
for migration of melanocytes [ 758 ].  
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10.3.3     KIT Protein 

 KIT is a 145-kDa protein that belongs to subclass III of receptor tyrosine kinases, 
which also includes the PDGFRα, PDGFRβ, M-CSF-R, and FLT3 [ 759 ]. Alternative 
names for KIT are CD117, stem cell factor receptor, and c-Kit. KIT is composed of 
an extracellular ligand-binding domain and a single hydrophobic transmembrane 
helix and an intracellular tyrosine kinase domain. The extracellular domain consists 
of fi ve immunoglobulin (Ig)-like repeats, out of which the fi rst three are involved in 
ligand binding and the fourth and fi fth Ig-like repeats play an important role in 
forming a productive receptor dimer [ 328 ]. Furthermore, the extracellular domain is 
extensively glycosylated and is so in a variable manner. The transmembrane region 
is a hydrophobic α-helix. Since α-helices are rigid structures, this allows for a rota-
tional coupling between the extracellular and intracellular regions, thus making 
ligand binding able to infl uence the relative positions of the kinase domains within 
a ligand-induced receptor dimer [ 760 ]. The intracellular part of KIT contains an 
inhibitory juxtamembrane region that plays a key role in suppressing the kinase 
activity in the monomeric receptor and a kinase domain divided into two parts in the 
primary structure by an about 80-amino acid-long kinase insert sequence. A conse-
quence of ligand-induced dimerization is an extensive posttranslational modifi ca-
tion of KIT, including autophosphorylation of tyrosine residues within the 
juxtamembrane (Tyr-568 and Tyr-570), kinase insert (Tyr-703, Tyr-721, and Tyr- 
730), kinase domain (Tyr-823), and C-terminal tail of the receptor (Tyr-936) [ 743 ]. 
In addition, Tyr-900 within the kinase domain of KIT is phosphorylated not directly 
by the receptor but by Src family kinases (SFK) activated by KIT [ 761 ]. KIT tyro-
sine phosphorylation serves two main purposes: First, it stabilizes the active confor-
mation of the KIT kinase domain and, second, it allows intracellular signaling 
proteins containing domains, such as SH2 and PTB that have the ability to bind 
these tyrosine residues only when they are phosphorylated. This recruitment of sig-
naling proteins initiates intracellular signaling pathways that infl uence the activity 
of existing proteins or change gene expression. In addition, it has been observed that 
KIT is extensively serine phosphorylated both in the absence or presence of ligand, 
and the reason for this is not clear, but it is possible that the negatively charged 
phosphate groups are important for stabilizing the KIT structure and/or in facilitat-
ing substrate selection. Furthermore, PKC can phosphorylate KIT on Ser-741 and 
Ser-746 resulting in decreased KIT kinase activity, thus serving as a negative feed-
back loop to limit signaling from the receptor [ 762 ]. Besides phosphorylation (and 
glycosylation during KIT maturation), a third prevalent modifi cation is the addition 
of ubiquitin moieties on lysine residues. KIT ubiquitination is promoted by receptor 
activation and subsequent recruitment of ubiquitin ligases out of which c-Cbl is of 
particular importance [ 763 ,  764 ]. Receptor ubiquitination has been observed for 
most tyrosine kinase receptor and is linked to the downregulation process [ 765 ], 
probably by dictating the intracellular sorting pathways ultimately leading to recep-
tor degradation or in some cases recycling back to the cell surface. The process of 
ubiquitination has at least two consequences: First, it removes the positive charge of 
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the lysine residues in KIT, and second, the ubiquitin is in itself a small protein that 
also can form different types of polyubiquitin chains that can be recognized by other 
proteins and hence facilitate sorting or degradation processes depending on the par-
ticular type of polyubiquitination that takes place. 

 Stem cell factor (SCF), the ligand for KIT, can exist in two versions: one soluble 
and one transmembrane [ 766 ]. Both the soluble and transmembrane forms of SCF 
can induce intracellular signaling by promoting KIT dimerization and activation. 
However, the transmembrane SCF can in addition also anchor cells together. 

 In humans, there are two KIT splice forms created by alternative splicing between 
exons 9 and 10 [ 767 ,  768 ]. This creates two versions of KIT that differs in the absence 
or presence of a tetrapeptide sequence (Gly–Asn–Asn–Lys) in the extracellular jux-
tamembrane region. Functional studies have shown that the signaling characteristics 
of these two receptor splice forms differ; KIT containing the Gly–Asn–Asn–Lys 
sequence is activated by ligand in a slower and less intense manner, but the receptor 
remains active for a longer time period, compared to the receptor lacking the Gly–
Asn–Asn–Lys tetrapeptide [ 769 ,  770 ]. Both KIT splice forms have the same affi nity 
for the ligand [ 770 ] and identical kinase domains, suggesting that these four amino 
acids affect the relative orientation of the kinase domains and this in turn infl uences 
the signaling potency. It was recently demonstrated that adding one amino acid at a 
time to the GNNK sequence gradually decreased kinase activity, irrespective of 
whether it was GNNK or AAAA sequence added [ 771 ], which suggests that the 
actual amino acids in the peptide insert is not critical, but the length of the insert. 

 Furthermore, in postmeiotic germ cells in the testis, there is a shorter approxi-
mately 3-kb transcript that starts within intron 15, which creates a truncated 202- 
amino acid-long version denoted tr-Kit [ 741 ]. Tr-Kit is not kinase active and cannot 
bind and be activated by ligand since it is lacking the extracellular domain and the 
fi rst part of the kinase domain. Tr-Kit can be phosphorylated, and it probably func-
tions as an adaptor protein and has been shown to promote metaphase to anaphase 
transition in oocytes [ 772 ]. 

 Furthermore, through the use of alternative splice acceptor sites in humans (but 
not in mice), there exists an additional KIT variant with the absence or presence of 
a serine residue (Ser-715) in the kinase insert region [ 768 ]. The functional conse-
quence of the absence or presence of this serine residue is not understood. 

 It has been observed that the extracellular part of KIT can be released from cells 
by the action of a protease that cleaves close to the plasma membrane within the 
5th Ig-like domain of KIT [ 773 ]. The soluble extracellular fragment of KIT is 
called S-Kit. S-Kit binds ligand with the same affi nity as KIT and can thus function 
as a natural ligand trap, thereby creating another level of control of KIT signal 
transduction. 

 Deregulated KIT activity has been found in different kind of tumors due to over-
production of SCF or by mutation affecting the amino acid sequence of the receptor. 
The majority of activating mutations occur in kinase domain (exon 13), in juxta-
membrane region (exon 11), or in the extracellular domain (exon 9) [ 743 ]. These 
mutations act by promoting dimerization or by removing autoinhibitory functions.  
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10.3.4     KIT Activation 

 The mechanism of KIT dimerization and activation has been studied using both 
biochemical and structural approaches both supporting a common model. The 
ligand for KIT functions as an antiparallel homodimer where two KIT binding 
regions simultaneously are exposed. Binding of one SCF dimer to two monomeric 
KIT monomers has been suggested to be the driving force behind KIT dimerization 
[ 331 ]. It has been shown that it is the fi rst three Ig-like domains of KIT that inter-
acts with SCF by having a complementary binding surface [ 328 ]. The binding of 
SCF to KIT brings about a conformational change in the receptor allowing for 
additional interactions between Ig-like domain 4 and 5 in KIT [ 328 ]. These interac-
tions bring the two transmembrane regions and the intracellular kinase domains 
close to each allowing for enzymatic activation. Mutation of key residues involved 
in these interactions showed that although this did not affect the formation of a KIT 
dimer, it did not allow for receptor activation, suggesting that receptor dimerization 
is just the fi rst step in a process leading up to receptor activation. Antibodies 
directed against Ig-like domain 4 have been found to effectively inhibit KIT activa-
tion and SCF- driven proliferation, thus providing an alternative to kinase inhibitor 
strategies for KIT targeting in disease treatment [ 774 ]. Recently, by combining 
crystal structures with electron microscopy, it was suggested that the two KIT mol-
ecules within the dimer made close contact along the entire dimer, and the dimer 
could adopt several conformations [ 775 ]. Furthermore, in two prevalent KIT dimer 
confi gurations, the kinase domain interacted in an asymmetrical manner. In the 
related PDGFR, the transmembrane domains have been shown to have affi nity for 
each other [ 635 ], and it is likely to be the case also in KIT. The association of two 
transmembrane domains which are predicted to have rigid α-helical structure may 
also serve to put the two intracellular kinase domains in a relative orientation suit-
able for enzymatic activation. Consistent with this hypothesis, experiments with 
the related PDGFR in which artifi cial dimerization motifs were introduced in the 
transmembrane region showed that only certain orientations were compatible with 
effi cient kinase activation [ 760 ]. 

 The structure of both the inactive and active KIT kinase domain has been solved 
(Mol et al. 2004; [ 776 ]). KIT has a classical kinase fold consisting of two lobes 
with the active site located in between. These studies revealed a central role for the 
intracellular juxtamembrane region in suppressing the kinase activity. This region 
folds into the cleft between the two kinase lobes and distorts the structure in a way 
that it does not support kinase activity [ 639 ]. In the active kinase, the juxtamem-
brane region is tyrosine phosphorylated and no longer binding to the kinase 
domain [ 776 ]. Thus, phosphorylation of the juxtamembrane region of KIT is a 
major regulatory event allowing for kinase activity. There are eight tyrosine resi-
dues in KIT that become phosphorylated in vivo: Tyr-568, Tyr-570, Tyr-703, Tyr-
721, Tyr-730, Tyr- 823, Tyr-900, and Tyr-936 [ 743 ]. It has been described that the 
order in which KIT autophosphorylation occurs is not random and that tyrosine 
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residues 568 and 570 were the fi rst to be phosphorylated [ 336 ], consistent with 
their role in negatively regulating kinase activity. In contrast to many other kinases, 
autophosphorylation of the conserved activation loop tyrosine, Tyr-823 in KIT, is 
not necessary for kinase activation, but is linked to regulation of signals that pro-
mote proliferation and survival [ 777 ].  

10.3.5     KIT Downregulation 

 In order for a cell to respond in a controlled manner to KIT activation, it is essen-
tial that the intensity as well as duration of signaling is appropriate. This is achieved 
by the initiation of several and in parallel acting feedback loops that serve to 
restrain signaling output from the receptor. There are three broad categories of 
feedback mechanisms acting on KIT. First, upon KIT activation, ubiquitin ligases 
are recruited to the receptor, for example, c-Cbl and SOCS6 [ 763 ,  764 ,  778 ,  779 ]. 
These can be recruited directly to the receptor by interacting with specifi c phos-
phorylated tyrosine residues or indirectly through adaptor proteins such as Grb2, 
p85, CrkL, and SLAP [ 763 ,  764 ,  780 ]. After ubiquitination of KIT, it is internal-
ized through clathrin- coated pits and routed toward degradation in both protea-
somes and lysosomes [ 778 ,  781 ]. Importantly, while the receptor is being sorted 
toward degradation, it is able to initiate certain signaling pathways. Second, a con-
sequence of KIT stimulation is increased PKC activity which has diverse roles in 
signaling. In regard to negative regulation of KIT, it is has been found that PKC 
can phosphorylate two serine residues in the KIT kinase insert (Ser-741 and Ser-
746) and this has been associated with decreased KIT kinase activity [ 762 ]. In 
addition, PKC activation also promotes shedding of the extracellular ligand-bind-
ing domain of KIT[ 782 ]. However, the involvement of PKC in KIT signaling is 
complex; in colon cancer cells, it has been observed that activation of PKCδ 
resulted in recycling of KIT, allowing for continuous signaling [ 783 ]. Third, KIT-
induced signaling can also be restrained by dephosphorylation of tyrosine residues 
in KIT (or in downstream signaling components). The tyrosine phosphatase SHP1 
has been shown to interact with the activated KIT and negatively regulate signal-
ing ability [ 784 ,  785 ].  

10.3.6     Signaling Downstream of KIT 

 Numerous signal transduction pathways are activated downstream of KIT 
(Fig.  10.18 ). Although they are listed here as individual pathways, in reality there is 
a high level of integration of signaling between the different pathways.  
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10.3.6.1    Src Family Kinase Signaling 

 The Src family of tyrosine kinases (SFK) is a very central signal transduction com-
ponent in signaling downstream of KIT, since it feeds into several other signal trans-
duction pathways such as the Ras/Erk pathway, the PI3-kinase/Akt pathway, and 
the c-Cbl-mediated ubiquitination pathways (see above and below). 

 There are in total eight SFKs, of which three are ubiquitously expressed (Src, 
Yes, and Fyn) and others mainly expressed in the hematopoietic system (Lck, Hck, 
Lyn, Fgr, and Blk). The SFK has a domain structure consisting of membrane target-
ing domain, SH3, SH2, tyrosine kinase domain, and a carboxyterminal tail involved 
in negative regulation of SFK activity. In their inactive state, SFK is in a closed 
conformation where the kinase domain activity is inhibited. The closed conforma-
tion is stabilized through interaction of the SH2 domain with a carboxyterminal 
phosphorylation site, Tyr527, and further stabilized by interactions between the 
SH3 domain and proline-rich regions in the SFK. The SFKs are activated by molec-
ular events that interfere with these interactions, e.g., binding of phosphotyrosine 
residue to the SH2 domain or interaction between a proline-rich sequence of a pro-
tein with the SH3 domain of SFK. Dephosphorylation Tyr527 in the carboxytermi-
nal tail will also increase SFK activity. 

 Upon ligand binding, KIT becomes phosphorylated on two tyrosine residues in 
the juxtamembrane region (Tyr-568 and Tyr-570) [ 786 – 789 ]. Phosphorylated Tyr- 
568 docks to the phosphotyrosine-binding groove of the SH2 domain of SFK, while 

  Fig. 10.18    Schematic illustration of KIT tyrosine phosphorylation sites and interaction with sig-
naling proteins       
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phosphorylation of Tyr-570 strengthens the binding by providing an acidic 
 determinant [ 788 ]. This leads to displacement of the C-terminal tail of SFK from the 
SH2 domain resulting in an opening of the structure leading to increased catalytic 
activity. 

 SFK has been demonstrated to regulate activation of several signal pathways 
downstream of KIT. Several groups have implicated SFK in SCF-induced ERK1/2 
MAP-kinase activation [ 788 ,  790 ]. This has been reported to be mediated through 
phosphorylation of the Shc adaptor protein [ 788 ] as well as through phosphoryla-
tion of the scaffolding protein GAB2 [ 791 ,  792 ]. Activation of the JNK MAP-kinase 
pathway by KIT requires both PI3-kinase and SFK to act on Rac1 [ 793 ]. Several 
studies suggest that although SFKs are often viewed as one group of kinases, they 
have distinctive functions. In bone marrow-derived mast cells, which express KIT, 
Lyn was shown to be important for KIT-mediated activation of JNK and Stat3 and 
that it was a negative regulator of Akt [ 794 ]. In contrast, studies have shown that 
Fyn is important for KIT-mediated phosphorylation of the protein-tyrosine phos-
phatase SHP2 and p38, while it was dispensable for phosphorylation of either Stat3 
or Akt [ 795 ]. 

 An important aspect of SFK in KIT signaling is the fact that alternative splice 
forms of KIT display different capabilities to activate SFK. As described above, 
alternative splicing of the KIT mRNA generates two splice variants that differ by 
four amino acids in the extracellular juxtamembrane region. These two splice forms 
differ dramatically in their abilities to signal, where the form of KIT lacking the 
tetrapeptide sequence produces a stronger, more rapid, and also transient response 
[ 769 ,  770 ]. The reason for these differences was shown to depend to a large extent 
on their ability to recruit and activate SFK [ 769 ]. 

 SFK are implicated in regulation of KIT-induced proliferation. In the mega-
karyocytic cell line Mo7e, it was demonstrated that Lyn promotes the G1/S phase 
transition and proliferation, which is inhibited by the SFK inhibitor PP1 [ 786 ,  796 ]. 
The same research team also demonstrated that mast cells lacking expression of Lyn 
displayed reduced proliferation, as well as migration, compared to control cells 
[ 797 ]. These data suggest that the SFK member Lyn is important for KIT-driven 
proliferation at least in hematopoietic cells. Furthermore, Lck was found to be 
important for KIT-mediated proliferation of the small-cell lung cancer cell line 
H526 [ 787 ]. Recent studies have demonstrated the importance of the transcription 
factor MITF in KIT-mediated proliferation in melanocytes and that SFK, among 
other signaling pathways downstream of KIT, was important for MITF activation 
[ 771 ]. In contrast, using endothelial cells transfected with KIT lacking the SFK- 
binding site Tyr-568, no obvious effect on proliferation could be noted [ 788 ]. It 
should be noted, however, that the splice form used in those early studies was the 
GNNK+ isoform which is a weaker activator of SFK. 

 Several studies have implicated SFK in mediating KIT-dependent cell migra-
tion, and this has been shown to occur through different routes. On one hand, SFK 
can interact with and phosphorylate FAK which is an important regulator of focal 
adhesions or directly phosphorylate the focal adhesion protein paxillin [ 798 – 800 ]. 
The SFK Lyn has been implicated downstream of KIT in promoting migration of 
mast cells [ 797 ]. 
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 To study the importance of the SFK-binding site in KIT in vivo, knock-in mouse 
was produced that expressed KIT Y567F  and KIT Y567/569F  in place of wild-type KIT; 
corresponding to Tyr568 and Tyr570 in the human sequence, KIT Y567F  mice showed 
numbers of pro-T and pro-B cells in aged animals [ 801 ,  802 ]. In mice with both 
Tyr567 and Tyr569 mutated, there were also defects in mast cells and pigmentation 
and the mice displayed splenomegaly [ 802 ]. The difference in phenotype between 
mice carrying KIT Y567F  and KIT Y567/569F  is interesting since in vitro it has been found 
that the single and double mutants are equally incompetent in activating SFK; how-
ever, only the double mutant was unable to support a proliferative response [ 788 ]. 
However, when interpreting these data, one should keep in mind that both Tyr568 
and Tyr570 are the binding sites of many other proteins apart from SFK. Furthermore, 
the juxtamembrane region where Tyr568 and Tyr570 are located is of great impor-
tance in regulating the kinase activity of KIT. Finally, studies using low molecular 
weight inhibitors have to be interpreted with care since molecules targeting SFK 
kinase activity may also affect KIT, as has been demonstrated for the drug PP1 ini-
tially described as a SFK inhibitor but later shown to also effectively target KIT 
[ 803 ]. Additionally, SFK can contribute to the overall activity of KIT. Upon activa-
tion of KIT, there is a distinctive chronology of phosphorylation, in which the jux-
tamembrane sites, Tyr568 and Tyr570, are among the fi rst ones to be phosphorylated 
[ 336 ]. Given the fact that Lyn has been shown to contribute to the overall phos-
phorylation of KIT [ 794 ], it is not unlikely, but not yet demonstrated, that SFK is 
involved in the regulation of KIT kinase activity. 

 As outlined above, it is clear that SFKs are integral parts of the signaling systems 
that mediate many KIT-driven responses such as proliferation, survival, and migra-
tion. The role of SFK in KIT-driven responses differs between cell types, which 
probably is a refl ection of the expression profi le of SFK members and substrate 
proteins in a given cell type. There are several mutant forms of KIT that can drive 
tumor progression of which the D816V mutant is the most common. It has been 
shown that KIT D816V , in contrast to wild-type KIT, does not depend on activation of 
SFK for its ability to promote survival and proliferation [ 804 ]. This can be explained 
by the fact that the D816V mutant of KIT is not only constitutively active but also 
displays an altered substrate specifi city resembling that of Abl and SFK, hence 
explaining the reduced need of SFK [ 804 ]. This alteration in substrate specifi city of 
KIT has several consequences in that it enables the D816V mutant of KIT to phos-
phorylate additional substrates that wild-type KIT is not able to phosphorylate and 
hence alter the repertoire of activated signaling molecules [ 805 ,  806 ].  

10.3.6.2    Phosphatidylinositol 3′-Kinase Signaling 

 Multiple classes of phosphatidylinositol 3′-kinases (PI3′-kinases) exist, but recep-
tor tyrosine kinases predominantly activate class I A . Receptors with a phosphory-
lated consensus PI3′-kinase binding site (YXXM) interact with the SH2 domains of 
the regulatory subunit (p85α, p50α, p55α, p85β, and p55γ) resulting in a conforma-
tion change of the associated catalytic p110 subunit (p110α, p110β, and p110δ). 
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This altered conformation leads to activation of its lipid kinase activity [ 807 ]. 
Furthermore, translocation of PI3′-kinase to the activated receptor at the plasma 
membrane positions PI3′-kinase in close proximity of its lipid substrates. One 
important substrate of PI3-kinase is phosphatidylinositol-(4,5)-bisphosphate (PIP 2 ) 
which by phosphorylation by PI3-kinase is converted to the second messenger 
phosphatidylinositol-(3,4,5)-trisphosphate (PIP 3 ). One important function of PIP 3  is 
to recruit proteins containing pleckstrin homology (PH) domains to the membrane. 
One such molecule is the serine–threonine kinase Akt which is a key molecule 
downstream of PI3′-kinase that among other things promotes cell survival by inter-
fering with the initiation of apoptosis [ 808 ]. Interestingly, p85 has been claimed to 
be expressed at a higher level than p110 in cells [ 809 ], suggesting that p85 might 
have additional functions apart from being a regulatory subunit of PI3-kinase. 
Indeed, p85 has been demonstrated to interact with the adaptor protein CrkL as well 
as the ubiquitin ligase c-Cbl [ 810 ,  811 ]. This suggests that p85 recruitment to phos-
phorylated tyrosine residues may have functions besides regulating p110 location 
and activity, although this remains to be fi rmly established. However, more recent 
studies claim that the expression levels of p85 match those of p110 in mammalian 
cell lines and tissues [ 812 ]. 

 PI3′-kinase is activated by SCF both through direct binding to Tyr-721 in KIT 
[ 813 ,  814 ] and indirectly through binding to the tyrosine-phosphorylated scaffold-
ing protein GAB2 [ 791 ,  815 ]. GAB2 becomes tyrosine phosphorylated through 
Grb2-dependent recruitment to the receptor followed by SFK-mediated phosphory-
lation [ 792 ,  815 ]. Activated Akt promotes cell survival through different mecha-
nisms including phosphorylation of Bad, Foxo, and NF-κB. In the absence of 
survival signals, Bad heterodimerizes and thereby neutralizes the antiapoptotic pro-
teins Bcl-X L  and Bcl-2 [ 816 ]. Downstream of PI3′-kinase, Akt is activated resulting 
in Bad phosphorylation on Ser-136 [ 817 ]. This phosphorylation leads to breakage 
of the interaction between Bad and Bcl-X L , and Bad is sequestered by 14-3-3 pro-
teins [ 818 ]. Bcl-X L  can then antagonize the proapoptotic Bax protein and thereby 
block apoptosis. In U2-OS cells transfected with a mutant KIT unable to interact 
with PI3′-kinase (Tyr721 to Phe mutation), SCF could only partially protect from 
starvation-induced apoptosis compared to the wild-type receptor [ 817 ]. The tran-
scription factor NF-κB contains two subunits, p50 and p65, and is kept in the cyto-
plasm through interaction with IκB; phosphorylation of IκB results in its proteasomal 
degradation and thereby release of NF-κB which then enters the nucleus and regu-
lates gene expression [ 819 ]. Consistent with NF-κB activation, Dhandapani et al. 
[ 820 ] observed SCF-induced and Akt-dependent IκBα phosphorylation [ 820 ]. Akt 
also promotes increased cell viability by phosphorylating and thereby negatively 
regulating forkhead transcription factors [ 821 ]. Phosphorylation of forkhead tran-
scription factors (FoxO1, FoxO3, and FoxO4) leads to their retainment in the cyto-
plasm. In contrast, in the absence of phosphorylation, they bind to DNA and promote 
expression of proapoptotic genes. SCF-stimulated and Akt-mediated phosphoryla-
tion of FoxO3 is important to promote survival of hematopoietic progenitor cells 
[ 822 ]. Similarly, in mast cells, which are dependent of SCF as a survival factor, it 
was found that Akt-mediated FoxoO3a phosphorylation reduced the expression of 
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the proapoptotic Bcl-2 family member Bim [ 823 ]. Phosphorylation of Bim has been 
connected to its proteasomal degradation [ 824 ,  825 ]. 

 SCF-induced production of reactive oxygen species (ROS) will cause a transient 
inactivation of protein-tyrosine phosphatases and allow for effi cient signal trans-
duction. Treatment of megakaryocytic cell line Mo7e cells with SCF results in an 
increased ROS production, which in these cells is associated with increased glucose 
uptake [ 826 ,  827 ]. The molecular mechanism by which KIT promotes ROS produc-
tion is not clear, but for the closely related PDGF receptor, it has been shown to 
involve a PI3′-kinase-dependent translocation of cytosolic NAD(P)H oxidase sub-
units to the plasma membrane [ 828 ]. 

 Activation of PI3-kinase by KIT also promotes activation of the Tec family 
members Btk and Tec. Btk and Tec contain a PH domain and can therefore be 
recruited to the plasma membrane by PIP 3  [ 829 ]. At the plasma membrane, Btk is 
activated through phosphorylation, presumably by SFKs.  

10.3.6.3    Mitogen-Activated Protein Kinase Pathways 

 Mitogen-activated protein (MAP) kinases are activated downstream of numerous 
types of cell-surface receptors and play central roles in a multitude of biological 
processes. The MAP-kinase pathways are built up of three layers of distinctive 
kinase whose activity is induced in the plasma membrane and is transduced all the 
way to the nucleus where it regulates gene expression by phosphorylating transcrip-
tion factors. Other processes occurring in the cytoplasm, for example, translation 
and cell migration, can be regulated by MAP-kinases. The biological responses of 
MAP-kinase activation are dependent on the magnitude as well as on the duration 
of MAP-kinase phosphorylation. All eukaryotic cells have at least one type of 
MAP-kinase, and human cells contain four major groups: ERK1 and 2 (ERK1/2), 
ERK5, p38, and JNK. 

 The ERK1/2 MAP-kinases have been studied in great detail. RTKs commonly 
engage ERK1/2 by recruiting the RAS guanine exchange factor Sos to plasma 
membrane. Sos is constitutively associated with the adaptor protein Grb2 that can 
interact either directly with phosphorylated receptors or indirectly through addi-
tional proteins such as Shc. Bringing Sos into the proximity of the small GTPase 
RAS provokes a nucleotide exchange from GDP to GTP, which induces a confor-
mational change in RAS which in turn allows it to interact with downstream effec-
tors. One of the most well-characterized downstream effector of active RAS is the 
serine–threonine kinase Raf, which through the interaction with active RAS trans-
locates to the plasma membrane where Raf becomes activated through a process 
involving both phosphorylation and dephosphorylation [ 830 ]. Activated Raf phos-
phorylates and activates MEK1/2 which in turn phosphorylates and activates 
ERK1/2. Many of the proteins downstream of ERK1/2 are transcription factors, 
including c-Fos and Elk-1, but there are also cytoplasmic substrates such as the 
serine–threonine kinase Rsk. Furthermore, the presence of scaffolding proteins to 
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assemble the functional components of the MAP-kinase pathways, e.g., KSR, is of 
great importance [ 831 ]. 

 Although stimulation of KIT has been shown to activate ERK1/2, p38, JNK, and 
ERK5, most studies have been focusing on the mechanisms of activation of ERK1/2. 
Using mutant receptors defi cient in SFK activation, it has been demonstrated that 
SFK is important for SCF-induced ERK1/2 activation presumably by promoting 
Shc tyrosine phosphorylation [ 788 ]. It was suggested that the Grb2–Sos complex is 
recruited to KIT through tyrosine-phosphorylated Shc and not primarily through 
direct binding of Grb2 to the receptor. Interestingly, direct interaction sites for Grb2 
exist in KIT, i.e., Tyr-703 and Tyr-936 [ 832 ], and the relative importance of these 
versus indirect Grb2 binding via Shc is not clear. Apart from acting to recruit Sos to 
the receptor, Grb2 can also act as an adapter recruiting the scaffolding protein 
GAB2 to the receptor which in turn is phosphorylated by SFKs. Thereby, binding 
sites for PI3-kinase and SHP-2 are created, contributing to activation of PI3-kinase/
Akt pathway as well as the Ras/Erk pathway. The requirement of SFK in ERK1/2 
activation appears, however, to be cell type specifi c since erythroblasts expressing a 
KIT mutant unable to bind SFK did not display defective ERK1/2 phosphorylation, 
but rather defective JNK activation [ 833 ]. Also studies in mast cells have implicated 
SFK in activation of JNK [ 793 ,  794 ]. Furthermore, the mechanism of ERK1/2 acti-
vation downstream of KIT appears to be different in different cell types or depen-
dent on their state of differentiation; in primitive hematopoietic cells, ERK1/2 
activation is dependent on PI3′-kinase signaling and not on RAS, whereas in mature 
mast cells, activation of ERK1/2 was shown to go through RAS [ 834 ]. It is possible 
that this is achieved through activation of p21-activated kinase 1 (PAK1). PAK1 is 
activated downstream of Rac which in turn is activated in a PI3′-kinase-dependent 
manner [ 835 ]. In mast cells lacking PAK1, it was seen that SCF-induced Mek1/2 
and ERK1/2 phosphorylation was strongly suppressed, implicating a role of 
PAK1 in the activation process [ 836 ]. In a recent study using bone marrow-derived 
mast cells in which the KSR gene had been deleted, ERK1/2 phosphorylation was 
found to be reduced, but also p38 and PAK phosphorylation [ 837 ]. Several studies 
have implicated p38 in SCF-induced chemotaxis [ 836 ,  838 ,  839 ]. Ueda and cowork-
ers found that SCF-induced p38 and PI3′-kinase activation was important for Ca 2+  
infl ux, which in turn activated ERK1/2 and promoted cell migration [ 840 ]. 

 Mast cells defi cient in the SFK member Lyn were defective in JNK activation 
[ 794 ], and furthermore, mast cells lacking the SFK member Fyn have a defective 
JNK as well as p38 activation [ 795 ]. Apart from SFKs, other tyrosine kinases are 
also involved in these responses. In mast cells lacking the Fes tyrosine kinase, SCF 
was unable to promote sustained p38 activation which correlated with impaired cell 
migration [ 841 ]. It was also demonstrated that SCF-induced Fes phosphorylation is 
dependent on Fyn. 

 It has been demonstrated that activation of KIT result in a SFK-dependent phos-
phorylation of GAB2 which then recruits SHP2, and this is critical for SCF-induced 
Rac/JNK but is also partially infl uencing RAS activation [ 815 ]. Consistent with the 
requirement of GAB2 for normal SCF-induced RAS activation [ 815 ], ERK1/2 acti-
vation has been found to be decreased in mast cells lacking GAB2 expression [ 791 ]. 
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 In response to KIT activation, ERK5 is activated in a manner dependent on PI3′-
kinase activation, and the active ERK5 translocates to the nucleus [ 842 ]. In mast 
cells, it is was found that activation of KIT (as well as FcεRI) activates Mekk2, 
which in turn can promote JNK and ERK5 activations that are important for cyto-
kine production [ 843 ].  

10.3.6.4    Phospholipases C and D Signaling 

 Phospholipase C (PLC) enzymes can be found in all eukaryotic cells and function 
by hydrolyzing the polar head group from the membrane phospholipid PIP 2  generat-
ing the membrane-bound second messenger diacylglycerol (DAG) and soluble, 
negatively charged inositol-1,4,5-trisphosphate (IP 3 ). DAG interacts with effector 
proteins, e.g., certain PKC isoforms whereby it promotes their activation, whereas 
IP 3  leads to the release of Ca 2+  from internal stores in the endoplasmic reticulum. 
The PLCγ family is activated by RTKs and contains two SH2 domains that allow 
them to interact with activated tyrosine kinase receptors. Another lipase that has 
been found to be important in KIT signaling is phospholipase D (PLD). PLD hydro-
lyzes the membrane lipid phosphatidylcholine into phosphatidic acid and soluble 
choline. Phosphatidic acid is then rapidly hydrolyzed to DAG by phosphatidic acid 
hydrolase, which can activate protein kinase C. 

 PLCγ has been found to interact with phosphorylated Tyr-730 in KIT, and inter-
estingly, cell proliferation induced by membrane-bound SCF has been shown to 
depend on PLCγ association with and activation by KIT [ 844 ,  845 ]. Furthermore, 
soluble SCF was shown to be unable to active PLC. However, soluble SCF is able 
to activate phospholipase D (PLD) in a PI3-kinase-dependent manner [ 846 ,  847 ] 
and thereby indirectly activate PKC. This may be the dominating way for KIT to 
activate PKC in response to soluble SCF. Furthermore, it was found that DAG pro-
duced by PLD activation was necessary for the release of arachidonic acid from 
mast cells [ 846 ]. 

 The role of PLCγ in KIT signaling was investigated by an add-back approach 
where intracellular tyrosine residues in KIT were mutated to phenylalanine and then 
added back one at a time. It was found that adding back the PLCγ binding site in 
KIT (Tyr-730) did not have a major impact on SCF-induced proliferation or migra-
tion [ 848 ]. However, PLCγ signaling may be more important for cells stimulated by 
membrane-bound SCF as some data suggests [ 844 ,  845 ]. 

 Activation of KIT can induce a radioprotective effect and PLCγ has been found 
to be important for this. In cells expressing a mutant of KIT that is unable to bind 
and activate PLCγ or in cells treated with the PLC-γ inhibitor U73122, activation of 
KIT did not confer radioprotection [ 849 ]. It was shown that SCF-induced PLCγ 
activation blocked the production of ceramide, an inducer of apoptosis [ 849 ]. 

 Alternative splicing in sperms generates a truncated cytoplasmic form of KIT 
(tr-Kit) that lacks kinase activity [ 850 ]. Furthermore, microinjection of tr-Kit in 
metaphase II-arrested mouse eggs leads their transition into anaphase, which can be 
blocked by either U73122 or a Ca 2+  chelator [ 851 ]. Furthermore, it has been found 
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that the SFK Fyn is important in this process by causing phosphorylation of tr-Kit 
as well as of PLCγ [ 852 ]. A likely scenario is that the sperm brings the tr-Kit to the 
oocyte upon fertilization and that Fyn phosphorylates tr-Kit which in turn allows it 
to interact with and activate PLCγ. Through production of IP 3 , PLCγ then triggers 
increased intracellular calcium which in turn is necessary for oocyte activation. In 
addition, tr-Kit also promotes interaction between the RNA-binding protein Sam68 
and both Fyn and PLCγ [ 772 ].  

10.3.6.5    The Grb7 Family of Adaptors 

 Adaptor proteins contain several domains that promote specifi c interactions but 
have no enzymatic function. Since they contain multiple interaction domains, they 
can interact with several other proteins or lipids simultaneously, thereby linking 
them together in functional complexes. p85 (the regulatory subunit of PI3-kinase), 
Grb2, GAB2, and Shc are examples of adaptor proteins that already have been 
described above in the context of their involvement in certain signaling pathways. 

 The adaptor protein Grb7 contains one SH2 domain, a PH domain, and a proline- 
rich sequence. It has been shown that Grb7 can interact through its SH2 domain 
with Tyr-936 in the carboxyterminus of KIT [ 832 ]. The function of Grb7 down-
stream of KIT is not known, but studies in other systems suggest a function of 
Grb7 in cell migration (reviewed in [ 853 ]). The related adaptor Grb10 also interacts 
with KIT through its SH2 domain [ 854 ] although the exact binding site has not been 
determined. Grb10 constitutively associates with Akt, suggesting that Akt is trans-
located to the plasma membrane when Grb10 interacts with KIT and thereby facili-
tates its subsequent activation [ 854 ].  

10.3.6.6    The Lnk Family of Adaptors 

 The adaptor proteins APS, Lnk, and SH2B belong to the same family. They contain 
SH2 and PH domains and have in many systems been demonstrated to be negative 
regulators of signaling (for review, see [ 855 ]). Of these adapters, both APS and Lnk 
have been shown to interact with KIT; for Lnk, the binding site has been mapped to 
Tyr-568 [ 856 ], and for APS, this binding has been mapped to Tyr-568 and Tyr- 
936 in KIT [ 857 ]. SCF-mediated activation of ERK1/2, p38, and JNK was found to 
be negatively regulated by the adaptor protein Lnk [ 858 ]. Interestingly, since Lnk 
associates with Tyr-568, the major SFK-binding site in KIT, and since SFK have 
been implicated in ERK1/2 and JNK activation as well as regulation of protein sta-
bility through c-Cbl-mediated ubiquitination, the inhibitory effect of Lnk may at 
least partly be due to interference with SFK activation by KIT. Furthermore, Lnk 
has a conserved tyrosine phosphorylation site in its carboxyterminus that has been 
predicted to interact with c-Cbl [ 859 ]. By overexpressing Lnk in the MC9 mast cell 
line, it was proposed that Lnk serves to attenuate proliferative signaling from KIT 
[ 860 ]. The decreased proliferation correlated with reduced SCF-induced GAB2 
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phosphorylation and activation of the ERK1/2 pathway. However, expression of a 
mutant of Lnk lacking the proposed c-Cbl-binding site did not abrogate this effect. 
Thus, it is likely that other mechanisms of growth attenuation than binding of c-Cbl 
to the carboxyterminus of Lnk must exist. In contrast, bone marrow-derived mast 
cells from  lnk   −/− ,  APS   −/− , and  SH2-B   −/−  mice, respectively, did not display any impact 
in SCF-induced proliferation [ 861 ]. It is possible that the discrepancy in results 
arise from the fact that one study overexpressed the protein while the other elimi-
nated the protein. Overexpression can lead to competition with other proteins bind-
ing to the same site, while knockout might lead to compensatory upregulation of 
other proteins. Consistent with a role of Lnk as a negative regulator of KIT signal-
ing,  lnk    −/−   mice had an enhanced hematopoiesis, and specifi cally the B-cell lineage 
was increased, which was suggested to be due to an increased sensitivity of KIT 
expressing precursor cells to SCF [ 860 ,  862 ].  

10.3.6.7    The Crk Family of Adaptors 

 The Crk family of adaptor proteins, CrkI, CrkII, CrkL, and CrkIII, consists of one 
SH2 domain and one or two SH3 domains. Ligand stimulation of KIT induces phos-
phorylation of CrkL and its indirect association with KIT through the p85 adaptor 
protein [ 810 ]. CrkII is also phosphorylated by SCF and was shown to interact with 
Tyr-900 in KIT. This tyrosine residue is not an autophosphorylation site but rather a 
Src kinase phosphorylation site [ 761 ]. The functional consequence of Crk binding 
to KIT is not clear, but CrkL is known to interact with the ubiquitin E3 ligase c-Cbl, 
suggesting a possible role in KIT downregulation [ 810 ]. Binding of the nucleotide 
exchange protein C3G to Crk provides a possible link to JNK activation [ 863 ].   

10.3.7     Signaling from Oncogenic KIT Mutants 

 Expression of KIT with oncogenic mutations in cells has been shown to lead to 
SCF-independent receptor phosphorylation to support both proliferation and sur-
vival. The majority of oncogenic KIT mutations are located in exon 11 encoding 
the juxtamembrane region (e.g., KIT V560G ) or within exon 17 encoding the kinase 
domain (e.g., KIT D816V ). The exact mechanism behind the constitutive activation is 
not fully understood. One possibility is that the mutation within the kinase domain 
results in a structural change that relieves autoinhibitory mechanisms. However, 
the crystal structure of the kinase domain of KIT with an activating mutation has 
not yet been elucidated. Recently, an in silico analysis was made on the structural 
consequences of D816V mutation. This modeling suggested that mutation of 
D816 caused a structural change in the activation loop, but also a weakened the 
binding of the juxtamembrane region to the kinase domain [ 864 ]. Consequently, 
the juxtamembrane region is no longer able to effi ciently suppress the enzymatic 
activity of KIT. 
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 Several groups have compared the ability of wild-type and oncogenic mutants of 
KIT to induce signal transduction and found that they differ qualitatively. This is 
potentially important since it suggests that there might be ways to selectively target 
oncogenic signaling with less impact on the normal situation. The reason for the 
different signaling abilities can stem from changes in intracellular localization of 
the mutant KIT, altered substrate specifi city, or a combination of both. 

 It has been demonstrated that KIT with gain-of-function mutations in the kinase 
domain displays a reduced cell-surface expression, and inhibition of kinase activity 
in both KIT with juxtamembrane or kinase domain mutations restored cell-surface 
expression of receptor [ 865 ,  866 ]. Another study demonstrated that KIT D816V  was 
primarily localized to and could transmit oncogenic signals from the Golgi appara-
tus, whereas KIT trapped in the ER could not do this [ 867 ]. Although KIT D816V  has 
an increased intracellular localization, some is still surface expressed, and this has 
functional consequences. For instance, cells expressing KIT D816V  still migrate 
toward soluble SCF, indicating that signals emitted by KIT at the cell surface  control 
chemotaxis [ 868 ]. Furthermore, it has been observed that even in cells expressing 
KIT D816V , there is still a need for SCF to promote activation of Akt and ERK1/2 [ 804 , 
 869 ,  870 ]. In contrast, other pathways such as JNK, c-Cbl, and Shc were constitu-
tively activated in cells expressing KIT D816V . The reason for the dependence of intra-
cellular localization for signaling is not clear but may relate to which downstream 
substrates are available at different locations or that receptors are modifi ed (e.g., 
phosphorylated or selectively dephosphorylated) by other enzymes which are 
located only in certain compartments. 

 There is also evidence that oncogenic mutations in KIT may alter its substrate 
specifi city, which may lead to changes in signal transduction compared to that 
induced by the ligand-stimulated wild-type receptor. It has been seen that murine 
KIT D814Y  (corresponding to D816Y in the human sequence) displays altered auto-
phosphorylation pattern and peptide substrate specifi city compared to the wild-type 
receptor [ 806 ]. Consistently, another study also demonstrated that KIT D816V  dis-
played a substrate specifi city that resembled that of Src and Abl tyrosine kinases 
[ 804 ]. Consequently, the mutant KIT could activate ERK1/2 and become ubiquiti-
nated in manner that was independent on Src, whereas wild-type KIT required Src 
activity for these processes [ 763 ,  788 ]. Several proteins have been demonstrated to 
be selectively phosphorylated by KIT D816V but not by ligand-stimulated wild- 
type KIT. Recently, Sun and coworkers [ 805 ] demonstrated that the p110δ isoform 
of PI3-kinase is phosphorylated by KIT D816V, but not by wild-type KIT. This was 
also shown to be linked to the transforming capacity of the KIT D816V mutant 
which was shown to be dependent on tyrosine phosphorylation of p110δ but not its 
lipid kinase activity. The Src-like adapter protein (SLAP) was also shown to be 
selectively phosphorylated by KIT D816V [ 780 ], and this was linked to inactivation 
of SLAP-dependent recruitment of c-Cbl and the subsequent ubiquitination of KIT. 

 Several studies have tried to identify signaling pathways critical for the trans-
forming abilities of mutant KIT. One study showed that the tyrosine kinase Fes was 
important for negative regulation of Stat and positive regulation of mTor phosphory-
lation downstream KIT D816V  [ 871 ]. Furthermore, silencing of Fes expression also 
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led to a partial reduction in KIT D816V -driven proliferation. It has been demonstrated 
that PI3-kinase binding to KIT is necessary for the oncogenic properties of KIT D816V  
or the corresponding mutation D814V in the murine receptor [ 869 ,  872 ]. The impor-
tance of PI3-kinase signaling was confi rmed in a transplantation experiment where 
bone marrow cells expressing or lacking p85α were transduced by KIT D814V ; normal 
bone marrow cells were transformed, but not cells lacking p85α [ 873 ].  

10.3.8     Conclusions 

 During the last couple of decades that has passed since the KIT/SCF system was 
discovered, our knowledge about the biological role of SCF and KIT has grown. 
Today, we have detailed information about the mechanisms of signal transduction, 
about the basis of cell type-specifi c signaling, and the role of alternative splice 
forms of both SCF and KIT. Most of the knowledge of signaling downstream of KIT 
is based on studies on cell lines. Transgenic mice with either the individual signal-
ing molecules knocked out or with mutations of specifi c tyrosine residues in KIT 
have provided us with an information on the role of KIT in the physiological setting, 
but more work remains in order to provide the complete picture of the physiological 
role of these pathways. The role of membrane-bound versus soluble SCF in KIT 
signaling and the mechanisms of synergy between SCF and other cytokines deserve 
a deeper investigation. Signals of proliferation and survival transmitted through KIT 
are likely to at least partially contribute to the initiation and progression of many 
human malignancies. Thus, to summarize KIT is a suitable target for future drug 
development for the treatment of a multitude of human malignancies. The propen-
sity of tumors to develop resistance to inhibition by KIT inhibitors emphasizes the 
importance of a deeper understanding of the signal transduction molecules that are 
selectively utilized by the oncogenic mutants of KIT but not by wild-type KIT.   

10.4     Platelet-Derived Growth Factor Receptors 4  

10.4.1     Introduction 

 Platelet-derived growth factor (PDGF) α- and β-receptors (PDGFRα and PDGFRβ, 
respectively), together with the receptors for stem cell factor (SCF; Kit), colony- 
stimulating factor 1 (CSF-1; Fms), and Flt3 ligand (Flt3), form the type III class 
of protein-tyrosine kinase (PTK) receptors. Members of this family are character-
ized by fi ve immunoglobulin (Ig)-like domains extracellularly, a single pass trans-
membrane domain, and a split tyrosine kinase domain intracellularly [ 759 ]. 

4   Carl-Henrik Heldin 
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The PDGF receptor family is evolutionary related to the vascular endothelial growth 
factor (VEGF) receptor family; VEGFR1, 2, and 3, each has seven Ig-like domains 
in their extracellular parts [ 874 ]. Activation of receptors in these families occurs by 
ligand- induced receptor dimerization. 

 The aim of this chapter is to review the structural and functional properties of 
PDGFRα and PDGFRβ.  

10.4.2     PDGF Receptor Ligands 

 There are four genes encoding PDGF polypeptide chains, and the corresponding 
products make up 5 dimeric isoforms, i.e., PDGF-AA, PDGF-BB, PDGF-CC, 
PDGF-DD and the heterodimer PDGF-AB [ 875 ,  876 ]. The PDGF isoforms differ in 
their receptor-binding specifi cities; thus, the PDGFRα binds the A-, B-, and 
C-chains, whereas PDGFRβ binds B- and D-chains. This means that PDGFRα 
homodimers can be formed by PDGF-AA, PDGF-BB, PDGF-CC and PDGF-AB, 
PDGFRΒ homodimers by PDGF-BB and PDGF-DD, and PDGFRα/PDGFRβ het-
erodimers by PDGF-AB and PDGF-BB; receptor heterodimers have also been 
noted after stimulation with PDGF-CC and PDGF-DD (Fig.  10.19 ). Binding of the 

PDGF-AB PDGF-BB PDGF-DDPDGF-CC PDGF-AA

α α α β ββ

  Fig. 10.19    Schematic illustration of the specifi cities of binding of the PDGF isoforms to αα, αβ, 
and ββ receptor dimers.  Broken lines  indicate interaction of low affi nity       
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structurally related VEGF-A to PDGF receptors on bone marrow-derived 
 mesenchymal cells has also been described [ 877 ], but the physiological signifi cance 
of this fi nding remains to be elucidated.  

 PDGF-AA and PDGF-BB are synthesized as precursor molecules that are 
cleaved during synthesis by furin-like proteases and secreted as active mole-
cules. In contrast, PDGF-CC and PDGF-DD are secreted as latent precursors 
containing, in addition to the growth factor domains, also CUB domains. The 
active growth factors are released after the CUB domains are cleaved off extra-
cellularly by, e.g., plasmin; selective cleavage of PDGFR-CC also occurs by 
tissue-plasminogen activator (tPA) [ 878 ] and PDGF-DD by the closely related 
protease uPA [ 879 ]. 

 The PDGF A-chain occurs as two different splice forms; the long form, but not 
the short form, has a C-terminal basic sequence that mediates interactions with mol-
ecules at the cell membrane and in the extracellular matrix [ 880 ]. The presence of 
the basic retention motif in the long PDGF-AA version restricts its diffusion and 
promotes autocrine stimulation and stimulation of cells in the close proximity of the 
producer cell. The PDGF-B chain does not occur as different splice forms, but also 
has C-terminal basic amino acid stretches that restrict its diffusion; this retention 
motif can be removed by proteolytic processing [ 881 ]. 

 The PDGF isoforms have signifi cant sequence homology with each other and 
with members of the VEGF family, with conservation of eight cysteine residues 
involved in inter- and intrachain disulfi de bonds. Structurally, the two subunits of 
PDGF isoforms are arranged in an antiparallel manner and folded in a similar man-
ner as nerve growth factor and transforming growth factor-β isoforms despite the 
lack of sequence homology between these molecules. The structures are character-
ized by the presence of three disulfi de bridges forming a cystine knot-like structure, 
in which one of the disulfi de bridges passes through the hole created by the other 
two and their neighboring amino acid sequences [ 882 ,  883 ].  

10.4.3     PDGF Receptor Genes 

 The human PDGFRα gene is located on chromosome 4q12, close to the genes for 
the SCF receptor and VEGF receptor 2 [ 884 ]. It spans 65 kb and contains 23 exons 
[ 885 ] and encodes a protein of 1,089-amino acid residues, including a 23-amino 
acid residue long signal sequence [ 886 ,  887 ]. 

 The human PDGFRβ gene is located on chromosome 5 [ 888 ], close to the CSF-1 
receptor gene [ 889 ]. It spans 149.5 kb and contains 23 exons [ 890 ] and encodes a 
protein of 1,106-amino acid residues, including a 32-amino acid residue long signal 
sequence [ 888 ].  
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10.4.4     PDGF Receptor Proteins 

 The PDGFRα and PDGFRβ are single transmembrane-spanning membrane 
 proteins, each with fi ve immunoglobulin-like domains extracellularly and a tyro-
sine kinase domain intracellularly with a characteristic inserted sequence of about 
100- amino acid residues without homology to kinases. Including glycosylation, 
the molecular masses of PDGFRα and PDGFRβ are about 170 and 180 kDa, 
respectively. 

 The sequence conservation between the two receptors is high in the kinase and 
juxtamembrane domain, but lower in the extracellular domain, the kinase insert, and 
the C-terminal tail. In response to ligand stimulation, the receptors undergo phos-
phorylation and ubiquitination (see further below).  

10.4.5     PDGF Receptor Activation and Signaling 

 PDGF receptors are activated by ligand-induced dimerization. The dimeric ligands 
bind to Ig domains 2 and 3 and dimerize the receptors in a symmetric manner 
 [ 891 – 894 ]. Whereas ligand binding initiates receptor dimerization, the receptor 
dimers need to be stabilized by direct interactions between Ig domains 4 and 5 in 
order for effi cient activation to occur [ 329 ,  895 ]. 

 After dimerization, the intracellular parts of the receptors are juxtaposed, allow-
ing phosphorylation in trans between the receptors in the dimer. Thereby, certain 
tyrosine residues in the receptors are autophosphorylated. In the PDGFRα and 
PDGFRβ homodimers, 10 and 11 autophosphorylation sites have been identifi ed 
(Fig.  10.20 ; [ 896 ]). Interestingly, the autophosphorylation sites in the PDGFRα/
PDGFRβ heterodimer differ slightly from those of the homodimers, which is of 
functional importance (see below).  

 The autophosphorylation has two important functions. First, autophosphoryla-
tion occurs in certain regions of the receptors that are involved in keeping the kinase 
inactive, including the activation loop in the kinase domain [ 897 ], the  juxtamembrane 
region [ 898 ], and the C-terminal tail [ 899 ]; autophosphorylation in these regions 
causes conformational changes that open up the catalytic site of the kinases allow-
ing access of ATP and protein substrates. Second, autophosphorylation of specifi c 
tyrosine residues creates docking sites for SH2-domain-containing signaling mole-
cules. SH2-domains can recognize phosphorylated tyrosines in certain environ-
ments; in particular, the 3–6-amino acid residue C-terminal of the phosphorylated 
tyrosine is important for binding specifi city [ 900 ]. The PDGF receptors have been 
found to bind about ten different families of SH2-domain-containing molecules 
(Fig.  10.20 ; [ 896 ]). 

 Some    SH2-domain-containing molecules that bind to the PDGF receptors have 
intrinsic enzymatic activities, e.g., members of the Src family of tyrosine kinases 
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[ 901 ,  902 ], the tyrosine phosphatase SHP-2 [ 903 ,  904 ], and phospholipase C-γ 
[ 905 ]. In addition, PDGFRβ, but not PDGFRα, binds the GTPase protein (GAP) for 
Ras [ 906 ]. 

 Other PDGF receptor binders are adaptor proteins without intrinsic enzymatic 
activity. Some of these form stable complexes with enzymes, e.g., Grb2, which 
occurs in a complex with the nucleotide exchange molecule SOS1 that activates Ras 
[ 907 ]. In addition, the α- and β-p85 regulatory subunits of the phosphatidylinositol 
3′-kinase (PI3-kinase) occur in complexes with the catalytic α- or β-110 catalytic 
subunits [ 908 – 910 ]. Other adaptors, including Nck, Shc, Crk, Grb7, Grb10, Grb14, 
and GAB, mediate interactions with other downstream signaling molecules [ 896 ]. 
Certain members of the STAT family of transcription factors also bind to and are 
activated by the PDGF receptors [ 911 ]. 

 There are also examples of molecules without SH2 domains that bind to PDGF 
receptors. Examples include the PDZ domain molecule NHERF, which binds to the 
C-terminal end of PDGFRβ and enhances receptor signaling [ 912 – 915 ]. Since the 
C-terminal sequences of PDGFRα and β are completely conserved, it is likely that 
NHERF also binds PDGFRα. Moreover, the adaptor molecule Alix has been shown 
to bind to PDGFRβ and to facilitate the binding of the ubiquitin ligase Cbl [ 916 ]. 
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  Fig. 10.20    Schematic illustration of autophosphorylation sites in αα and ββ receptor dimers and 
their specifi cities for binding of SH2 domain proteins       
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 Attempts have been made to elucidate which of the signaling pathways activated 
by PDGF receptors that mediate the different responses observed, e.g., stimulation 
of cell proliferation, migration, and survival. This has turned out to be more diffi cult 
than anticipated, due to cell type differences and to an extensive cross-talk between 
different signaling pathways [ 917 ]. In general, activation of Ras and the down-
stream Erk MAP-kinase pathway, Src leading to activation of the transcription fac-
tor Myc, and PLCγ leading to activation of protein kinase C isoforms, have been 
shown to be important for the stimulation of cell proliferation. Activation of PI3-
kinase has been found to be of particular importance for the antiapoptotic and motil-
ity responses of PDGF [ 875 ]. 

 Signaling via PDGF receptors is carefully controlled. Thus, in the early phase of 
stimulation, various mechanisms assure that the signal rapidly reaches a high level. 
Examples include inhibition of tyrosine phosphatases which enhances tyrosine 
phosphorylation. This occurs by a PI3-kinase-dependent production of reactive 
oxygen species that react with a cysteine residue of the active sites of phosphatases 
and inactivate them [ 918 ,  919 ]. Another amplifi cation mechanism is the ubiquitina-
tion and proteasomal degradation of MAP-kinase phosphatase-3 (MKP3), which 
dephosphorylates and deactivates Erk MAP-kinase; removal of this phosphatase, 
which occurs in an Erk MAP-kinase-dependent manner, is needed for an effi cient 
Erk MAP-kinase activation [ 920 ]. 

 There are also mechanisms that negatively modulate PDGF receptor signaling. 
Thus, at the same time as Grb2/SOS1 binds, directly or indirectly, to the PDGF 
receptors leading to activation of Ras and Erk MAP-kinase, RasGAP also binds to 
PDGFRβ and counteracts Ras activation [ 906 ]. The fact that PDGFRα does not bind 
RasGAP has as consequence that PDGF-AA activates Erk MAP-kinase more rap-
idly and effi ciently compared to PDGF-BB [ 921 ]. Interestingly, Tyr771 in PDGFRβ 
which mediates binding of RasGAP is more effi ciently phosphorylated in a PDGFRβ 
homodimer than in a PDGFRα/PDGFRβ heterodimer. Thus, the heterodimeric 
receptor induces a more effi cient activation of Ras and the Erk MAP-kinase than the 
PDGFRβ homodimer; this may explain why PDGF-AB is a stronger mitogen than 
PDGF-BB for fi broblasts [ 922 ]. 

 Another modulatory mechanism is exerted by the tyrosine phosphatase SHP2, 
which binds to PDGF receptors and dephosphorylates the receptors and their sub-
strates [ 903 ], thus exerting a negatively modulatory effect on PDGF signaling. 
However, SHP2 also positively modulates signaling, e.g., by dephosphorylating the 
C-terminal inhibitory phosphorylation site in Src, thereby activating Src [ 923 ]; it 
can also act as an adaptor which after tyrosine phosphorylation binds Grb2/SOS1, 
thus promoting Ras activation [ 924 ]. 

 Signaling via PDGF receptors is also modulated by interaction with other 
 cell- surface receptors. Thus, PDGF receptors interact with integrins, which enhance 
signaling [ 925 ], and with the hyaluronan receptor CD44, which suppresses 
signaling [ 926 ].  
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10.4.6     PDGF Receptor Internalization, Processing, 
and Attenuation 

 After ligand binding, PDGF receptors are accumulated in coated pits at the cell 
membrane and are internalized in a clathrin- and dynamin-dependent manner; the 
internalization is partly dependent on the kinase activity of the receptors [ 927 ], and 
signaling continues in endosomes [ 928 ]. Receptor internalization is promoted by 
ubiquitination of the receptor by the ubiquitin ligase Cbl; further polyubiquitination 
of the receptors marks them for degradation in lysosomes [ 929 ]. Cbl itself is also 
subjected to ubiquitination and subsequent degradation in proteasomes, a process 
which is promoted by Alix [ 916 ]. 

 The degradation of the PDGF receptors after ligand-induced activation is an 
important control mechanism to assure an appropriate level of stimulation. There 
are, however, sorting mechanisms which can promote recycling of the PDGF 
receptors to the cell surface. One such mechanism is exerted by activation of PLCγ 
via enhanced phosphorylation of Tyr1021 in PDGFRβ in cells defi cient in the 
TC-PTP phosphatase [ 930 ]. Interestingly, recycling of PDGFRα was not observed 
in these cells. The mechanism involves activation of protein kinase C downstream 
of PLC-γ [ 931 ]. 

 Another mechanism was found to involve overactivity of the PI3-kinase pathway. 
Thus, in cells transformed with Ras or stimulated by EGF, PDGF-induced autophos-
phorylation of PDGFRβ was enhanced; the enhanced activation of PI3- kinase pro-
moted internalization of the receptor by macropinocytosis, which is accompanied by 
increased recycling [ 932 ]. In both cases, the increased receptor recycling was accom-
panied by increased amplitude and duration of receptor activation. Thus, modulation 
of receptor sorting mechanisms can affect signaling via PDGF receptors.  

10.4.7     Role of PDGF Receptors in Embryonic Development 

 Studies on mice with the genes for PDGF ligands or receptors knocked out have 
unraveled important functions for PDGF signaling to promote proliferation, migra-
tion, and differentiation of specifi c cell types during embryonal development [ 876 ]. 
Often, PDGF isoforms are produced by epithelial or endothelial cells and act in a 
paracrine manner on nearby mesenchymal cells, such as fi broblasts, pericytes, and 
smooth muscle cells [ 876 ,  933 ]. PDGFRα and PDGFRβ have been found to have 
distinct roles during embryonal development. In order to explore whether these 
differences are due to different expression patterns or to different signaling capaci-
ties of the two receptors, Klinghoffer et al. [ 934 ] swapped the intracellular parts of 
the kinase domains of the receptors; whereas loss of the cytoplasmic part of 
PDGFRα could be rescued by the cytoplasmic part of PDGFRβ, the intracellular 
part of PDGFRα only partially rescued the loss of the PDGFRβ intracellular part. 
Thus, both the expression patterns and the signaling capacities account for the dif-
ferent roles of PDGFRα and PDGFRβ during embryonal development. 
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10.4.7.1    PDGFRα 

 Based on the use of dominant negative constructs and low molecular weight  receptor 
kinase inhibitors, PDGF-AA and PDGFRα have been shown to have important roles 
during gastrulation in  Xenopus  [ 935 ] and sea urchins [ 936 ], as well as in the formation 
of mesendodermal cell protrusions and cell polarization in zebra fi sh embryos [ 937 ]. 

 During mouse development, PDGF-A and PDGFRα are co-expressed in the 
blastocyst inner cell mass [ 938 ]. Knockout of PDGF-A or PDGFRα genes leads to 
severe impairment of early mesenchymal derivatives in both embryo and extraem-
bryonic tissues [ 939 ]; depending on genetic background, a portion of these animals 
die before or at E10.5. PDGFRα    knockout mice show defects in neural crest mesen-
chyme derivatives, including the cardiac outfl ow tract and the thymus, as well as 
skeletal components in the facial and other regions affecting the development of the 
palate and teeth [ 940 – 943 ]. 

 Those PDGF-A knockout mice that survive birth were found to develop lung 
emphysema; PDGFRα-positive alveolar myofi broblast precursors were found not 
to migrate to the alveolar saccules [ 944 ,  945 ]. In addition, knockout of PDGF-A or 
PDGFRα was found to perturb the interaction between the PDGFRα expressed by 
mesenchymal cells of different kinds and the ligand expressed by neighboring epi-
thelial cells. The defects seen include abnormal development of gastrointestinal villi 
[ 946 ], skin blistering [ 940 ], reduced hair development [ 947 ], and abnormal devel-
opment of Leydig cells of the testis [ 948 ,  949 ].   

10.4.7.2     PDGFRβ 

 Knockout of PDGF-B or PDGFRβ genes unraveled important roles of signaling via 
PDGFRβ for the recruitment of pericytes and smooth muscle cells to blood vessels 
[ 950 ,  951 ]. Thus, PDGF-BB is produced by endothelial cells and stimulates 
PDGFRβ-expressing pericytes and smooth muscle cells [ 952 – 954 ]. In particular, 
PDGF-BB is secreted by the tip cells that lead the angiogenic sprout [ 955 ]. PDGF   -B 
or PDGFRβ knockout mice die at E16-E19, due to impaired glomeruli function in 
the kidneys because of developmental defect of mesangial cells [ 950 ,  951 ,  956 ], 
capillary aneurysm [ 954 ], cardiac defects [ 957 ], and placental defects [ 958 ]. A role 
for PDGFRβ in the early development of hematopoietic/endothelial precursors has 
also been demonstrated; activation of PDGFRβ in these cells drives differentiation 
toward endothelial cells [ 959 ].  

10.4.8     Role of PDGF Receptors in Adult Physiology 

 PDGF-BB has been shown to stimulate wound healing [ 960 ,  961 ]. Presumably, 
both PDGFRα and PDGFRβ are involved in the response, since these receptors are 
expressed by several cell types involved in wound healing, including fi broblasts, 
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smooth muscle cells, neutrophils, and macrophages [ 962 ]. PDGF isoforms released 
from blood platelets or other cells recruit these cell types to the wounded area. 
PDGF also contributes to wound healing by stimulating the production of matrix 
molecules (reviewed by 3). 

10.4.8.1    PDGFRα 

 A potentially important function for PDGFRα was recently reported, i.e., to pro-
mote proliferation of insulin-producing β-cells in juvenile pancreatic islets [ 963 ].  

10.4.8.2    PDGFRβ 

 PDGFRβ controls the interstitial fl uid pressure of tissues and thus counteracts 
edema formation [ 964 ]. A possible mechanism is that stromal fi broblasts and myo-
fi broblasts make contacts with collagen fi bers via their integrins and that PDGFRβ 
activation induces contraction of the cells, which controls the interstitial fl uid pres-
sure [ 965 ].   

10.4.9     Roles of PDGF Receptors in Human Disease 

 Overactivity of PDGF receptors has been found to contribute to tumor progression, 
as well as to the progression of other diseases characterized by increased cell prolif-
eration, such as atherosclerosis and fi brosis. 

 Whereas certain diseases can be ascribed to overactivity of either PDGFRΑ or 
PDGFRβ (see below), overactivity of both receptors probably contribute to the 
development of fi brotic diseases, such as lung fi brosis, liver cirrhosis, glomerulone-
phritis, and myelofi brosis [ 966 ]. During chronic infl ammation, macrophages and 
other cell types secrete growth factors and cytokines which act on mesenchymal 
cells and upregulate PDGF receptors. In response to PDGF stimulation, these cells 
then proliferate and produce matrix molecules, thus contributing to fi brosis. 
Knock-in of constitutively active PDGFRα mutants was found to promote a pro-
gressive fi brotic phenotype of many organs [ 967 ], and knock-in of similar PDGFRβ 
mutants was found to lead to an enhanced wound-healing response in the skin and 
the liver [ 968 ]. These fi ndings support the notion that enhanced signaling via PDGF 
receptors promotes fi brosis. 

10.4.9.1    PDGFRα 

 The PDGFRα gene is mutated in certain malignancies. About 5 % of gastrointesti-
nal stromal tumors (GIST) show point mutations in the PDGFRα gene. The muta-
tions affect the control mechanisms that keep the kinase activity inhibited, leading 
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to a constitutively active kinase [ 969 ]. Similar activating point mutations in the 
PDGFRα gene have been observed in hypereosinophilic syndrome [ 970 ]. In this 
syndrome, and in systemic mastocytosis, the PDGFα gene is also often fused to the 
FIP1L gene [ 971 – 973 ]. The resulting fusion proteins have constitutively active 
kinases as a result of the juxtaposition of the receptor kinases, as well as by the loss 
of regulatory sequences in the juxtamembrane [ 974 ] and transmembrane [ 975 ] 
sequences. Moreover, the PDGFRα gene is amplifi ed in a subset of glioblastomas 
[ 976 – 978 ], anaplastic oligodendrogliomas [ 979 ], esophageal squamous carcinoma 
[ 980 ], and pulmonary artery intimal sarcoma [ 981 ]. The resulting increased number 
of PDGFRα on the surface of the cells makes them very sensitive to stimulation by 
PDGF, and, at very high receptor levels, receptors may be activated in a ligand-
independent manner. An activated deletion mutant of PDGFRα has also been found 
in a human glioblastoma [ 982 ]. 

 Increased expression of PDGFRα has been associated with invasiveness and 
metastasis. Thus, epithelial tumors can undergo epithelial–mesenchymal transition 
(EMT), e.g., in response to certain cytokines and growth factors, such as trans-
forming growth factor-β [ 983 ]. During EMT, tumor cells lose their epithelial char-
acteristics, such as cell–cell junctions, and acquire mesenchymal characteristics, 
including synthesis of fi bronectin and expression of PDGFRα. Whereas epithelial 
tumor cells generally do not respond to PDGF, they can do so after having gone 
through EMT [ 984 ]. EMT correlates with increased invasiveness and ability to form 
metastases; interestingly, inhibition of PDGFRα was found to lead to inhibition of 
metastasis in mouse models of breast cancer [ 985 ], hepatocellular carcinoma [ 986 ], 
and prostate cancer [ 987 ,  988 ].  

10.4.9.2    PDGFRβ 

 In chronic myelomonocytic leukemia, the sequences encoding the intracellular part 
of PDGFRβ were found to be fused to the gene coding for the transcription factor 
TEL [ 989 ] or other genes encoding proteins that can dimerize or oligomerize [ 990 ]. 
Activation of PDGFRβ was found to drive the development of the rare skin tumor 
dermatofi brosarcoma protuberans since in this tumor the PDGF-B gene is fused to 
the collagen 1A1 gene [ 991 ,  992 ]; this results in the production of large amounts of 
a fusion protein which after processing becomes very similar to mature PDGF-BB 
that activates the PDGF receptors in an autocrine manner [ 993 ]. 

 In addition to mediating direct effects on certain tumor cells, PDGFRβ also has 
a more general effect in solid tumors by stimulating cells in the stroma. Thus, 
PDGF-B and PDGFRβ are overexpressed in the stroma of glioblastoma cells [ 994 ] 
and in other tumor types [ 995 ]. PDGFRβ expressed on pericytes and smooth muscle 
cells mediates proangiogenic signals, and activation of PDGFRβ expressed on myo-
fi broblasts contributes to the increased interstitial fl uid pressure seen in many solid 
tumors; the latter is an obstacle in tumor treatment since it decreases transcapillary 
transport and thereby lowers the uptake of chemotherapeutical drugs [ 996 ]. 
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 Overactivity of PDGF receptors, particularly PDGFRβ, has also been linked to 
atherosclerosis and restenosis. PDGF isoforms released by platelets, infl ammatory 
cells, and, possibly, endothelial cells act on smooth muscle cells in the media layer 
of the vessel wall and stimulate them to migrate into the intima layer; subsequent 
cell proliferation, lipid deposition, and infl ammation lead to narrowing of the vessel 
lumen [ 997 ,  998 ].   

10.4.10     PDGF Receptor Inhibitors 

 Signaling via PDGF receptors can be inhibited by sequestration of PDGF isoforms 
by, for example, monoclonal antibodies, soluble extracellular parts of the receptors, 
and DNA aptamers. Moreover, inhibitory antibodies against the extracellular parts 
of the receptors have been developed. Finally, selective low molecular weight 
inhibitors of the receptor kinases are available, e.g., imatinib, sunitinib, and sorafenib 
[ 999 ]. 

 PDGF signal antagonists are used clinically for the treatment of patients with the 
rare malignancies driven by overactivity of PDGF signaling (see above), with some 
reported benefi cial effects [ 1000 ]. Moreover, there are indications that PDGF recep-
tor antagonists can be of more general applicability to inhibit metastasis [ 1001 ] and 
to lower the interstitial fl uid pressure and thus increase the uptake of chemothera-
peutical drugs [ 996 ]. 

 The observed side effects after treatment with PDGF receptor inhibitors refl ect 
the known in vivo function of PDGF. They include a tendency for edema, refl ecting 
an important role for PDGFRβ in controlling the interstitial fl uid pressure of tissues 
[ 964 ], and heart failure, refl ecting an important role of PDGF in stress-induced 
cardiac angiogenesis [ 1002 ]. In patients treated with the inhibitory Fab fragment 
CDP860 for advanced ovarian cancer, signifi cant ascites was developed [ 1003 ]; the 
exact mechanism behind this effect remains to be elucidated. 

 In conclusion, it seems as if inhibitors of PDGF receptor signaling will be valu-
able tools for the treatment of certain diseases.      
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              Receptor at a glance: CSF-1R (human)   

 Chromosome location  5q32 
 Gene size (bp)  60,077 
 Intron/exon numbers  21/22 
 Amino acid number  972 
 kDa  M r  130 (the immature, high mannose-containing form) 

 M r  165 (the mature, N-glycosylated form) 
 Posttranslational 
modifi cations 

 Glycosylation, phosphorylation, ubiquitination 

 Domains  ECD (D1–D5), TM, ICD (JM, KD, IK, CT) 
 Ligands  CSF-1, IL-34 
 Known dimerizing 
partners 

 CSF-1R 

 Pathways activated  MAPK, PI3K, Rac, Rho, JAK/STAT 
 Tissues expressed  Hematopoietic stem cells and myeloid progenitors (e.g., CFU-GM, 

CFU-M), monocytes, tissue macrophages, microglia, osteoclasts, 
dendritic, Kupffer and Langerhans cells, neuronal subsets, neural 
progenitors, mammary epithelial cells, Paneth cells, renal proximal 
tubule epithelial cells, trophoblasts, oocytes 

 Human diseases  Activating CSF-1R mutations in myeloid malignancies, including 
acute megakaryoblastic leukemia, AML, CML 
 Inactivating mutations in ALSP 

 Knockout mouse 
phenotype 

 Late embryonic/early postnatal lethality. Osteopetrosis, toothlessness, 
growth impairment, neurological and reproductive defects 

     Receptor at a glance: FLT3 (human)   

 Chromosome location  13q12.2 (minus strand) 
 Gene size (bp)  96,982 
 Intron/exon numbers  23/24 
 mRNA size (5′, ORF, 
3′) 

 3.7 kb (5′ 700 bp; ORF 2979 bp, 3′ 21 bp) 

 Amino acid number  993 
 KDa  M r  130  (the immature, high mannose-containing form) 

 M r  155/160 (the mature, N-glycosylated form) 
 Posttranslational 
modifi cations 

 Glycosylation, phosphorylation, ubiquitination 

 Domains  ECD (D1-D5), TM, ICD (JM, KD, IK, CT) 
 Ligands  FL 
 Known dimerizing 
partners 

 FLT3 

 Pathways activated  RAS/RAF/MAPK, PI3K/AKT/mTOR 
 Tissues expressed  Hematopoietic stem cells and early committed progenitors, such as 

lin-kit+sca-1+ (LSK) bone marrow cells and lin-AA4.1+ fetal liver 
cells, some B lymphocyte subsets, with lower expression on 
monocytes; placenta, gonads, and brain; blast cells from most ANLL 
and B-ALL 

(continued)
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 Human diseases  Activating FLT3 mutations in ALL, CML 
 Knockout mouse 
phenotype 

 Normal mature hematopoietic populations, defi cient in primitive 
B-lymphoid progenitors.  fl t3    −/−   HSCs have a reduced capacity to 
reconstitute T cells and myeloid cells 

     Receptor at a glancve: KIT   

 Chromosome location  4 
 Gene size (bp)  82,797 bp 
 Intron/exon numbers  20 introns,  21 exons 
 mRNA size (5′, ORF, 3′)  5 kbp 
 Amino acid number  976 amino acids 
 kDa  109,685 unglycosylated, 145 kDa as the mature, glycosylated form 
 Posttranslational 
modifi cations 

 glycosylation, phosphorylation, ubiquitylation 

 Domains  extracellular domain, transmembrane domain, juxtamembrane 
domain, kinase domain with kinase insert, carboxyterminal tail 

 Ligands  KITLG 
 Known dimerizing 
partners 
 Pathways activated  Ras/Erk pathway, PI3-kinase/Akt pathway, p38, Src family kinases, 

Cbl, Grb10, Gab10, Grb7, Crk, CrkL, SLAP, APS, Lnk, SHP1, 
SHP2 

 Tissues expressed  Mast cells, interstitial cells of Cajal, bone marrow stem cells, 
melanocytes, spermatogonia, oocytes 

 Human diseases  Mastocytosis, acute myeloid leukemia (in particular core factor 
binding leukemia), testicular seminoma, ovarian dysgerminoma, 
teratoma, small-cell lung cancer, gastrointestinal stroma tumors, 
malignant melanoma, allergy, asthma 

 Knockout mouse 
phenotype 

 Loss of pigment cells in skin, anemia, sterility, loss of intestinal cells 
of Cajal with resulting constipation, sometimes loss of hearing 
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    Chapter 11   
 The PTK7 Receptor Family 

             Anne-Catherine     Lhoumeau    ,     Sébastien     Martinez    ,     Thomas     Prébet    , 
and     Jean-Paul     Borg    

11.1                Introduction to the PTK7 Receptor Tyrosine 
Kinase Family 

 This receptor tyrosine kinase was identifi ed in the early 1990s by S.T. Lee and Axel 
Ullrich’s groups, who named the receptor PTK7 (Protein Tyrosine Kinase 7) and 
CCK4 (Colon Carcinoma Kinase 4), respectively [ 1 – 4 ]. Other acronyms were given 
to this conserved receptor in  Drosophila  in reference to its function (OTK for Off 
Track Kinase), or its similarity to TRK receptors (DTRK for Drosophila TRK). 
Other names were given in chicken (KLG for Kinase-Like Gene), and in Hydra 
(Lemon). PTK7 is now the commonly used name of this receptor that represents the 
only member of this receptor tyrosine kinase family. 

 PTK7 is a RTK presenting a classical organization with an extracellular region, 
a single transmembrane region, and a tyrosine kinase domain without insert. It 
belongs to the group of pseudokinases as important residues required for catalytic 
activity are missing within its kinase domain. Results obtained in  Xenopus  and in 
mammals have nevertheless emphasized the critical role of the tyrosine kinase 
domain that acts as a protein interaction domain. PTK7 is an atypical RTK impli-
cated in Wnt pathways and processed by the metalloproteinase MT1-MMP. Identity 
of its ligand(s) is presently unknown, but accumulated data from groups working 
principally in Vertebrates pictured PTK7 as a partner for receptors (VEGFR, 
Frizzled, PlexinA1) inserted into the plasma membrane. Besides a role of 
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 co- receptor, phylogenetic studies also suggest that PTK7 is potentially endowed 
with cell adhesion functions through its extracellular immunoglobulin loops. 

 PTK7 has indisputable important functions in embryonic development by play-
ing a crucial and conserved role in embryonic development in Metazoans due to its 
role in planar cell polarity (PCP). PCP serves to structure many epithelial tissues 
and organs polarized within the plane of the epithelium. Impaired vertebrate PCP 
gene function provokes an array of phenotypes ranging from classical PCP defects 
to defects in convergent extension (a polarized morphogenetic movement of mesen-
chymal cells) during gastrulation [ 5 ]. Although no PTK7 mutation has been yet 
found in human diseases, frequent overexpression of the receptor is observed in 
solid and hematological cancers. As PTK7 overexpression leads to increased cell 
invasion and is correlated to poor prognosis, it is anticipated that PTK7 inhibitors 
may have therapeutic values in certain pathological contexts.  

11.2     The Role of the PTK7 Receptor Tyrosine Kinase Family 
in Embryonic Development and Adult Physiology 

  Ptk7  null mice die perinatally, making impossible the study of PTK7 in adult life 
[ 6 ]. Death is due to severe embryonic developmental defects originated from abnor-
mal PCP and convergent extension [ 6 ]. In multicellular organisms, organization of 
tissues, especially epithelial tissues, is represented by two types of polarity: apico- 
basal and planar cell polarity. Apico-basal is established along an  x – y  axis of epithe-
lial cells and is supported by an evolutionarily conversed set of proteins that 
participate to the formation and maintenance of cell–cell junctions (i.e., the Crumbs, 
Scrib, and Par complexes) [ 7 ]. PCP defi nes the organized orientation of single cells, 
or group of cells within the plane of an epithelial sheet. For instance, actin-rich hairs 
that decorate the surface of epithelial cells of  Drosophila  wings are uniformly ori-
ented in the same direction according to PCP. Core PCP genes originally discovered 
in the fl y ( frizzled ,  van gogh, dishevelled ,…) have one or more homologues in mam-
mals that play a role in tissue organization. Impaired vertebrate PCP gene function 
leads to phenotypes ranging from classical PCP defects such as misorientation of 
hair bundle in inner ear sensory cells, and of hair follicles in the skin, to defects in 
convergent extension (a polarized morphogenetic movement) during gastrulation, 
neural tube closure, eyelid closure, primary cilium formation, and asymmetric divi-
sion [ 5 ]. Interestingly, studies in vertebrate model systems have revealed a distinct 
class of PCP genes that includes  ptk7 , which are not implicated in  Drosophila  PCP. 
 Ptk7  null mice have misorientated stereociliary bundles of sensory hair cells in the 
inner ear, defective neural tube closure, smaller kidney, eyelid closure defects, poly-
dactyly, and an impaired gastrulation, due to impaired convergent extension and 
related defects of polarized cell movements (Fig.  11.1 ) [ 6 ,  8 ]. These defects are 
linked to a PTK7-Src signaling pathway along cell–cell contacts which controls the 
spatial regulation of ROCK activity and actomyosin contractility [ 9 ]. PTK7 is 
genetically linked to  vangl2 , a core PCP gene. Double heterozygous  vangl2   +/−   /
ptk7   +/−   mice recapitulate the strong PCP defects of homozygous  vangl2   −/−   or 
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 ptk7   −/−   defi cient mice [ 6 ]. No biochemical evidence has yet supported the idea that 
Vangl2 and PTK7 belong to a common protein complex, but a cooperation between 
two proteins was revealed in the mouse neural plate [ 10 ].  

 Knockdown of  ptk7  in  Xenopus  also impairs PCP and convergence extension, 
indicating a conservation of PTK7 PCP functions along evolution in Vertebrates [ 6 , 
 11 ]. In  Xenopus  embryos, targeting of  ptk7  with morpholino-oligonucleotides 
(MOs) not only provokes PCP defects (neural tube closure defects at tailbud stage) 
but also often leads to incomplete blastopore closure, and reduced nervous system 
in the brain region, consistent with impaired Spemann’s organizer activity [ 6 ,  11 ]. 
This structure is required for axis formation during embryogenesis and is under the 
control of Wnt/β catenin pathway. Likewise, this phenotype is recapitulated by 
injection of β-catenin MOs [ 12 ]. Thus, PTK7 is implicated in canonical and non- 
canonical (PCP) Wnt signaling pathway. 

 Despite the lack of obvious implication of Ptk7 in  Drosophila  PCP, the receptor 
has nevertheless an important role in axon guidance in the fl y central nervous sys-
tem and in the projections of the motor nerves. Defects depicted in  ptk7  defi cient 
fl ies are similar to abnormalities reported for  plexA  and  sema1a  (encoding a ligand 
for the Plexin A receptor) loss-of-function mutants [ 13 ].  

11.3     The Role of the PTK7 Receptor Tyrosine Kinase 
Family in Human Diseases 

 The multiplicity of developmental processes that employ PCP genes predicts that a 
broad range of diseases may stem from deregulations of PCP functions. Neural tube 
defects (NTDs) are common human birth defects that can be recapitulated in 

  Fig. 11.1    Phenotype of  Ptk7  null embryos.  Ptk7  defi cient mice display a severe planar cell polar-
ity defect with a major neural tube closure defect (craniorachischisis) and an abdomen closure 
defect       
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vertebrate models, including the mouse, by disrupting PCP genes such as  vangl2 , 
 scrib , or  ptk7 . Mutations of  VANGL1 and VANGL2  were recently discovered in 
patients affected by severe NTDs [ 14 ,  15 ]. However, no  PTK7  mutation has been 
described yet in human NTDs. 

 In humans, a deregulated expression of  PTK7  mRNA has been documented at 
the transcriptomic level in solid tumors including colon cancers [ 1 ], pulmonary 
adenocarcinoma [ 16 ], gastric cancers [ 17 ], and metastatic melanoma [ 18 ], breast 
cancer [ 19 – 21 ], esophageal squamous cell carcinoma [ 22 ], prostate cancer [ 23 ], 
intrahepatic cholangiocarcinoma [ 24 ], and glioma cells [ 25 ].  PTK7  is overexpressed 
in all these cancers, except in advanced stage melanoma, where it is downregulated 
as compared to localized tumors [ 18 ]. In advanced lung squamous cell carcinoma, 
 PTK7  is also downregulated and seems to play a tumor suppressing role by inhibit-
ing ERK and AKT activity [ 26 ,  27 ]. A few mutations of  PTK7  have been described, 
two in ovarian cancer and one in colon cancer, but no functional consequences have 
been reported yet. 

 Our group was the fi rst to demonstrate that PTK7 is not only expressed in neural 
and epithelial tissues but also on human hematopoietic stem cells and myeloid 
progenitors [ 28 ]. No PTK7 expression is found on mature blood cells. PTK7 was 
recognized as a specifi c marker of a small subset of T CD4+ cells called Recent 
Thymic Emigrant (RTE) cells [ 29 ]. These cells are naïve CD4+ T lymphocytes 
found in peripheral blood after thymic education whose functions are not yet well 
established. 

 In acute myeloid leukemia, PTK7 is overexpressed in leukemic cells as com-
pared to normal hematopoietic stem cells and progenitors. This overexpression is 
correlated to poor prognosis and to increased resistance to chemotherapeutic agents. 
Resistance to apoptosis correlated to PTK7 overexpression is recapitulated in vitro 
and can be partially decreased by a recombinant soluble PTK7-Fc protein [ 28 ]. Role 
of PTK7 overexpression in resistance to apoptosis induced by anthracycline-based 
chemotherapy has also been described in breast cancer [ 20 ]. A PTK7-dependent 
resistance to apoptosis has been also suggested in colon cancer cells. The underly-
ing mechanism is not yet elucidated, but involvement of PTK7 in a caspase 
10-dependent mitochondrial apoptosis pathway has been suggested [ 30 ]. These 
results suggest that PTK7 may be a good prognostic and predictive marker associ-
ated with resistance to anthracycline-based chemotherapy. 

  PTK7  was found overexpressed in a subset of poor-prognosis metastatic breast 
cancers with high propensity to metastase in bones [ 31 ,  32 ,  21 ], and in metastatic 
colorectal cancers [ 33 ]. PTK7 plays a role in cell migration. Both pro- and anti- 
migratory properties of PTK7 have been described in different cell contexts. In 
leukemia cells, overexpressed PTK7 increases chemotaxis toward growth factors 
(stem cell factor or SCF) and serum [ 28 ]. In colon cancer cells, expression of a 
PTK7 mutant resistant to MT1-MMP cleavage represses cell migration while solu-
ble PTK7 has an inverse property [ 34 ]. Two reports also implicate PTK7 in endo-
thelial cell migration and angiogenesis. PTK7 is expressed in vascular endothelial 
cells and has a promigratory role in human umbilical vein endothelial cells 
(HUVECs). Cell migration of HUVECs stimulated by VEGF is inhibited by 
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 repression of PTK7 expression with small interference RNAs or by a soluble 
 recombinant PTK7 protein [ 35 ]. Moreover, PTK7 forms a protein complex with 
VEGFR1 and is required for VEGF signaling in this model system [ 36 ].  

11.4     PTK7 

11.4.1     PTK7 Gene 

11.4.1.1     Promoter Structure 

 The human  PTK7  gene structure has been described in 2002 by S.T. Lee’s team 
[ 4 ]. The gene is located on chromosome 6 (6p21.1–p12.2) [ 3 ,  4 ,  37 ] and spans 
approximately 85 kb. The 883-bp 5′-fl anking sequence from the ATG start codon 
is functional as a promoter and has high CG content with 420-bp-long CpG 
islands but does not contain TATA or CATT box. The  PTK7  gene shares some 
features with housekeeping genes. Two GC boxes with Sp1 binding motifs and 
several potential transcription factor binding motifs (NFAT, dEF1, LMO2COM, 
v-MYB, TCF11, NF1, IK-2, AP4) might be involved in the regulation of PTK7 
expression [ 4 ]. 

 The  PTK7  gene is organized into 20 exons in mammals. In humans, exon 1 
encodes the translation initiation codon and the signal peptide. Exons 2–13 encode 
the extracellular domain. The 5′-half of exon 14 encodes the transmembrane 
domain, and the rest of exon 14 and 5′-half of exon 15 encode the juxtamembrane 
domain. The 3′-half of exon 15 and exons 16–20 encode the tyrosine kinase 
domain [ 4 ]. 

 Organization and nucleotide sequences are highly conserved between mouse and 
human  PTK7  genes, although the mouse gene is shorter than the human gene and 
spans approximately 65 kb. The mouse  Ptk7  gene, located on chromosome 17, con-
sists of 20 exons and has exactly the same exon–intron structure as the human gene. 
Moreover, the human–mouse homology map shows synteny around the human and 
mouse loci of  PTK7  (mouse chromosome 17B3 and human chromosome 6p21), 
suggesting that genomic organization and chromosomal localization of the  PTK7  
family are conserved in mammalian evolution [ 38 ].  

11.4.1.2     mRNA Structure 

 In humans, fi ve alternative transcripts have been identifi ed in testis (PTK7-1 to 
PTK7-5). The encoded protein isoforms result in loss of one immunoglobulin loop 
by alternative splicing. The PTK7-5 variant contains an in-frame termination codon, 
generated by a frameshift in exon 16 and theoretically producing a PTK7 isoform 
lacking the tyrosine kinase domain (Fig.  11.2 ) [ 4 ].   
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11.4.1.3     Transcriptional Regulation 

 PTK7 has a ubiquitous expression and is expressed at low level in normal mouse 
and human tissues. The 5′-fl anking sequence of the human  PTK7  gene has a pro-
moter activity and contains several canonical binding sites for transcription factors, 
such as NFAT, SP1, dEF1, LMO2COM, v-MYB, TCF11, NF1, IK-2, and AP4, that 
might be important for PTK7 gene expression[ 4 ]. Most of these binding sites are 
conserved in the mouse gene. More recently, a report showed that the  Cdx  family 
genes could be involved in the regulation of  Ptk7  expression. The vertebrate  Cdx  
genes encode homeodomain transcription factors with well-established role in 
anteroposterior patterning.  Cdx1–Cdx2  double mutants exhibit a severe phenotype 
of neural tube defects, similar to those found when PCP genes such as  Ptk7  are 
mutated. The authors found that  Ptk7  expression is downregulated in  Cdx1/2  double 
KO mutants at E7.5, preceding initiation of neural tube closure. Several Cdx 
response elements in the 5′-fl anking sequence of  Ptk7  have been identifi ed by chro-
matin immunoprecipitation analysis and activity of these sites has been demon-
strated in cultured cells. These promoter sequences are conserved between mouse 
and human and respond to Cdx1 and Cdx2, suggesting that  Ptk7  is a direct Cdx 
target [ 39 ]. 

 In a recent study, gene expression analysis in glioma cells shows that PTK7 
could regulate the inhibitor of DNA binding site ( Id1 ) gene by modulating the 
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transcripts

mRNA
transcript

Missing
exons

Number
of amino

acids

Predicted
Molecular

weights
(kDa)

Structure

Isoform 1 3213 bp _ 1070 118.5
Full lenght protein

Isoform 2 3093 bp exon 10 1030 114
Loss of half of the 6th Ig loop

Isoform 3 3045 bp exons 8,9,10 1014 103.7
Loss of the 5th and a part of 6th
Ig loops

Isoform 4 2823 bp exons 12,13 940 112.4
Loss of the 7th Ig loop

Isoform 5 2451 bp exon 16 816 90
Loss of the tyrosine kinase
domain

  Fig. 11.2    Overview of  Ptk7  transcripts. Five isoforms are produced by alternative splicing       
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TGFβ-SMAD signaling pathway [ 25 ]. Downregulation of PTK7 reduced  Id1  
expression, suppressed tumor growth, and induced apoptosis in an orthotopic gli-
oma tumor mouse model.   

11.4.2     PTK7 Protein 

11.4.2.1     Amino Acid Sequence 

 The human and mouse PTK7 proteins comprise 1,070 and 1,062 amino acids (AA), 
respectively, and share 92.6 % identity. PTK7 has a classical RTK organization as it 
is composed, from N-terminal to C-terminal, of seven extracellular immunoglobulin- 
like loops followed by a transmembrane domain and an intracellular tyrosine kinase 
domain. The tyrosine kinase domain is evolutionarily conserved during evolution 
(for example, 71.6 % identity between mouse and chicken PTK7). In all species, 
this domain lacks important amino acids required for catalytic activity. Indeed, 
among the three major sites required for enzymatic activity, the GXGXXG ATP 
binding motif and the HDRL motif required for the catalytic proton transfer are 
changed in GXSXXG and HKDL motifs, respectively. The aspartate residue of the 
DFG motif coordinating Mg 2+ -ATP binding is changed to an uncharged alanine resi-
due (ALG motif). Until now, no convincing experimental data support a catalytic 
function of the PTK7 tyrosine kinase domain (Fig.  11.3 ) [ 3 ,  4 ,  38 ].   

11.4.2.2     Processing 

 The mouse PTK7 polypeptide sequence contains an AXA motif (residues 20–22), 
which defi nes a cleavage site of the signal peptide by the endoplasmic reticulum 
signal peptidase complex. This is confi rmed by the N-terminal sequencing of the 
protein [ 38 ]. Furthermore, the PTK7 extracellular domain is processed by mem-
brane proteases. Recent work has indeed shown that PTK7 is cleaved by the mem-
brane type-1 matrix metalloproteinase (MT1-MMP), a prototypic member of a 
membrane-anchored MMP subfamily [ 34 ]. MT1-MMP can switch on or off the 
activity of a broad range of cell surface receptors including RTKs and adhesion 
molecules [ 40 ]. Cleavage of PTK7 between Ig loops 6 and 7 (L 621 I 622  sequence; see 
Fig.  11.3 ) by MT1-MMP releases a promigratory soluble PTK7 form whose pro-
duction is abolished by the introduction of a L622D mutation in the PTK7 sequence 
[ 41 ]. Moreover, another cleavage site for ADAMs proteins has been identifi ed after 
the 7th loop (AA 722). These two processed fragments (   cleaved by MT1- MPP or by 
ADAMs) can be sequentially processed in the transmembrane by γ-secretase, lead-
ing to an intracellular fragment of PTK7 which is able to translocate into the nucleus 
[ 42 ]. From in vivo and in vitro studies, it appears that a fi ne- tuned balance between 
full-length PTK7 and soluble PTK7 is required for normal embryonic development 
and directional cell migration [ 34 ,  41 ]. Indeed, in colon cancer cells, levels of PTK7 
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expression and proteolysis were directly linked to the formation of cell protrusions, 
including lamellipodia and invadopodia. Authors showed, using an in vivo model, 
that PTK7 expression and proteolysis, rather than levels of full-length PTK7, con-
tributed to effi cient directional cell motility and metastatic development [ 43 ,  44 ].  

11.4.2.3     Domain Structure 

 PTK7 comprises an extracellular domain of seven immunoglobulin-like loops simi-
lar to the overall organization of the VEGFR family, although no obvious identity 
exists at the sequence level. Instead, the PTK7 Ig-like loops domains have a strong 
homology to those of cell adhesion molecules of the immunoglobulin superfamily. 
Studies on the evolution of protein families involved in cellular recognition, in par-
ticular within the hematopoietic system, have emphasized the central role played by 

Domains Residues and features

Loop1: IgC2 44-108

Loop2: IgC2 141-207

Loop3: Ig 231-320

Loop4: IgC2 334-398

Loop5: Ig 418-499

Loop6: IgC2 515-577

Loop7: IgC2 604-671. PKP621LI: cleavage site of
MT1-MMP

Transmembrane 704-726

Kinase domain: 796-1061
GXGXXG changed in GXSXXG
HDRL changed in HKDL
DFG changed in ALG

Extracellular
domain

TK domain

TM domain

  Fig. 11.3    Structure of the PTK7 receptor. The extracellular domain encompasses 7 
Immunoglobulin- like loops (in  purple ), a transmembrane region (in  gray ), and an inactive tyrosine 
kinase domain (in  blue ). Important PTK7 amino acids are listed in the  right  column       
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immunoglobulin superfamily (Ig Sf) molecules. Ig and Ig-like domains are grouped 
into four subtypes: V-set (variable), C1-set (constant-1), C2-set (constant-2), and 
I-set (intermediate) [ 45 ]. Subtype domains V and C are typically found in antigen 
receptors (TcR and BcR) or Major Histocompatibility Complexes (MHC). 
Interestingly, like the  PTK7  gene, the  MHC  genes are located on human chromo-
some 6. The majority of the seven Ig-like loops domains of PTK7 are IgC2 subtype 
while loop 3 and loop 5 are not classifi ed (Fig.  11.3 ). The IgC2 subtype domains are 
considered as the most primitive domains because they are present in many adhe-
sion molecules including in Invertebrates and are probably required for basic func-
tions such as cell–cell or cell–matrix adhesion. 

 Besides the extracellular domain, PTK7 has a juxtamembrane region that shares 
no signifi cant homology with other RTKs and a tyrosine kinase domain with highest 
identity with MUSK (42 %). In a phylogenetic study, Grassot et al. reported that, 
among the RTKs of the immunoglobulin superfamily, the  PTK7  and  MUSK  genes 
have derived very early during evolution of this subfamily and have created an inde-
pendent branch probably endowed with particular functions [ 46 ].  

11.4.2.4    Posttranslational Modifi cations 

 Ten total putatives sites can be predicted from the polypeptide sequence analysis. 
Four sites of N-glycosylation have been identifi ed until now by mass spectrometry 
at residues 116, 175, 268, and 283 in human PTK7 [ 47 ].  

11.4.2.5    Phosphorylation Sites and Known Functions 

 Despite a poor tyrosine kinase activity,  Drosophila  PTK7 was found tyrosine phos-
phorylated in in vitro kinase assays and during cell adhesion. Functional importance 
of PTK7 phosphorylation in cell adhesion was not demonstrated [ 48 ]. In the absence 
of known ligand, Mossie and colleagues fused the extracellular domain of EGFR to 
the transmembrane and intracellular domains of human PTK7. No tyrosine phos-
phorylation of the EGFR-PTK7 chimera was evidenced following transfection and 
stimulation with EGF [ 1 ].   

11.4.3     PTK7 Ligands 

11.4.3.1    Ligand Structure 

 No ligand has been yet identifi ed for the extracellular domain of PTK7. Nevertheless, 
PTK7 can indirectly interact with ligands thanks to its interaction with other 
 receptors.  Drosophila  Ptk7 is able to coimmunoprecipitate with Plexin A1, a 
receptor for Sema1a, a ligand of the Semaphorin family [ 13 ]. This protein complex 
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is implicated in axon guidance in the central nervous system and in the projections 
of the motor nerves. In  Xenopus , the canonical Wnt8 and Wnt3a ligands coprecipi-
tate with Ptk7 only when the Fz7 receptor is coexpressed. This interaction is specifi c 
as non-canonical Wnt ligands, Wnt5a and Wnt11, do not interact with the Ptk7/Fz7 
complex (see below) (Table  11.1 ).

   Table 11.1    Interactors of PTK7 and their functions. Known interactors of PTK7, their identifi ed 
functions, and their implication in Wnt signaling pathway are summarized in this table   

 Species 
 PTK7 
interactors 

 Function of 
PTK7 
interactors 

 Mapping of the 
interaction 

 Signaling 
pathway  ref 

 OTK  Drosophila  Wnt4  Ligand  coIP between 
proteins 

 Antagonizes 
canonical Wnt 
signaling 

 [ 52 ] 

 Dsh  Adapter  Canonical and 
non- canonical 
Wnt pathway 

 [ 11 ] 

 Plexin A  Ternary 
complex with 
Plexin A and 
Sema1a 

 coIP between 
proteins 

 Signaling of 
semaphorin 
ligands 

 [ 13 ] 

 PTK7  Xenopus  Wnt3a/Fz7 
complex 

 Ligand/
Receptor 

 coIP between 
proteins 

 Inhibition of 
canonical Wnt 
signaling 

 [ 52 ] 

 Wnt8 
 (not Wnt5a 
or Wnt11) 

 Ligand  coIP between 
proteins 

 Inhibition of 
canonical Wnt 
signaling 

 [ 52 ] 

 Dsh  Adapter protein 
 in complex with 
RACK1,Fz7 

 coIP between 
proteins 

 Required for 
canonical Wnt 
signaling 

 [ 11 ] 

 RACK1  Adapter protein 
 In complex with 
PKCδ1 

 Tyrosine kinase 
domain 
 of PTK7 

 Required for 
membrane 
localization of 
Dsh 

 [ 50 ] 

 β-catenin  Transcriptional 
 activity 

 Tyrosine kinase 
domain 
 of PTK7 

 Activation of 
canonical 
pathway 
upstream of 
GSK3 

 [ 12 ] 

 LRP6  Adapter protein  CoIP between 
proteins 
 Transmembrane 
domains 

 Activation of 
canonical 
pathway by 
stabilization 
of LRP6 

 [ 53 ] 

 PTK7  Human  Wnt3a  Ligand  coIP between 
proteins 

 Inhibition of 
canonical Wnt 
signaling 

 [ 52 ] 

(continued)
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11.4.3.2       Ligand Cleavage 

 N/A   

11.4.4     PTK7 Activation and Signaling 

11.4.4.1    Dimerization 

 PTK7 has been described to heterodimerize with VEGFR1 (Flt-1) but not with 
VEGFR2 (KDR/Flk-1) or VEGFR3 (Flt-4). This interaction takes place in human 
endothelial cells and seems to be improved by addition of VEGF-A, as measured 
in vitro by Surface Plasmon Resonance assays. VEGFR1 signaling (AKT, FAK) 
and function (angiogenesis) are dependent on PTK7 expression in HUVECs [ 36 ].  

11.4.4.2    Phosphorylation 

 Although phosphorylation of PTK7 was described in  Drosophila  using an in vitro 
kinase assay and in cell adhesion [ 48 ], no phosphorylation site of PTK7 has been 
yet identifi ed, nor any substrate for its hypothetical tyrosine kinase activity.  

 Species 
 PTK7 
interactors 

 Function of 
PTK7 
interactors 

 Mapping of the 
interaction 

 Signaling 
pathway  ref 

 Fz7  Receptor  coIP between 
proteins 

 Required for 
both canonical 
and non- 
canonical Wnt 
signaling 

 [ 52 ] 

 Dsh  Adapter protein  coIP between 
proteins 

 Activation of 
non- canonical 
PCP pathway 

 [ 11 ] 

 β-catenin  Transcriptional 
 activity 

 Tyrosine kinase 
domain 
 of PTK7 

 Activation of 
canonical 
pathway 
upstream 
GSK3 

 [ 12 ] 

 Src  Adapter protein  Tyrosine kinase 
domain of 
PTK7 

 Localization 
of Src 
signaling and 
dowstream 
actomyosin 
regulation at 
cell–cell 
contact 

 [ 9 ] 

Table 11.1 (continued)
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11.4.4.3    Pathway Activation 

 Despite the absence of catalytic activity, PTK7 appears to have a role in signal trans-
duction and emerges as an important regulator of VEGFR1 and Wnt pathways. 

 In endothelial cells, VEGFA triggers VEGFR1 phosphorylation and association 
with PTK7. This interaction is required for optimal phosphorylation and activation 
of downstream components of VEGFR1 signaling, including AKT and FAK that are 
required for the angiogenic process (Fig.  11.4 ) [ 36 ]. Accordingly, downregulation 
of PTK7 expression in vitro and in vivo leads to a decreased angiogenesis [ 35 ]. 
Interestingly, an anti-angiogenic effect can also be obtained using a soluble recom-
binant form of PTK7, suggesting a dominant-negative effect on the extracellular 
domain and the capture of a putative ligand.  

 Wnt pathways are subdivided into canonical (β-catenin dependent) and non- 
canonical (β-catenin independent) pathways. Wnt ligands and their Frizzled (Fz) 
receptors represent core components of Wnt pathways, the output of a Wnt–Fz com-
plex depending on the specifi c combination of Wnt ligands, Fz receptors, and co-
receptors. While canonical Wnts such as Wnt3a stabilize β-catenin and promote its 
transcriptional functions, non-canonical Wnts (Wnt5a, Wnt11) use Fz receptors 
together with PCP proteins, including PTK7, to promote the so-called PCP pathway 
inducing a Rho/Rac/JNK signaling cascade that controls actin cytoskeleton remod-
eling [ 49 ] (Fig.  11.5 ). Cross talks exist between canonical and non-canonical Wnt 
pathways that shared some molecular components such as Dishevelled (Dsh). 
 Xenopus  Ptk7 is part of a Fz7-Dsh complex that is required for PCP [ 11 ]. The 
tyrosine kinase domain of PTK7 is mandatory for membrane recruitment of 
Dishevelled. Furthermore, PTK7 associates with RACK1 (Receptor of ACtivated 
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protein Kinase C1) and PKCδ1 to recruit Dsh [ 50 ]. Since RACK1 is known to 
antagonize canonical Wnt pathways, the PTK7/RACK1 complex can potentially 
repress the canonical Wnt signaling [ 51 ]. In mammalian cells, we recently found 
that PTK7 can directly interact with β-catenin through its tyrosine kinase domain. 
PTK7 defi cient cells exhibit weakened β-catenin/T-cell factor transcriptional activ-
ity upon Wnt3a stimulation. These data are consistent with a role for PTK7 in the 
Wnt canonical signaling pathway. We decided to investigate the role of PTK7 in 
Wnt canonical signaling using the  Xenopus  embryo, which is ideally suited for this 
question. Using the combination of MOs shown to abolish Ptk7 function in PCP, we 
observed anterior truncations in a signifi cant number of injected embryos. This phe-
notype is compatible with reduced β-catenin activity. This was supported by the 
reduction of dorsal organizer genes’ expression ( siamois ,  chordin ,  noggin ,  goosec-
oid ), which are known to depend on β-catenin activity, in Ptk7 morphants [ 12 ]. 
Importantly, these defects were observed prior to overt gastrulation movements and 
could not be secondary to defi cient PCP due to the lack of Ptk7. Finally, organizer 
gene induction caused by ectopic Wnt8 expression was dramatically reduced upon 
Ptk7 knockdown. Taken together, these data indicate that Ptk7 is required for β-catenin 
activity (Fig.  11.6 ). Studies by Peradziryi et al. showed that Ptk7 inhibits the canonical 
Wnt pathway in  Xenopus  and  Drosophila . The proposed mechanism is that Ptk7 
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  Fig. 11.5    Role of PTK7 in non-canonical Wnt pathway or PCP. PTK7 is member of a protein 
complex comprising Fz7, PKCδ1, and RACK1 that promotes the membrane recruitment of Dsh. It 
is likely that this signaling complex affects JNK phosphorylation and transcriptional activity of Jun       
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interacts with canonical Wnt ligands (Wnt3a and Wnt8 in  Xenopus , Wnt4 in 
 Drosophila ) and represses canonical Wnt signaling in embryonic patterning [ 52 ]. 
These controversial results could be explained by different cell contexts, and pres-
ence or absence of ligand or receptor at the plasma membrane (Fig.  11.6 ). A recent 
interaction described between PTK7 and LRP6 confi rmed the role of PTK7 in 
canonical Wnt pathway. PTK7 knockdown inhibits embryonic Wnt/β-catenin sig-
naling by strongly reducing LRP6 protein levels. Maintenance of high LRP6 pro-
tein levels by PTK7 triggers PCP inhibition. PTK7 could thus be a modulator of 
Wnt/PCP activity via LRP6 [ 53 ].    
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  Fig. 11.6    Controversial roles of PTK7 in canonical Wnt pathway. In the absence of Wnt ligands 
(OFF), cytoplasmic β-catenin is complexed to Adenomatous polyposis coli (APC), Axin-1, and 
Glycogen synthase kinase 3β (GSK3β) and gets phosphorylated and targeted for ubiquitin- 
mediated degradation. Upon Wnt stimulation (ON), the complex is disrupted in a Dsh-dependent 
manner and stabilized β-catenin translocates to the nucleus, where it binds to LEF/TCF transcrip-
tion factors and activates target gene expression. The positive or negative role of PTK7 on the 
canonical Wnt pathway is probably cell context dependent and could be directed by the presence 
or absence of additional receptor or ligand       
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11.4.4.4    Major Genes Regulated 

 Being at the crossroads between canonical and non-canonical Wnt pathways, PTK7 
expression positively or negatively impacts on the regulation of genes lying down-
stream of these signaling networks. In the non-canonical PCP pathway, PTK7 
potentially triggers JNK activation that may ultimately lead to phosphorylation of 
the Jun transcription factor. To date, there is no report relating the direct implication 
of PTK7 in expression of PCP target genes. 

 As for the implication of PTK7 in the Wnt canonical pathways, its role in 
β-catenin/T-cell factor transcriptional activity is controversial. In HCT116 colon 
cancer cells, repression of PTK7 using small hairpin RNA decreases the transcrip-
tional activity of β-catenin monitored by a classical TOP/FOP luciferase assay [ 12 ]. 
On the other hand, data obtained with a similar readout in another cellular system 
(HEK293 cells) showed an inhibition of canonical Wnt signaling [ 52 ]. In  Xenopus , 
we showed that depletion of Ptk7 leads to reduced β-catenin activity correlated to 
reduced expression of β-catenin target genes ( siamois ,  chordin ,  noggin ,  goosecoid ) 
[ 12 ]. Contradictory results were obtained by others showing the capacity of Ptk7 to 
bind canonical Wnt ligands (Wnt3a and Wnt8) and repress the canonical Wnt path-
way [ 52 ]. In this case, downregulation of Ptk7 leads to higher canonical Wnt path-
way (Fig.  11.6 ).  

11.4.4.5    Cross Talk with Other Receptor Systems 

 In addition to its implication in VEGFR1 (Fig.  11.4 ) and Wnt signaling (Figs.  11.5  
and  11.6 ), PTK7 can also form a protein complex with members of the Plexin pro-
tein family. Plexins are transmembrane receptors that transduce signals upon bind-
ing of ligands of the Semaphorin family, leading to cytoskeleton remodeling 
thereby affecting cell shape, migration, and cell–cell interactions. The Plexin–
Semaphorin pathway is important during embryogenesis as well as during adult life 
in playing a role in homeostasis of many tissues. Deregulation of the Plexin–
Semaphorin pathway is also observed in many tumoral situations. In  Drosophila , 
Ptk7 forms a complex with Plexin A1 [ 13 ]. This interaction is conserved in 
Vertebrates. Ptk7 indeed genetically cooperates with Plexin A1 and this pathway is 
required for migration of cranial neural crest cell in  Xenopus  [ 54 ]. Furthermore, in 
chicken, the Ptk7/Plexin A1 complex is involved in heart development in response 
to Sema6D [ 55 ].   

11.4.5     PTK7 Internalization, Processing, and Attenuation 

 As mentioned early on, the extracellular domain of PTK7 is processed by MT1- 
MMP. Indeed, a soluble PTK7 form is generated by this membrane protease lead-
ing to the release of the cleaved receptor in the supernatants of cultured cell lines. 
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This cleavage is functionally important as shown by in vivo data in  zebrafi sh  and 
mice. Injection of MT1-MMP MOs increases Ptk7 levels in  zebrafi sh  embryos. 
Furthermore, genetic interaction between Ptk7 and MT1-MMP was demonstrated 
in these animals using combined injection of MOs that knockdown expression of 
the proteins. PCP and convergent extension defects are indeed clearly observed in 
 zebrafi sh  embryos treated by a simultaneous injection of suboptimal doses of Ptk7 
and MT1-MMP MOs [ 34 ]. A N-ethyl-N-nitrosourea (ENU)-induced mouse PCP 
mutant,  chuzhoi , develops strong PCP defects likely due to a mutation introducing 
an additional MT1-MPP cleavage site (Ala-Asn-Pro motif) in between the Ig 
loops 5 and 6 of Ptk7. This mutation leads to an increased production of soluble 
Ptk7 and, in parallel, to decreased amounts of full-length Ptk7 found at the plasma 
membrane. PCP defects observed in the  chuzhoi  mutant are probably the com-
bined result of reduced membrane localization of Ptk7 and hyperproduction of 
soluble Ptk7 [ 41 ].  

11.4.6     Unique Features of PTK7 

 PTK7 is an atypical RTK highly conserved through evolution. Accumulated data 
from several labs place PTK7 as a crucial regulator of Wnt pathways in both 
Invertebrates and Vertebrates. Its suspected role in cell adhesion in  Drosophila  
remains to be investigated in Vertebrates. As previously mentioned, many issues 
(ligands, signaling pathway, target genes) have now to be addressed to precise PTK7 
functions. PTK7 has without doubt an important role in physiology as demonstrated 
by the spectacular PCP phenotype observed during embryonic development of null 
mutants. One important issue is now to address the role of PTK7 in adult normal 
tissues. 

 From a clinical standpoint, PTK7 has been described as overexpressed in a large 
number of cancers. A potential role of PTK7 in cell migration and/or apoptosis was 
observed in colon cancer and acute myeloid leukemia, and this suggests that PTK7 
may represent a novel therapeutic target. In addition, positive PTK7 implication in 
VEGF signaling may be thought as a new way to develop anti-angiogenic therapies. 
Being overexpressed in many cancers, PTK7 could be also considered as a suitable 
receptor for targeted drug delivery. Recent studies described the use of PTK7- 
specifi c aptamers able to deliver chemotherapy in leukemia cell lines [ 56 ,  57 ]. As 
Wnt pathways are implicated in many diseases, targeting of PTK7 may also offer 
some opportunities in the future for treatments other than cancers (cardiac diseases, 
skeletal diseases,…).      
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              Receptor at a glance: human PTK7   

 Chromosome location  Chromosome 6p21.1 → 12.2 
 Gene size (bp)  4,272 bp 
 Intron/exon numbers  20 exons 
 mRNA Size (5′ORF3′)  3,213 bp 
 Amino acid number  1,070 
 kDa  118.5 
 Posttranslational 
modifi cations 

 • Four characterized N-glycosylation sites (N116, N175, N268, 
and N283) 

 • Cleavage of the extracellular domain by MT1-MMP (L 621 I 622 ) 
 Domains  Extracellular domain: seven immunoglobulin loops 

 Transmembrane region 
 Intracellular domain: Tyrosine kinase domain with poor activity 

 Ligands  Not yet identifi ed 
 Known dimerizing 
partners 

 VEGFR1 

 Pathways activated  Non-canonical Wnt pathway (RhoA, JNK) 
 Canonical Wnt pathway (β-catenin) 

 Tissues expressed  Ubiquitous expression at low level in epithelial, endothelial, and 
hematopoietic tissues 

 Human diseases  High expression in tumoral tissues: colon cancer, melanoma, breast 
cancer, gastric cancer, prostate cancer, glioma cells, acute myeloid 
leukemia, acute lymphoid leukemia 

 Knockout mouse 
phenotype 

 PCP and convergent extension defects: major neural tube closure 
defect (craniorachischisis), abdomen closure defect, polydactyly, 
smaller kidney, open eyes 
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    Chapter 12   
 The RET Receptor Family 

             Rosa     Marina     Melillo      and     Massimo     Santoro    

      Abbreviations 

   aa    Amino acid   
  ARTN    Artemin   
  BCR    Breakpoint cluster region   
  CAKUT    Congenital anomalies of the kidney or lower urinary tract   
  CCHS    Congenital central hypoventilation syndrome   
  Chip    Chromatin immunoprecipitation   
  CLD    Cadherin-like domain   
  CMML    Chronic myelomonocytic leukemia   
  CNS    Central nervous system   
  CRC    Colorectal cancer   
  CRD    Cysteine-rich domain   
  CREB    Cyclic-AMP-response element binding protein   
  DA    Dopaminergic   
  DNM2    Dynamin 2 GTPase   
  ENS    Enteric nervous system   
  ERE    Estrogen-responsive elements   
  ET    Endothelin   
  FDA    Food and Drug Administration   
  FGFR1OP    Fibroblast Growth Factor Receptor 1 Oncogenic Partner   
  GDNF    Glial cell line-derived neurotrophic factor   
  GFL    Glial cell line-derived neurotrophic factor family   
  GFRα    GDNF receptor-α family   
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  GPI    Glycosylphosphatidylinositol   
  HMG    High-mobility group   
  HSC    Hematopoietic stem cell   
  HSCR    Hirschsprung’s disease   
  JNK    c-Jun N-terminal kinase   
  kbp    Kilobase pair   
  KIF5B    Kinesin family member 5B   
  LAR    Leukocyte antigen related   
  LTβ    Lymphotoxin β   
  LTβR    LTβ receptor   
  MAPK    Mitogen-activated protein kinases   
  MEN    Multiple endocrine neoplasia   
  MEN2A    Multiple endocrine neoplasia type 2A   
  MEN2B    Multiple endocrine neoplasia type 2B   
  MTC    Medullary thyroid carcinoma   
  NGF    Nerve growth factor   
  NRTN    Neurturin   
  NSCLC    Non small cell lung cancer   
  OMIM    Online Mendelian Inheritance in Men   
  PD    Parkinson’s disease   
  PI3K    Phosphatidylinositol-3-kinase   
  PKA    Protein kinase A   
  PLCγ    Phospholipase Cγ   
  PNI    Perineural invasion   
  PP    Peyer’s patches   
  PSPN    Persephin   
  PTB    Phosphotyrosine-binding domains   
  PTC    Papillary thyroid carcinoma   
  PTP    Protein tyrosine phosphatase(s)   
  RA    Retinoic acid   
  RET    REarranged during Transfection   
  RTK    Receptor tyrosine kinase   
  SAXS    Solution low-angle X-ray scattering   
  SCG    Superior cervical ganglion   
  SCLC    Small cell lung adenocarcinoma   
  SERM    Selective estrogen receptor modulator   
  TGF-β    Transforming growth factor β   
  TK    Tyrosine kinase   
  TRPA1    Transient receptor potential family of cation channels   
  TSS    Transcription start site   
  UTR    Untranslated regions   

R.M. Melillo and M. Santoro



561

12.1           Introduction to the RET Receptor Tyrosine Kinase 

 RET (REarranged during Transfection) is a unique receptor tyrosine kinase (RTK) 
characterized by the presence of cadherin-like domains in its extracellular region. 
 RET  gene is conserved in chimpanzee, dog, cow, mouse, rat, chicken, zebrafi sh, and 
fruit fl y.  RET  plays a critical role in oncogenesis and organogenesis [ 1 – 4 ]. 

 As far as oncogenesis is concerned,  RET  was originally identifi ed as an oncogene 
activated by a gene rearrangement occurred in vitro during transfection of NIH3T3 
fi broblasts with DNA from a human T-cell lymphoma [ 5 ]. Subsequently, by search-
ing for activated oncogenes in human papillary thyroid carcinomas (PTC), a trans-
forming oncogene ( RET /PTC) was isolated, which turned out to be a rearranged 
version of  RET  [ 6 ,  7 ]. More recently,  RET  gene rearrangements have been also 
found in lung adenocarcinoma, chronic myeloproliferative disorders, and Spitz 
tumors [ 8 ,  9 ].  RET  germline point mutations cause multiple endocrine neoplasia 
type 2A (MEN2A) and 2B (MEN2B) and, at somatic level, are associated with 
sporadic medullary thyroid carcinoma (MTC) [ 8 – 11 ]. 

 As far as organogenesis is concerned,  RET  loss-of-function mutations are found 
in patients with Hirschsprung’s disease (HSCR, aganglionic megacolon) and in 
patients with congenital anomalies of the kidney or lower urinary tract (CAKUT) 
[ 12 – 14 ]. 

 The human  RET  gene is located on chromosome 10q11.2. RET extracellular por-
tion contains 4 cadherin-like domains (CLD1-CLD4) followed by a juxtamembrane 
cysteine-rich domain (CRD). Its intracytosolic tyrosine kinase domain (TKD) is 
splitted into two subdomains by a short kinase insert. Alternative splicing generates 
three different RET forms differing at the carboxyl-terminal tail (Fig.  12.1 ) [ 1 – 4 ].  

 RET ligands belong to glial cell line-derived neurotrophic factor (GDNF) family 
(GFL). GFLs are members of the cystine-knot superfamily, which also includes 
transforming growth factor (TGF)-β. GFLs include GDNF, neurturin (NRTN), arte-
min (ARTN), and persephin (PSPN) [ 1 – 4 ]. Binding to GFLs occurs with a 2:2:2 
stoichiometry within a ternary receptor complex, in which ligand-binding compo-
nents are represented by glycosylphosphatidylinositol (GPI)-linked co-receptors 
(GDNF receptor alpha: GFRα) and the signaling unit is represented by RET. Four 
different GFRαs (GFRα 1–4) feature preferential binding specifi city for GDNF, 
NRTN, ARTN, and PSPN, respectively (Fig.  12.1 ) [ 1 – 4 ]. 

  RET  expression is typically found in neuroendocrine tumors, such as neuro-
blastoma, pheochromocytoma, and MTC. As far as normal tissues are concerned, 
 RET  is expressed in neural tissues, including peripheral enteric, sympathetic, and 
sensory neurons.  RET  expression is also detected in motor, dopaminergic, and 
noradrenergic neurons, in the developing excretory system (mesonephric duct 
and branching ureteric bud) and in spermatogonia [ 1 – 4 ]. Consistent with this 
expression pattern, targeted inactivation of the murine  RET  locus results in a 
complex phenotype, including defective development of enteric neurons and 
 kidney [ 14 ].  
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12.2          The Role of RET in Embryonic Development 
and Adult Physiology 

 Mouse  RET  transcripts are detected beginning at day 8.5 p.c. in neural crest cells 
migrating from rhombomere 4 and forming the anlage of the facioacoustic gan-
glion, and in closely associated domains of surface ectoderm and pharyngeal endo-
derm [ 15 ,  16 ].  RET  expression is detected in spinal and encephalic ganglia, and in 
sensory organs, such as ganglial layer of the retina and olfactory epithelium.  RET  
expression is also found in the wall of the gut (enteric nervous system, ENS) and in 
the nephrogenic zone of the developing kidney cortex (metanephrogenic vesicles) 
[ 16 ]. A similar pattern of expression is found in rat [ 17 ] and fruit fl y [ 18 ].  RET  
mRNA is also present in distinct areas of the mouse central nervous system (CNS), 
such as developing spinal cord and brain stem. In spinal cord,  RET  expression is 
found in somatic and visceral motor columns. In the brain stem,  RET  is expressed 
in cranial motor and sensory nuclei [ 1 – 4 ]. 

 Consistent with its expression pattern, targeted inactivation of  RET  in mice 
causes defective development of ENS and agenesis or dysgenesis of the kidney 
[ 12 – 14 ].  RET  inactivation impairs colonization of the gut by the enteric neuroblasts 
also in zebrafi sh [ 19 ,  20 ]. Mechanistically,  RET  inactivation causes defective 

  Fig. 12.1    RET, ligands, and co-receptors. RET protein with the four extracellular cadherin-like, 
cysteine-rich, transmembrane, and intracellular tyrosine kinase (splitted into two portions) domains 
are represented. Alternative splicing generates three different RET forms differing at the COOH- 
tail. Also represented are the RET functional ligands of the GFL (GDNF family ligands) family: 
glial cell line-derived neurotrophic factor (GDNF), neurturin (NRTN), artemin (ARTN), and 
persephin (PSPN). GDNF family receptor-α (GFRαs) are glycosylphosphatidylinositol (GPI)-
anchored proteins and feature three (GFRα4 has only two) globular cysteine-rich domains       

 

R.M. Melillo and M. Santoro



563

 migration, decreased proliferation, and apoptotic death of ENS progenitors into the 
 gastrointestinal mesenchyme [ 21 ,  22 ]. Accordingly, about 50 % of patients with 
HSCR display  RET  mutations, indicating a critical role played by  RET  in the inner-
vation of the human gut (see Sect.  12.3.2 ) [ 23 ].  RET  inactivation in the mouse also 
causes the loss or size reduction of superior cervical ganglion (SCG). The defect in 
SCG is likely due to combined effects of impaired migration, proliferation, sur-
vival, and delayed differentiation [ 24 ].  RET  is also required for the development of 
mouse cholinergic sympathetic neurons [ 25 ].  RET  is expressed in dorsal root gan-
glia (DRG) [ 26 ]. Although  RET  knockout does not affect the number of DRG 
neurons, the expression of a member of the transient receptor potential family of 
cation channels (TRPA1) is completely lost in DRG at postnatal day 14 in  RET -
 null  mice. TRPA1 has been proposed to function in diverse sensory processes, 
including thermosensation and pain. Consistently, GDNF and ARTN regulate 
responsiveness of DRG sensory neurons to mechanical, thermal, and chemical 
challenges, and mice overexpressing these ligands feature increased levels of 
TRPA1 in DRG neurons [ 27 ,  28 ]. 

  RET -knockout mice present kidney agenesis or dysgenesis (see Sect.  12.3.2 ) 
[ 12 – 14 ]. The development of kidney is a highly regulated process induced by the 
reciprocal interaction between the nephrogenic mesenchyme and the ureteric bud 
[ 12 ,  13 ]. Mesenchyme-derived GDNF stimulates  RET -positive cells on the tips of 
branching ureteric bud [ 21 ,  29 – 31 ]. In turn, RET stimulation induces a feedback 
signal through the upregulation of the  Spry1  gene; this, in turn, downregulates 
GDNF-mediated signaling [ 32 ]. 

 Disruption of the GDNF/RET/GFRα1 signaling in testis results in disturbed 
spermatogenesis. Testis-specifi c overexpression of GDNF results in disturbed 
spermatogenesis and, in older animals, testicular tumors [ 33 ]. In seminiferous 
tubules, GDNF is expressed by Sertoli cells, the somatic cells that regulate game-
togenesis.  RET  and  GFRa1 , instead, are expressed by a subset of spermatogonial 
cells, probably representing stem cells. Accordingly, mice expressing a dominant-
negative  RET  allele, which displayed reduced kinase activity, show alterations of 
early spermatogenesis [ 34 ]. Thus, during spermatogenesis, reduced levels of 
GDNF lead to increased differentiation and depletion of the stem cell pool. In con-
trast, excessive RET/GFRα1 signaling promotes stem cell renewal and inhibits 
differentiation [ 33 ,  34 ]. 

  RET  is expressed in several adult neuronal populations, including peripheral 
(enteric, sympathetic, and sensory) and central (motor, dopaminergic, and norad-
renergic) neurons. The neonatal mortality of  RET -null mice precludes the evalua-
tion of postnatal role of  RET . Nevertheless, selective  RET  deletion in dopaminergic 
neurons shows that  RET  is dispensable for their maintenance. However, nigrostria-
tal abnormality, with loss of dopaminergic neurons, alteration in dopamine release, 
degeneration of striatum, and glial activation, is observed in aged mice following 
conditional  RET  ablation. These features are suggestive of presymptomatic 
Parkinson’s Disease (PD) [ 35 ]. Accordingly, RET was able to rescue the pheno-
type, in particular mitochondrial function, of  Drosophila Pink1  mutant, a model for 
autosomal recessive PD [ 36 ].  RET ,  GFRα s, and  GFL s are expressed in the retina 
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[ 37 ,  38 ], and GFLs’ administration inhibits photoreceptor cell death in animal 
 models of retinal degeneration [ 39 ].  RET- hypomorphic mice, able to survive for 
several weeks after birth, show altered electro-retinograms and selective  RET  abla-
tion causes abnormal retinal function [ 40 ]. Finally, selective  RET  ablation decreases 
number and size of nociceptive neurons. Accordingly, mutant mice display abnor-
mal response to cold and pain [ 41 ]. 

 As far as its role outside nervous system is considered,  RET  contributes to the 
formation of gut-associated secondary lymphoid tissue (Peyer’s patches: PP) and in 
 RET -knockout mice intestine lacks PPs [ 42 ]. PP formation is driven by myeloid 
inducer and stromal organizer cells. The fi rst secrete lymphotoxin β (LTβ) and the 
second express the LTβ receptor (LTβR). A particular myeloid cell population, 
which expresses both RET and LTβ, is recruited in PPs by organizer cells, which 
secrete ARTN. In turn, RET-positive cells, by producing LTβ, induce organizer cells 
to express adhesion molecules and several lymphoid chemoattractants. Τhese inter-
actions lead to the recruitment of lymphocytes that fi nally form PPs [ 42 ]. 

 In mice,  RET  and its co-receptors are expressed in hematopoietic stem cells 
(HSCs) resident in fetal liver and in bone marrow. HSCs’ survival depends on sig-
nals deriving from microenvironment, including GFLs. In  RET - null  mice, HSCs 
maintain their differentiation potential while losing their ability to replace bone mar-
row upon irradiation. This is caused by lack of survival signals secondary to impaired 
RET-p38MAPK-CREB (cyclic-AMP-response element binding protein) cascade, 
which is necessary for the transcription of anti-apoptotic Bcl2/Bcl2l1 factors [ 43 ]. 

 Finally, in normal human and rodent pituitary somatotroph cells and GH-secreting 
somatotroph pituitary adenomas (somatotropinomas), RET is expressed together 
with GDNF and GFRα1 and functions as a dependence receptor, e.g., able to trigger 
cell death when unbound to the cognate ligand (see Sect.  12.4.2.1 ) [ 44 – 46 ]. In fact, 
when somatotroph cells are deprived by ligand, RET protein is processed by cas-
pases, releasing an intracellular fragment that induces the expression of Pit1 tran-
scription factor, which in turn activates a p19Arf/p53-dependent apoptotic pathway. 
 RET - null  mice display pituitary hyperplasia secondary to the lack of such a mecha-
nism [ 44 ,  45 ]. 

 Finally, additional roles in developing olfactory system, preventing keratocon-
junctivitis sicca, limiting consequences of cerebral ischemia, and sustaining thyroid 
calcitonin levels were unveiled through genetic manipulations of GFLs or their co- 
receptors [ 1 ,  8 ,  47 – 49 ].  

12.3      The Role of RET in Human Disease 

12.3.1       RET in Cancer 

 Different human cancers, including thyroid carcinoma, display gain-of-function 
structural alterations in  RET  which convert it into a dominantly transforming onco-
gene. Thus, RET kinase inhibitory compounds can be used to treat these neoplastic 
diseases. 
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12.3.1.1        RET Mutations in Multiple Endocrine Neoplasia type 2 (MEN2) 
and Medullary Thyroid Carcinoma 

 Multiple Endocrine Neoplasia type 2 (MEN2) syndromes (Online Mendelian 
Inheritance in Men, OMIM: #171400) comprise two related dominantly inherited 
Mendelian disorders: MEN2A and MEN2B [ 9 – 11 ]. Medullary Thyroid Carcinoma 
(MTC) is always present in MEN2 patients. MTC arises from neural crest-derived 
calcitonin-producing thyroid parafollicular C cells. It represents less than 5 % of all 
thyroid cancers and it is familial or sporadic in about 25 % and 75 % of cases, 
respectively [ 9 – 11 ]. MEN2A is characterized by MTC associated with pheochro-
mocytoma (a benign tumor of adrenal medulla) in 50 % of cases and parathyroid 
hyperplasia or adenoma in 10–30 % of cases. Several authors suggest that isolated 
Familial Medullary Thyroid Carcinoma (FMTC) should no longer be considered as 
a separate entity but as a variant of MEN2A [ 10 ]. MEN2B is characterized by MTC, 
pheochromocytoma, ganglioneuromatosis of the intestine, thickening of corneal 
nerves, and marfanoid habitus [ 9 – 11 ]. 

 Germline  RET  gene mutations are responsible for virtually all MEN2 cases. 
Most common mutations target exons 10 and 11 in the extracellular domain or 
exons 13–16 in the intracellular domain of  RET  [ 9 – 11 ]. These mutations are anno-
tated at   www.sanger.ac.uk/genetics/CGP/cosmic     and   www.arup.utah.edu/database/
MEN2     [ 50 ]. Most common mutations are represented in Fig.  12.2 . MEN2A is asso-
ciated most frequently with mutations of cysteine 634 (85 %) (exon 11), particularly 
C634R (single letter code), in the CRD. Other mutations are evenly distributed 
among the various cysteines of the CRD (C609, C611, C618, C620 in exon 10 or 
C630 in exon 11) and are associated with isolated form of familial MTC [ 9 – 11 ]. 
Mutations also target non-cysteine residues in  RET  ectodomain and  RET  TKD 
(including E768D, V804L, V804M). Most common MEN2B mutation is M918T in 
 RET  TKD (exon 16); more rarely, MEN2B patients harbor the A883F substitution 
or complex double mutations clustered on the same or two different  RET  allele 
[ 9 – 11 ] (Fig.  12.2 ).  

 MEN2-associated  RET  mutations have been classifi ed into different disease risk 
levels, with M918T and A883F bearing the highest risk. This notion is important for 
planning the optimal timing of prophylactic thyroidectomy to prevent MTC [ 11 ]. 

  RET  mutations, mainly M918T, occur at the somatic level in about 50 % of spo-
radic MTC and their presence correlates with an aggressive disease phenotype [ 51 ]. 

 MEN2/MTC-associated mutations activate  RET  oncogenic potential. In the case 
of CRD mutations, cysteine removal is believed to prevent the formation of intra-
molecular disulfi de bonds, thus allowing free cysteines to form covalent intermo-
lecular RET dimers [ 52 ]. Crystallographic analysis has shown that wild-type RET 
kinase domain adopts a tethered autoinhibited state that may be destabilized by the 
M918T mutation (see Sect.  12.4.2.3 ) [ 53 ,  54 ]. Accordingly, this mutation acceler-
ates RET autophosphorylation and alters RET substrate specifi city [ 54 ,  55 ]. 

 Based on RET role in MTC formation, vandetanib and cabozantinib, 2 tyrosine 
kinase inhibitors with activity against RET and other tyrosine kinases, have been 
approved by the FDA for the treatment of medullary thyroid carcinoma [ 56 – 58 ].  

12 The RET Receptor Family

http://www.arup.utah.edu/database/MEN2
http://www.arup.utah.edu/database/MEN2
http://www.sanger.ac.uk/genetics/CGP/cosmic


566

12.3.1.2      RET Gene Rearrangements in Papillary Thyroid Carcinoma 

 Papillary thyroid carcinoma (PTC) originates from endodermal-derived thyroid 
 follicular cells and it is the most frequent thyroid cancer type [ 59 ]. In PTC, with a 
frequency that varies in different patient series, chromosomal rearrangements, most 
commonly paracentric inversions of chromosome 10, cause the generation of chi-
meric oncogenes named RET/PTC [ 59 ]. These oncogenes are composed by the 
TKD (starting from residue 713) and COOH-tail encoding sequence of  RET  (from 
exon 12 to the 3′-end) fused, at the 5′-end, to the promoter sequence and 5′-terminal 
exons of different heterologous genes [ 59 ] (Fig.  12.2 ). Most common (90 % of the 
cases) rearrangements are RET/PTC1 ( CCDC6-RET ) and RET/PTC3 ( NCOA4 - 
RET    ) [ 7 ,  8 ,  59 ]. RET/PTC oncoproteins transform thyroid cells in culture [ 60 ] and 
thyroid-directed RET/PTC expression induces thyroid hyperplasia or neoplasia in 
transgenic mice [ 61 ]. 

  CCDC6 ,  NCOA4 , and  RET  loci display close proximity in the chromatin of thy-
roid cells, this facilitating their illegitimate recombination in PTC [ 62 ,  63 ].  RET  
gene rearrangements, as well as rearrangements of other RTKs, are common in PTC 

  Fig. 12.2    RET oncogenic mutations. RET protein structure is represented. On the  left , structure of 
RET gene rearrangements associated with papillary thyroid carcinoma (RET/PTC), lung adeno-
carcinoma, chronic myelomonocytic leukemia, and Spitz tumor is depicted. Dimerization medi-
ated by coiled-coil domains in the RET fusion partners is shown. On the  right , residues most 
commonly targeted by point mutations associated with sporadic MTC (frequently, M918T), 
MEN2A, and MEN2B are shown       
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patients with a history of exposure to ionizing radiation, as those exposed to the 
Chernobyl power plant explosion, thereby suggesting that these rearrangements 
may be caused by ionizing radiation [ 64 – 66 ]. 

 The RET fusion protein partners feature protein–protein interaction domains, 
such as coiled-coil motifs (Fig.  12.2 ). Thus, fusion results in constitutive dimeriza-
tion of RET kinase and ligand-independent activation [ 67 ]. In addition, secondary 
to gene fusion,  RET  TKD is placed under the transcriptional control of promoter 
elements of fusion gene partners that are ubiquitously expressed and able to drive 
 RET  expression in thyroid follicular cells [ 59 ].  

12.3.1.3     RET Gene Rearrangements in Lung Adenocarcinoma 

 Lung adenocarcinoma is a common type of non-small cell lung cancer (NSCLC) 
and it is commonly associated with mutations targeting RTKs, such as  EGFR , 
 ROS1, NTRK1 , and  ALK  [ 68 ].  RET  gene is rearranged in a fraction (about 2 %) of 
lung adenocarcinoma [ 69 – 73 ]. In these cases, chromosomal inversions cause the 
fusion of the  RET -encoded TKD (from exon 12 to the 3′-end, as in RET/PTC rear-
rangements) to different 5′-terminal exons of  KIF5B  (kinesin family member 5B) 
gene (Fig.  12.2 ). Less commonly, the  RET -encoded TKD is fused to  CCDC6  (as 
in RET/PTC1),  NCOA4  (as in RET/PTC3), or  TRIM33  (as in RET/PTC7) genes 
[ 74 ].  RET -rearranged lung adenocarcinomas tend to be poorly differentiated, to 
occur in young and never-smokers patients, and to have solid morphology [ 74 ]. 
Similar to RET/PTCs, KIF5B-RET fusion proteins form homodimers. Consistently, 
they display ligand-independent activation of RET kinase and transform fi bro-
blasts in vitro [ 69 ]. An activating  RET  M918T mutation has been found in one case 
of small cell lung adenocarcinoma (SCLC) displaying metastatic behavior, and the 
introduction of the mutated  RET  allele in SCLC cell lines resulted in increased 
proliferation [ 75 ].  

12.3.1.4     RET Gene Rearrangements in Chronic 
Myeloproliferative Disorder 

  RET  gene rearrangements have been described in chronic myelomonocytic leuke-
mia (CMML) [ 76 ] (Fig.  12.2 ). In one case, the  RET -encoding TKD (from exon 12 
to the 3′-end as in RET/PTC and in KIF5B-RET) was fused to the 5′-terminal four 
exons of  BCR  (breakpoint cluster region). In a second case,  RET  TKD was fused to 
the 5′-terminal twelve exons of  FGFR1OP  (Fibroblast Growth Factor Receptor 1 
Oncogenic Partner). BCR-RET and FGFR1OP-RET fusion proteins transform 
hematopoietic cells in vitro [ 76 ]. A FGFR1OP-RET fusion event has been also 
described in one patient affected by primary myelofi brosis with secondary acute 
myeloid leukemia [ 77 ].  
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12.3.1.5     RET Rearrangements in Spitz Tumor 

 Spitz tumors include benign and malignant neoplasms, formed by spindle or 
 epithelioid melanocytes that, differently from melanomas, generally lack activation 
of  BRAF . Recently, a fraction (3 %) of Spitz tumors were found to carry  RET  gene 
rearrangements involving  KIF5B  and  GOLGA5  genes [ 78 ]. The resulting chimeric 
oncoproteins displayed increased phosphorylation and activation of downstream 
signaling, which could be obstructed by RET kinase inhibitors [ 78 ].  

12.3.1.6     RET in Other Cancer Types 

 An increasing number of human cancer types display  RET  aberrant expression lev-
els.  RET  is overexpressed in breast cancer, particularly in ERα (estrogen receptor 
α)-positive cases [ 79 ,  80 ] and  RET  levels associate with decreased metastasis-free 
and overall survival [ 81 ]. In breast cancer cells,  RET  expression is induced by 
estrogens and GDNF expression is induced by infl ammatory cytokines [ 80 – 83 ]. 
RET stimulation activates breast cancer cell proliferation, survival, and motility 
[ 80 – 83 ]. In turn, RET stimulation induces mTOR-dependent phosphorylation and 
hormone- independent activation of ERα [ 83 ]. RET stimulation also triggers breast 
cancer cell resistance to aromatase inhibitors [ 84 ]. RET and IL-6 are linked in a 
feed-forward transcriptional loop, whereby IL-6-induced cell migration requires 
RET and both RET and IL-6 signaling impinge on FAK signaling for the induction 
of cell migration and metastatic ability [ 81 ]. Finally, the cholesterol metabolite 
27- hydroxycholesterol, an endogenous selective estrogen receptor modulator 
(SERM), stimulates ER- and GDNF-RET-dependent breast cancer cell prolifera-
tion [ 85 ]. All together, these fi ndings suggest that RET targeting could be exploited 
for the treatment of breast cancer. 

 In pancreatic ductal carcinomas,  RET  expression was found in about half of 
cases, correlating with tumor grade and metastasis. In particular, RET function is 
involved in perineural invasion (PNI) of pancreatic carcinomas, an event that is 
associated with poor prognosis. Secretion of RET ligands, GDNF or ARTN, and of 
soluble GFRα1 by nerves, enhances PNI [ 86 ,  87 ]. 

 Despite its well-established role as an oncogene in several malignancies,  RET  
has been recently proposed as a  bona fi de  tumor suppressor in some colorectal can-
cers (CRC). Accordingly, CpG islands’ promoter methylation silences  RET  expres-
sion in CRC with respect to normal tissue and this has been associated with poor 
prognosis [ 88 ,  89 ]. Moreover, rare somatic mutations target  RET  extracellular 
domain in CRC [ 90 ]. RET is able to trigger apoptosis of colon epithelial cells and 
loss of RET-mediated apoptosis, secondary to  RET  silencing or CRC-associated 
mutations, may foster CRC formation [ 88 ,  91 ].   

R.M. Melillo and M. Santoro



569

12.3.2        RET in Developmental Disorders 

12.3.2.1       RET in Hirschsprung’s Disease 

 Hirschsprung’s disease (HSCR, aganglionic megacolon: OMIM #142623) (1/5,000 
live births) is a genetic neurocristopathy (disease of neural crest) characterized by 
absence of the parasympathetic ganglia of the myenteric and submucosal plexuses 
of ENS, leading to impaired peristalsis, functional obstruction, and chronic enlarge-
ment of the colon [ 92 ,  93 ]. HSCR can be familial or sporadic and occurs isolated or 
combined with other malformations in syndromes such as Shah-Waardenburg, 
Down, Bardet–Biedl, and congenital central hypoventilation (Ondine’s curse) syn-
dromes. At least ten different genes have been involved in HSCR [ 92 ,  93 ]. 

  RET  is expressed in ENS and  RET - null  mice display impaired development of 
ENS (see Sect.  12.2 ). Accordingly, familial and sporadic HSCR diseases are associ-
ated with germline mutations of  RET  in about 50 % and 15 % of the cases, respec-
tively [ 23 ,  92 ,  93 ]. Over 100 different  RET  mutations have been described in HSCR 
patients; databases of these mutations can be found at UniProt (  www.uniprot.org/    ) 
and Human Gene Mutation Database (  www.hgmd.cf.ac.uk/ac/index.php)     [ 94 ,  95 ]. 

 Differently from cancer-associated mutations, HSCR-associated  RET  mutations 
do not cluster in hot-spots, are heterogeneous (deletions, nonsense and missense 
point mutations), and in most of the cases cause a loss of function of RET. Mutations 
in the RET extracellular domain impair cell surface expression, probably secondary 
to misfolding of the protein, while mutations in the RET TKD reduce enzymatic 
activity [ 96 – 98 ]. Finally, a few mutations in the RET carboxyl-terminal tail, close 
to RET tyrosine 1062 (Y1062), impair binding to signaling adaptors, such as SHC 
and others (see Sect.  12.4.2.3 ) [ 99 ]. Paradoxically, in some cases, HSCR co- 
segregates with MEN2A/MTC that, as described above, is, instead, associated with 
RET gain of function. These promiscuous HSCR-MEN2A/FMTC cases typically 
display mutations in RET CRD cysteines other than C634. Possibly, these particular 
mutations not only cause constitutive kinase activity but also a decreased cell sur-
face expression of the RET protein that may cause HSCR [ 100 ,  101 ]. 

 Finally, besides coding sequence mutations,  RET  haplotypes have been associ-
ated with HSCR [ 93 ,  102 – 104 ]. In particular, a nucleotide variant in the transcrip-
tional enhancer in  RET  intron 1, which reduces  RET  expression, is a common low 
penetrance variant predisposing (>20-fold greater risk) to HSCR [ 105 ].  

12.3.2.2      RET in Congenital Anomalies of the Kidney 
or Lower Urinary Tract  

 Congenital anomalies of the kidney or lower urinary tract (CAKUT) are a common 
(1/250 live births) cause of kidney failure and believed to be secondary to gene 
defects acquired early during development [ 12 ,  13 ].  RET  is involved in kidney and 
lower urinary tract development and  RET - null  mice feature renal agenesis or aplasia 
(see Sect.  12.2 ). About 5–35 % of CAKUT patients harbor various  RET  and  RET  
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signaling complex mutations [ 106 – 108 ]. Studies with genetically modifi ed mice 
suggest that signals originated at the level of RET Y1015 and Y1062 docking sites 
are particularly important for proper kidney development, and loss of these 
 RET- mediated signals may cause CAKUT (see Sect.  12.4.2.3 ).    

12.4     RET 

12.4.1      RET  Gene 

  RET  gene maps to chromosome 10q11.2, in a 5′ centromeric/3′ telomeric orienta-
tion [ 109 ,  110 ].  RET  gene includes 21 coding exons and its size is approximately 
55 kbp. Exon 1 and 2 are separated by a 24 kb intron, while exons 2–20 are included 
in a 31 kbp genomic region. A highly polymorphic CA repeat sequence is present 
within intron 5. Such a gene structure, i.e., a large fi rst intron between exons 1 and 
2 and other exons (2–20) clustered at the 3′-half of the gene, is reminiscent of other 
RTKs ( PDGFRB  and  KIT ) gene structures [ 109 ,  110 ]. 

12.4.1.1     RET Promoter Structure 

 A short genomic fragment of 453 bp located at the 5′-terminus of the human  RET  
gene displays transcriptional promoter activity. In particular, a sequence including 
nucleotide −167 to +98 with respect to transcription start site (tss) is able to drive 
transcription [ 111 ]. This region is characterized by several transcription factor bind-
ing sites, such as Sp1, AP-2, and ETF. This region also contains four tandemly 
repeated GC boxes. High GC content and lack of canonical TATA and CAAT boxes 
are typical of Sp1 factor-regulated promoters. Accordingly,  RET  expression in the 
TT cell line, derived from a human MTC, depends on the binding of Sp1 and Sp3 to 
GC boxes distant 70 bp from the tss [ 112 ]. Through analysis of sequences con-
served among species coupled with chromatin immunoprecipitation (Chip), many 
potential  RET  regulatory elements have been identifi ed able to bind several tran-
scription factors [ 113 ]. Furthermore, an analysis of the sequence 5 kbp upstream 
from  RET  tss revealed putative recognition sites for different constitutive, inducible, 
or developmentally regulated transcription factors [ 114 ]. 

 As its human counterpart, the murine  RET  promoter lacks TATA and CAAT 
boxes and shows a high GC content. The major tss has been mapped 254 bp upstream 
the predicted translation initiating (ATG) site, and putative Sp1-binding sites have 
been identifi ed in its most conserved regions. A region of 12 kb containing the regu-
latory sequences of the murine  RET  gene was fused to the β-galactosidase gene. 
Progressive deletions of this construct have been used to generate transgenic mice. 
These studies have shown that the 12 kb  RET  fl anking sequence contains separable 
mesodermal and neuronal regulatory regions. However, β-galactosidase expression 
was not detected in developing motor neurons, in enteric and autonomic ganglia, 
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and in developing urogenital system, which normally express  RET,  thus suggesting 
that still unidentifi ed additional  cis -regulatory elements may be responsible for 
tissue- specifi c  RET  expression [ 115 ]. A small fragment of 380 bp upstream of the 
mouse ATG start codon was able to drive  RET  expression in neuronal cells [ 116 ]. 
Consistently, transgenic mouse lines carrying this fragment partially recapitulated 
the pattern of endogenous  RET  expression [ 117 ].  

12.4.1.2       RET mRNA Structure 

 The  RET  gene codes for multiple transcripts thanks to alternative splicing mecha-
nisms [ 118 – 122 ]. Moreover, multiple alternatively spliced  RET  transcripts have 
been detected in human neoplasms [ 122 – 124 ]. 

 Alternative splicing of 3′ terminal exons results in transcripts encoding three 
RET protein isoforms bearing different C-terminal amino acid (aa) sequences: 
RET9 (1072 aa), RET51 (1114 aa), and RET43 (1106 aa) (Fig.  12.1 ) [ 118 – 122 ]. 
Such alternative splicing of  RET  3′ sequences is highly conserved in human, 
murine, and other vertebrate species [ 125 ,  126 ]. RET9 and RET51 are the most 
abundant forms.  RET  exon 19 is present in all transcripts, and splicing at the 3′-end 
of exon 19 results in transcripts where exon 19 is unspliced (RET9), spliced to exon 
20 (RET51), or spliced to exon 21 (RET43). Multiple polyadenylation sites and 3′ 
UTRs (untranslated regions) are associated with these three variants. The amino 
acid sequences of the alternative RET products diverge at codon 1063 which 
encodes a glycine in RET9 and RET51 and an aspartic acid in RET43. Thus, the 
last common amino acid for RET9, RET43, and RET51 is tyrosine 1062 (Y1062), 
a site which is essential for RET signaling (see Sect.  12.4.2.3 ). Alternative splicing 
places Y1062 in different amino acid contexts, thus conferring different binding 
properties. Moreover, RET51 contains an extra Grb2 docking site (Y1096) that 
preferentially activates phosphatidylinositol-3-kinase (PI3K)/AKT pathway (see 
Sect.  12.4.4.1 ) [ 127 ,  128 ]. 

 To address functional signifi cance of the alternatively spliced RET products, 
mice that express exclusively either the RET9 or RET51 isoform have been gener-
ated. In one study, a chimeric RET51 form consisting of mouse extracellular and 
human cytoplasmic RET domains was used. The resulting mice featured defects in 
kidney and ENS development, thus suggesting that RET51 was insuffi cient to drive 
normal RET functions [ 129 ]. Another transgenic model, exclusively expressing 
human RET9 or RET51 isoforms, suggested that the two forms are redundant since 
either one was fully competent for proper kidney development [ 130 ].  

12.4.1.3    RET Transcriptional Regulation 

 Several transcription factors involved in embryonic development mediate regulation 
of  RET  gene expression. Besides already mentioned Sp1 factors (see Sect.  12.4.1.1 ), 
PAX proteins are also involved in  RET  regulation. PAX are members of the 
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paired- box containing transcription factor family and control the development of a 
variety of structures in which RET is involved, including neural crest and kidney 
(see Sect.  12.2 ). PAX3, in particular, is necessary for enteric ganglia formation and 
it is required for the regulation of  RET  gene expression during the development of 
ENS. PAX3 is capable of physically interacting and functionally synergizing with 
SOX10 to activate an enhancer element in the  RET  gene [ 131 ]. SOX10, in turn, 
belongs to the high-mobility group (HMG) of nuclear factors and regulates ENS 
differentiation [ 132 – 135 ]. Both  PAX3  and  SOX10  genes harbor mutations in patients 
with genetic syndromes characterized by defects in neural crest-derived structures 
including HSCR (see Sect.  12.3.2.1 ). 

 Mice and humans with renal hypoplasia display heterozygous mutations in 
 PAX2,  another  PAX  family member [ 136 ].  PAX2,  together with  PAX8,  is expressed 
early in the mammalian metanephric duct and precedes  RET  expression. In vitro, 
both PAX2 and PAX8 can bind to  RET  promoter and activate its transcription [ 136 ]. 

 Homeobox gene  HOXB5  is expressed in neural crest and its ablation in the mouse 
causes defective ENS development. HOXB5 binds  RET  promoter at −875 bp 
upstream tss [ 137 ]. HOXB5 synergizes with another transcription factor, NKX2-1/
TTF1, to stimulate  RET  gene transcription [ 137 ]. NKX2-1/TTF1 is important for 
thyroid and lung development and it is also strongly expressed in ENS. A NKX2-1/
TTF1 binding sequence is present in  RET  promoter [ 103 ]. 

 Other factors are involved in the regulation of  RET  expression during develop-
ment. The orphan nuclear receptor  Nurr1  is critical for the generation of dopami-
nergic (DA) neurons of the substantia nigra [ 138 – 140 ]. Noteworthy, also  RET  is 
involved in the maintenance of DA neurons (see Sect.  12.2 ). Knockdown of  Nurr1  
in DA neurons results in a signifi cant decrease in  RET  expression, and Nurr1 is 
capable of transactivating  RET  gene promoter. The fragment of  RET  gene that 
mediates Nurr1 activity is located in the proximal promoter, which however does 
not contain canonical Nurr1 binding elements, indicating that Nurr1 effect may be 
indirect [ 141 ]. 

 PHOX2B is a neuronal type-specifi c paired-homeodomain transcription factor 
that is expressed throughout the developing sympathetic, parasympathetic, and 
enteric ganglia [ 142 ]. Autonomic ganglia fail to form properly in mice lacking 
PHOX2B, and PHOX2B is needed for the expression of  RET  [ 142 ]. Mutations in 
 PHOX2B  gene cause congenital central hypoventilation syndrome (CCHS), charac-
terized by idiopathic failure of autonomic breathing and HSCR, also known as 
Ondine’s curse (see Sect.  12.3.2.1 ) [ 143 ]. 

  RET  expression can be induced by differentiating agents, such as retinoic acid 
(RA) [ 144 – 146 ], and estrogens (E2) [ 82 ]. Consistently, different potential retinoic 
acid responsive elements (RARE) have been identifi ed in  RET  regulatory region 
[ 114 ]. Moreover, estrogen-responsive elements (ERE) have been identifi ed in the 
 RET  promoter [ 82 ]. Epigenetic modifi cations, such as chromatin and DNA meth-
ylation, infl uence  RET  promoter activity and are associated with RA-mediated  RET  
transcriptional activation [ 147 ,  148 ]. Chromatin acetylation at the  RET  promoter 
has been detected that may modulate  RET  transcription rate [ 113 ].   
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12.4.2     RET Protein 

12.4.2.1     RET Amino Acid Sequence and Processing 

 Different RET protein products of 1072 (RET9), 1106 (RET43), and 1114 (RET51) 
amino acids are generated secondary to alternative splicing of  RET  3’mRNA (see 
Sect.  12.4.1.2 ). RET signal peptide spans amino acids 1–28. The transmembrane 
segment is composed of 22 amino acids (residues 636–657), among which S649 
and S653 mediate self-association and dimerization of RET [ 149 ]. The intracellular 
portion of RET contains the TKD (residues 732–1112) splitted into two subdomains 
(Fig.  12.1 ). 

 RET is synthesized as a 120 kDa precursor, representing the unglycosylated core 
protein. Secondary to glycosylation, RET glycoproteins of 150 and 170 kDa are 
produced [ 15 ]. Cell fractionation experiments showed that only the 170 kDa iso-
form is sorted to the plasma membrane, while, as suggested by its sensitivity to 
endoglycosidase H, the 150 kDa isoform is an incompletely glycosylated immature 
precursor that resides in the endoplasmic reticulum [ 150 – 152 ]. 

 RET belongs to the family of so-called “dependence” receptors. In the absence 
of cognate ligands, dependence receptors exert a pro-apoptotic activity that is 
blocked upon ligand stimulation [ 91 ,  153 ]. Such a pro-apoptotic activity is mediated 
by cleavage of RET cytosolic portion (between residues 707 and 708) by caspase-3, 
which, in turn, releases a C-terminal RET peptide that is able to induce cell death 
[ 46 ]. It is feasible that such activity is important for RET developmental function, 
because it may control migration of RET expressing cells by limiting survival of 
cells that move beyond ligand availability.  

12.4.2.2    RET Domain Structure 

 Distinct domains can be identifi ed in RET protein: (1) four cadherin-like domains 
(CLD) and one cysteine-rich region (CRD) in the extracellular region; (2) one trans-
membrane domain; and (3) one intracellular domain which includes the tyrosine 
kinase (TKD) domain split into two subdomains (Fig.  12.1 ). The structural domains 
of the extracellular RET are essential for binding to ligands and co-receptors (see 
Sect.  12.4.3 ). 

 CLD domains are stretches of 110 amino acids showing homology with the cad-
herin family of Ca 2+ -dependent cell adhesion molecules. They share a common 
sequence which includes a Ca 2+ -binding site. Accordingly, RET ectodomain binds 
Ca 2+ , and this is required for RET binding to its ligands [ 154 ]. 

 RET CRD contains 16 of the 28 cysteine residues of the RET ectodomain. 
Interestingly, most MEN2A or FMTC-causing mutations affect six of these extra-
cellular cysteines (see Sect.  12.3.1.1 ). 

 RET TKD consists of a small N-terminal lobe and a large C-terminal lobe con-
nected by a short linker [ 53 ].  
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12.4.2.3           RET Phosphorylation Sites 

 By phosphopeptide mapping [ 155 ] and mass spectrometry [ 156 ], several 
 autophosphorylation sites were identifi ed in RET intracellular domain: Y687, Y826, 
Y900, Y905, Y981, Y1015, Y1029, Y1062, and Y1096. Y687 maps in the juxta-
membrane region, Y806 and Y809 in the N-terminal lobe of the TKD, Y826 in the 
kinase insert, Y900 and Y905 in the kinase activation loop between the DFG and 
APE (single letter amino acid code) motifs, Y981 in the C-terminal lobe of the 
TKD, and Y1015, Y1029, and Y1062 in the carboxyl-terminal tail. Y1090 and 
Y1096 are present only in RET51 isoform (see Sect.  12.4.1.2 ). Studies with phos-
phospecifi c antibodies confi rmed phosphorylation of some of these sites (Y905, 
Y981, Y1015, Y1062, and Y1096) in vivo in intact cells [ 54 ,  157 ,  158 ]. 

 The temporal sequence of RET phosphorylation events in physiological and 
oncogenic settings has been defi ned [ 54 ]. Upon ligand triggering, RET autophos-
phorylation occurs in  trans  and involves, initially, tyrosine residues fl anking the 
TKD (Y687, Y1062), and, at a later time point, those located within the activation 
loop (Y900, Y905) and in other TKD fl anking regions (Y1015, Y1029). Thus, at a 
variance from other RTKs for which phosphorylation events involving tyrosines 
within the activation loop are activating, in the case of RET Y900 and Y905 are not 
bona fi de activating tyrosines [ 54 ]. Importantly, such a phosphorylation trajectory 
was perturbed by oncogenic RET point mutations (M918T and V804M) (see 
Sect.  12.3.1.1 ) that, indeed, cause a faster phosphorylation of activation loop resi-
dues. This is explained by the observation that the M918T mutation destabilizes the 
“in” conformation of the activation loop and exposes it to a faster phosphorylation 
in  trans . However, such an oncogenic mutation does not simply enhance substrate 
presentation but also potentiates RET enzymatic activity by augmenting ATP occu-
pancy of the kinase [ 54 ]. 

 Autophosphorylated tyrosines serve as docking sites for signaling proteins (see 
Sect.  12.4.4.1 ) (Fig.  12.3 ). Y905 functions as a binding site for Grb7/10 adaptors 
[ 159 ]. Y981 is a docking site for SRC [ 160 ]. Y905 and Y981 are also involved in 
the binding of SH2B1β, a member of the SH2B family of adapters [ 161 ]. Y1015 
binds phospholipase Cγ (PLCγ), this mediating activation of protein kinase C 
(PKC) [ 162 ]. Y1062 is a multidocking site for several phosphotyrosine-binding 
domains (PTB) containing adapters such as SHC, SHC-C, IRS1/2, FRS2, and 
DOK1/4/5. This residue is embedded in a NXXY sequence, which recognizes PTB- 
containing substrates, and is essential for the transforming ability of RET-derived 
oncogenes in cell cultures [ 163 – 165 ] and in transgenic mice [ 166 ]. Binding to SHC 
and FRS2 mediates recruitment of Grb2-SOS complexes leading to RAS/BRAF/
MAPK stimulation, and of Grb2-GAB1/2 complexes leading to stimulation of the 
phosphatidylinositol-3-kinase (PI3K)/AKT pathway (see Sect.  12.4.4.1 ). SHC-C 
and IRS1/2 are required to trigger PI3K/AKT activation. Y1096, specifi c for RET51, 
recruits Grb2/GAB complex, and is important for the activation of the PI3K/AKT 
pathway (see Sect.  12.4.1.2 ). Binding to DOK4 and DOK5 is implicated in MAPK 
stimulation, whereas binding to DOK1 is involved in c-Jun N-terminal kinase (JNK) 
stimulation [ 167 ] (Fig.  12.3 ). Other RET phosphotyrosines have been implicated in 
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docking to signal transducer and activator of transcription 3 (STAT3) [ 168 ,  169 ]. 
Phosphorylated Y687 in the RET juxtamembrane is a binding site for SHP2 phos-
phatase and infl uenced by the phosphorylation of the nearby S696 residue by pro-
tein kinase A (PKA) [ 170 ,  171 ]. Phosphorylation-independent RET interactors have 
been also identifi ed, such as SHANK3 that associates selectively with the C-terminal 
tail of RET9 isoform and sustains ERK and PI3K signaling and Enigma that selec-
tively associates with Y1062 in the context of RET9 and prevents CBL-3-mediated 
RET ubiquitylation and degradation [ 172 – 174 ]. The role of Enigma as a positive 
regulator of RET is supported by data showing that, among breast cancers with high 
RET expression, those that concurrently display high Enigma levels showed reduced 
survival [ 174 ].  

 To address the functional role of RET autophosphorylation sites, transgenic mice 
that express Tyr to Phe mutations at Y981, Y1015, or Y1062 have been generated. 
Abrogation of the PLCγ-binding site (Y1015F) signifi cantly impaired kidney devel-
opment (see Sect.  12.3.2.2 ). Moreover, loss of multidocking site (Y1062), in the 
absence of the additional Grb2-binding site (Y1096) that is specifi c to RET51 iso-
form, phenocopied  RET  knockout and caused defective development of kidney and 
ENS as well as spermatogonial defi ciency and hearing loss [ 175 – 178 ].   

  Fig. 12.3    RET signaling. Major RET autophosphorylated tyrosines with their binding partners are 
represented. Signaling pathways downstream Y1062 and Y1096 are also represented       
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12.4.3     RET Ligands 

 RET ligands include four GFL members (Fig.  12.1 ). The fi rst member of this  family, 
GDNF, was identifi ed from a glioma cell line conditioned medium as a trophic fac-
tor for different neuronal populations [ 179 ] and then identifi ed as a functional 
RET ligand [ 180 – 182 ]. GFL family includes also neurturin (NRTN), artemin 
(ARTN), and persephin (PSPN). These factors are characterized by the presence of 
a cystine knot, a structural motif that includes seven cysteine residues, six of which 
form disulfi de bonds [ 2 – 4 ]. Accordingly, GFLs function as homodimers. They are 
produced by different tissues as precursors and undergo removal of the signal pep-
tide before secretion. Once secreted, they bind to heparan sulfate, a glycosamino-
glycan of the extracellular matrix. 

 In order to activate RET, GFLs fi rst bind to co-receptors, named GDNF family 
receptor-α (GFRα). GFRαs are glycosylphosphatidylinositol (GPI)-anchored pro-
teins, secondary to a posttranslational modifi cation that allows attachment to the 
outer leafl et of the plasma membrane. Soluble forms of GFRαs can be generated 
by the action of phospholipases or proteases. Thus, RET stimulation by its ligands 
can occur in  cis  or in  trans  by GFLs complexed with GPI-anchored or soluble 
GFRα, respectively [ 2 – 4 ]. Four distinct GFRαs have been identifi ed (GFRα1–4). 
They share a similar structure, with three globular cysteine-rich domains (GFRα4 
has only two cysteine-rich domains) joined by linker sequences (Fig.  12.1 ) [ 183 –
 188 ]. Each ligand preferentially binds to a specifi c GFRα: GDNF binds to GFRα1, 
NRTN to GFRα2, ARTN to GFRα3, and PSPN to GFRα4 (Fig.  12.1 ). Despite this 
specifi city, a certain degree of cross talk between ligands and co-receptors has 
been reported. RET activating complex has a stoichiometry GFL(2)–GFRα(2)–
RET(2), with one GFL dimer binding to 2 GFRα and 2 RET monomers, fi nally 
inducing RET dimerization and activation. The GDNF–GFRα1–RET binding has 
been recently elucidated by solution low-angle X-ray scattering (SAXS) and 
revealed to occur within a fl ower-shaped structure, whereby RET CLD/CRD 
domains make multiple contacts with a bipartite GDNF-GFRα1, this, in turn, driv-
ing a homotypic interaction between the membrane proximal RET CRD regions 
[ 189 ]. Few contacts occur between RET and GDNF and involve the CRD, while 
major contacts are between RET extracellular domain and GFRα1. Importantly, 
RET binding to the GDNF–GFRα1 fosters self-association of two RET monomers 
via their CRD, an ability that is exploited by the CRD mutations associated with 
MEN2A [ 189 ]. 

 GFLs may activate intracellular signaling pathways also in the absence of 
RET. GDNF is capable of high-affi nity binding and signaling through the cell adhe-
sion molecule NCAM [ 190 – 192 ]. 

 Genetic ablation in mice has defi ned the specifi c role of each GFL. While  RET , 
 GDNF , or  GFRα1  genetic ablation causes lethality at birth, with kidney agenesis 
and defects in ENS, mice lacking the other GFLs or GFRαs are viable and fertile 
(see Sect.  12.2 ). In general, cells and tissues that are affected by the knockout of 
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each ligand constantly co-express RET, pointing to RET as the major signaling 
receptor in vivo; moreover, ligand and co-receptor ablation in mice induced an over-
lapping phenotype, confi rming preferential binding of each ligand to cognate co- 
receptor. NRTN- or ARTN-knockout mice display a common phenotype 
characterized by ptosis (drooping eyelids), thought to result from damage to the 
eyelid muscle, the superior cervical sympathetic ganglion, or the oculomotor nerve 
[ 193 ,  194 ]. ARTN is important for the formation of the superior cervical ganglion 
[ 195 ,  196 ]. GFRα4-knockout mice display defective development of thyroid para-
follicular C cells [ 197 ]; intriguingly, C cells are the cell of origin of MTC, a tumor 
that is associated with RET mutations (see Sect.  12.3.1.1 ).  

12.4.4     RET Activation and Signaling 

12.4.4.1       RET Pathway Activation 

 As discussed above (see Sect.  12.4.2.3 ), RET activates a number of intracellular 
signaling cascades, with major autophosphorylation sites, Y981, Y1015, Y1062, 
and Y1096, involved in the activation of SRC (Y981), PLCγ-PKC (Y1015), RAS/
BRAF/MAPK (Y1062), and PI3K/AKT (Y1062 and Y1096), respectively. 

 Defects of these signaling mechanisms are involved in defective development 
(see Sect.  12.3.2 ). Furthermore, RET signaling pathway includes activation of 
BRAF and RAS proteins. In turn,  BRAF  is the oncogene most commonly activated 
in RET/PTC-negative PTC cases, and  RAS  genes are commonly mutated in spo-
radic PTC and MTC negative for  RET  mutations [ 11 ,  59 ]. This strongly indicates 
that both follicular cell and parafollicular C cell-derived thyroid tumors are caused 
by aberrant activation of the RET-RAS-MAPK epistatic signaling cascade (see 
Sect.  12.3.1 ).  

12.4.4.2    Cross talk with Other Receptor Systems 

 Several ligand–receptor systems have been shown to interact with GFL–RET axis. 
 EDNRB , which encodes the seven-pass G-coupled endothelin (ET-1, -2, and -3) 
receptor, is implicated in HSCR (about 5 % of cases). Accordingly, ET-3 is essential 
for formation of the ENS. Genome-wide association studies and mouse models 
revealed genetic interactions between  RET  and  EDNRB  genes [ 198 ,  199 ]. 

 Nerve growth factor (NGF)-triggered activation of the TRKA kinase receptor 
promotes RET phosphorylation through GFL-independent inter-receptor kinase 
signaling [ 200 ]. This TRKA–RET interaction selectively involves RET51. Of note, 
both RET and TRKA are also involved in the pathogenesis of PTC (see Sect.  12.3.1 ) 
[ 201 ,  202 ].   
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12.4.5     RET Internalization, Processing, and Attenuation 

 Duration of RTK signaling is governed by receptor dephosphorylation, through 
 protein tyrosine phosphatases (PTP), internalization, and degradation. PTPs, such 
as SHP1 and Leukocyte antigen-related (LAR) phosphatase, counteract RET auto-
phosphorylation and biological activity [ 203 ,  204 ]. 

 Following GDNF binding, RET is internalized through the clathrin-coated pit 
pathway. Ligand stimulation induces maximal RET phosphorylation in 15 min. 
Then, between 15 and 120 min, RET protein is internalized, colocalizes with mark-
ers of clathrin-coated vescicles and early endosomes such as Rab5a, and degraded. 
RET internalization depends on dynamin 2 GTPase (DNM2) and requires RET 
kinase activity. Interestingly, RET-mediated signaling is also affected by internal-
ization, as inhibition of this process, through a DNM2 dominant-negative mutant, 
blunts MAPK, but not AKT activation [ 205 ]. Surface labeling experiments have 
shown that RET can also be partially recycled back to the plasma membrane [ 206 ]. 

 RET internalization requires ubiquitylation, which is carried out by the ubiquitin 
ligase CBL. CBL associates with tyrosine phosphorylated RET through SHC and 
Grb2 adapters. By binding RET Y1062, SHC recruits the Grb2/CBL complex. Grb2 
recruits CBL also by binding directly to RET Y1096 (see Sect.  12.4.2.3 ) [ 207 ]. 
Despite CBL docking sites are also present in the oncogenic RET/PTC  oncoproteins 
(see Sect.  12.3.1.2 ), both RET/PTC1 and RET/PTC3 fail to interact with CBL, pos-
sibly because of their aberrant intracellular localization. Failure to bind CBL results 
in decreased ubiquitylation, and higher protein stability of RET/PTC oncoproteins 
with respect to membrane-bound RET [ 208 ]. 

 At least a part of GDNF-induced RET degradation is mediated by the protea-
some in sympathetic neurons. In these cells, GDNF-stimulated RET moves to lipid 
rafts where it is very stable. Instead, RET proteins located outside rafts undergo 
ubiquitylation and proteasome-dependent degradation [ 209 ]. 

 Two novel RET interactors, CD2-associated protein (C2AP) and CBL-3, one of 
the three members of the CBL family, bind RET directly. C2AP and CBL-3 interact 
with RET in resting conditions; then, upon GDNF stimulation, C2AP and CBL-3 
dissociate from RET, this inducing RET ubiquitylation and proteasomal degrada-
tion [ 210 ]. As mentioned above, binding to Enigma interferes with CBL-3 binding 
to RET, thus enhancing RET stability and downstream signaling (see Sect.  12.4.2.3 ).       

             Receptor at a glance:  RET    

 Chromosome location  10q11.2 
 Gene Size (bp)  55 kb 
 Intron/exon numbers  20/21 
 mRNA size 
(5`, ORF, 3`) 

 7.0 kb; 6.0 kb; 4.5 kb; 3.9 kb 

 Amino acid number  1114 aa (RET51); 1106 aa (RET43); 1072 aa (RET9) 
 kDa  150 and 170 kDa 
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 Posttranslational 
modifi cations 

 N- and O-glycosylation 

 Domains  4 cadherin-like domains (CLD) and 1 cysteine-rich region (CRD) in 
the extracellular region; 1 transmembrane domain and 1 tyrosine 
kinase domain (TKD) in the intracellular region split into two 
subdomains 

 Ligands  GDNF (glial cell line-derived neurotrophic factor); NRTN 
(neurturin); ARTN (artemin); PSPN (persephin) 

 Known dimerizing 
partners 

 TRKA; EDNRB 

 Pathways activated  RAS/RAF/MAP kinase; PI3K/AKT; PLCγ; SRC; STAT3 
 Tissues expressed  Peripheral and central nervous system; thyroid C-cells; adrenal 

medulla; developing ureteric bud; spermatogonia 
 Human diseases  Multiple Endocrine Neoplasia type 2 syndromes (MEN 2A, MEN 

2B); sporadic medullary thyroid carcinoma; papillary thyroid 
carcinoma; lung adenocarcinoma; chronic myelomonocytic leukemia; 
Spitz tumor; breast and other carcinomas; Hirschsprung’s disease 
(colonic aganglionosis); congenital anomalies of the kidney or lower 
urinary tract (CAKUT) 

 Knockout mouse 
phenotype 

 Defective development of enteric nervous system; agenesis or 
dysgenesis of the kidney; defective spermatogenesis; defective 
Peyer’s patches; abnormal retinal function 
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 The ROR Receptor Family 
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      Abbreviations 

   A–P    Anterior–posterior   
  aPKC    Atypical protein kinase C   
  ARNT    Arylhydrocarbon receptor nuclear translocator   
  BDA2    Brachydactyly type A2   
  BDB    Brachydactyly type B   
  BDC    Brachydactyly type C   
  BRI    Bone morphogenetic protein receptor type I   
  CAM-1    CAN abnormal migration 1   
  CaSR    Calcium-sensing receptor   
  CE    Convergent extension   
  Chip    Chromatin-immunoprecipitation   
  CKIε    Casein kinase Iε   
  CLL    Chronic lymphocytic leukemia   
  CPZ    Carboxypeptidase Z   
  CRD    Cysteine-rich domain   
  Cthrc1    Collagen triple-helix repeat-containing protein 1   
  Ddr    Discoidin-like domain receptor   
  DKK    Dickkopf   
  DMZ    Dorsal marginal zone   
  DRM    Detergent-resistant microdomains   
  DRS    Dominant form of Robinow syndrome   
  Dvl    Dishevelled   
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  ECM    Extracellular matrix   
  EF    Electrical fi eld   
  EMT    Epithelial–mesenchymal transition   
  ER    Endoplasmic reticulum   
  ERDA    ER-associated degradation   
  ERK1/2    Extracellular signal-regulated kinase 1 and 2   
  FLNa    Filamin A   
  Fzd    Frizzled   
  GAS    γ-interferon activation sequence   
  GRK2    G protein-coupled receptor kinase 2   
  GSK3    Glycogen synthase kinase 3   
  HH-stage    Hamburger and Hamilton stage   
  HIF    Hypoxia-inducible factor   
  TGF-β    Transforming growth factor-β   
  Ig    Immunoglobulin   
  IHC    Inner hair cell   
  JNK    c-Jun N-terminal kinase   
  KD    Kinase-dead   
  LD    LIM domain   
  LEF    Lymphoid enhancer factor   
  MAP3K    MAP kinase kinase kinase   
  MMP    Matrix metalloproteinase   
  MTOC    Microtubule-organizing center   
  MuSK    Muscle-specifi c receptor tyrosine kinase   
  NMJ    Neuromuscular junction   
  OHC    Outer hair cell   
  PAPC    Paraxial protocadherin   
  PC    Prostate carcinoma   
  PCP    Planar cell polarity   
  PGC    Primordial germ cell   
  PRD    Proline-rich domain   
  PTA    Persistent truncus arteriosus   
  RCC    Renal cell carcinoma   
  RRS    Recessive form of Robinow syndrome   
  RTK    Receptor tyrosine kinase   
  S/TRD    Serine/threonine-rich domain   
  SCF    Stem cell factor   
  SFK    Src-family kinase   
  sFRP    Secreted Fzd-related protein   
  Smo    Smoothened   
  STAT    Signal transducer and activator of transcription   
  TAK1    TGF-β-activated kinase-1   
  TCF    T-cell factor   
  TCL1    T-cell leukemia 1   
  TEP    Transepithelial potential difference   
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  TK    Tyrosine kinase   
  Trk    Tropomyosin-receptor-kinase   
  UTR    Untranslated region, Ser/Thr, serine/threonine   
  Vangl2    Vang-like 2   
  VHL    von Hippel-Lindau   
  VSD    Ventricular septal defect   
  Wnts    Wnt-family proteins   
  WT    Wild-type   
  WT1    Wilms tumor protein 1   

13.1           Introduction to the ROR Receptor Tyrosine 
Kinase Family 

 The Ror family of RTKs are type I transmembrane protein tyrosine kinases, origi-
nally identifi ed as  R TK-like  o rphan  r eceptors in a PCR-based screen for novel 
RTKs [ 1 ]. The Ror-family RTKs are characterized by their extracellular Frizzled 
(Fzd)-like cysteine-rich domain (CRD) and membrane-proximal kringle domain 
(Fig.  13.1 ). The Ror-family RTKs are evolutionarily conserved in invertebrate and 
vertebrate, including  Nematostella vectensis  (sea anemone),  Hydra magnipapillata , 

Ig-like domain

CRD

Kringle domain

TK domain

S/TRD1

PRD

S/TRD2

  Fig. 13.1    Schematic representation of the structure of Ror-family RTKs in vertebrate and inverte-
brate [modifi ed from Dev. Dyn. 239:1–15, 2010]. Immunoglobulin-like (Ig-like) domains, 
Frizzled-like cysteine-rich (CRD) domains, kringle domains, tyrosine kinase (TK) domains, 
proline- rich domains (PRD) and serine/threonine-rich domains (S/TRD1 and 2) are indicated       
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 Caenorhabditis elegans ,  Aplysia californica ,  Drosophila melanogaster ,  Danio 
rerio ,  Xenopus laevis ,  Gallus gallus ,  Mus musculus , and  Homo sapiens  (Fig.  13.2 ). 
In addition, the sponge  Amphimedon queenslandica  also has a  Ror -like gene. In 
vertebrate, the Ror-family RTKs consist of two structurally related members, Ror1 
and Ror2.   

 The CRDs of the Ror-family RTKs exhibit similarities to the CRDs found in the 
Fzd family of seven transmembrane receptors for Wnt-family proteins (Wnts). 
Wnts are secreted cysteine-rich glycoproteins with lipid modifi cations, consisting 

  Fig. 13.2    A phylogenetic tree for the Ror-family RTKs. The tree was generated using the protein 
alignment program of the GeneWorks software (IntelliGenetics). The length of the horizontal lines 
indicates the estimated genetic distance between sequences. The aligned sequences are from 
 Amphimedon queenslandica  (Aq),  Nematostella vectensis  (Nv),  Hydra magnipapillata  (Hm), 
 Caenorhabditis elegans  (Ce),  Aplysia californica  (Ac),  Drosophila melanogaster  (Dm),  Danio 
rerio  (Dr),  Xenopus tropicalis  (Xt),  Gallus gallus  (Gg),  Mus musculus  (Mm), and  Homo sapiens  
(Hs). It should be noted that in  Xenopus laevis  (Xl) only  Ror2  ortholog,  Xror2 , has been reported 
in the literature and database thus far       
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of 19 highly conserved members in mouse and human [ 2 ]. A series of studies 
 demonstrate that Ror proteins can interact with several Wnts both physically and 
functionally, and the CRDs play a central role for these interactions [ 3 – 9 ]. In mam-
mals, Ror2 acts as a receptor or co-receptor for Wnt5a and the CRD of Ror2 is 
required for binding to Wnt5a and mediating Wnt5a signaling to cell interior [ 4 ,  8 ]. 
In addition, Ror2 binds to Fzds through their CRDs, highlighting the importance of 
this domain in the function of the Ror-family RTKs [ 4 ,  10 ] (Fig.  13.3 ).  

 Recent evidence suggests that Ror1 also acts as a receptor for Wnt5a [ 11 – 15 ]. 
However, the signaling properties of Ror1 are largely unknown compared to those 
of Ror2. Ror2 mediates Wnt5a signaling by activating the β-catenin-independent 
pathways (noncanonical Wnt signaling pathways), known as planar cell polarity 
(PCP) pathway and Wnt–Ca 2+  pathway [ 16 – 18 ]. The PCP pathway is known to 
regulate convergent extension (CE), a process driven by polarized cell migration, 
which leads to tissue narrowing along one axis and concomitant elongation along a 
perpendicular axis during embryogenesis [ 19 ]. In fact, both  Wnt5a - and  Ror2 - 
knockout  mice show a shortened anterior–posterior (A–P) body axis (CE defects) in 
addition to the PCP defects in ciliary bundles of cochlear hair cells [ 20 ,  21 ]. 
Furthermore, Ror2 mediates Wnt5a signaling to regulate polarized migration of 

  Fig. 13.3    The roles of Ror2 in noncanonical Wnt signaling. ( a ) Wnt5a-Ror2 signaling induces 
fi lopodia formation and JNK activation leading to the regulation of cell polarity and migration, 
through a process involving the association between Ror2 and FLNa. The Par–aPKC pathway 
cooperates with Wnt5a-Ror2 signaling to activate JNK, thereby promoting cell polarization. 
( b ) Cthrc1 can associate with multiple Wnt and Fzd proteins, as well as with Ror2, and acts to 
enhance the formation of the Wnt-Fzd-Ror2 complex, thereby selectively activating the PCP path-
way through activation of RhoA and Rac. ( c ) The binding of Wnt5a to Ror2 results in recruitment 
and activation of the protein-tyrosine kinase c-Src that in turn phosphorylates Ror2. In human 
osteosarcoma cells, constitutive expression of Wnt5a and Ror2 leads to sustained activation of 
noncanonical Wnt5a-Ror2 signaling in a cell-autonomous manner, and this confers invasive prop-
erties on the cells by inducing expression of the matrix metalloprotease  MMP-13  through activa-
tion of c-Src, Dvl, JNK, and AP-1. ( d ) Wnt5a can also trigger intracellular Ca 2+  mobilization, 
leading to the activation of PKC and the cleavage of FLNa by calpain in a Ror2-dependent man-
ner––key processes required for migration and invasion of melanoma cells. However it remains 
unclear whether Ror2-bound FLNa can be cleaved by Wnt5a stimulation. ( e ) In canonical Wnt 
signaling, accumulated β-catenin translocates to the nucleus, that in turn associates with TCF/LEF-
family transcription factors and stimulates the expression of their target genes, such as  Axin2 , 
 c-Myc , and  cyclin D1 . Wnt5a–Ror2 signaling inhibits canonical Wnt signaling at the level of TCF/
LEF- mediated transcription       
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 cultured cells [ 22 ,  23 ]. Importantly, Wnt5a–Ror2 signaling has both permissive and 
instructive roles in polarized cell migration depending on the cell types [ 24 – 26 ]. 
Wnt5a–Ror2 signaling also plays a crucial role in inhibiting the β-catenin-dependent 
pathway (canonical Wnt signaling pathway) [ 8 ,  27 ], which might play roles in 
embryogenesis and cancer invasion [ 28 ,  29 ]. 

 Mutations within the  Ror2  gene in human cause skeletal disorders, autosomal 
dominant brachydactyly type B (BDB) and autosomal recessive form of Robinow 
syndrome (RRS) [ 30 – 33 ]. On the other hand, sustained or increased expression of 
Wnt5a and/or Ror2, which results in constitutive activation of Wnt5a–Ror2 signal-
ing, induces expression of matrix metalloproteinases (MMPs), and thereby confers 
invasive properties on several types of cancer cells, including osteosarcoma, pros-
tate carcinoma, renal cell carcinoma, and melanoma cells [ 29 ,  34 – 36 ]. Furthermore, 
expression of both Wnt5a and Ror2 is upregulated during epithelial–mesenchymal 
transition (EMT) of carcinoma cells. Consequently activated Wnt5a–Ror2 signaling 
confers highly motile and invasive properties on cancer cells by inducing expression 
of MMPs. On the other hand,  Ror1  is highly expressed in most of human B-cell 
chronic lymphocytic leukemia (CLL), but not in mature normal B cells, and is 
implicated in survival of the cells [ 11 ,  37 ,  38 ].  

13.2     The Role of the ROR Receptor Tyrosine Kinase 
Family in Embryonic Development 

13.2.1     Expression Patterns 

 Gene expression patterns of the Ror-family RTKs during development have been 
investigated in  C. elegans ,  Aplysia ,  D. melanogaster ,  X. laevis , chicken, and mouse. 

13.2.1.1      C. elegans  

  C. elegans  ortholog of the Ror-family RTKs,  cam-1  ( CAN abnormal migration 1 ), 
is expressed in the nervous system, intestinal cells, hypodermal cells, muscles in the 
head, pharynx, body wall, and vulval precursor cells [ 9 ,  39 – 41 ].  

13.2.1.2      Aplysia  

  Aplysia  ortholog of the Ror-family RTKs,  Apror , is expressed in most developing 
neurons and some adult neuronal populations, including the neuroendocrine bag- 
cell neurons [ 42 ].  
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13.2.1.3      D. melanogaster  

 The expression patterns of  Dror  and  Dnrk  have been determined by in situ 
 hybridization and Northern blot analysis [ 43 ,  44 ]. Although there is no apparent 
expression of  Dror  and  Dnrk  in the early embryos, both  Dror  and  Dnrk  are expressed 
by the germ-band extension stage. Unlike  C. elegans  and mouse genes encoding the 
Ror-family RTKs, the expression of  Dror  and  Dnrk  is restricted to the developing 
nervous systems. In addition, the highest expression of  Dnrk  is observed at pupal 
stage, when the nervous system is reconstructed.  

13.2.1.4      X. laevis  

 Transcripts of  Xror2 , encoding the  Xenopus  ortholog of the mammalian Ror2, are 
detected in the dorsal mesoderm and ectoderm of a gastrula stage embryo, and then 
found in the notochord, neuroectoderm, and neural crest in late gastrula to neurula 
embryos [ 3 ]. The expression of  Xror2  is restricted to the pharyngeal arches in tail 
bud stage embryos.  

13.2.1.5     Chicken 

 Chicken  Ror1  ( cRor1 ) and  Ror2  ( cRor2 ) are expressed in the developing limbs. 
Expression of  cRor1  is restricted to the proximal limb region until Hamburger and 
Hamilton stage (HH-stage) 25 and is expanded toward the distal region at later 
stages [ 45 ]. In early limb buds (HH-stage 23),  cRor2  expression is detected through-
out the limb bud with a stronger expression in the anterior and posterior areas. At 
later stages,  cRor2  expression in central mesenchyme of the limb becomes weak-
ened, while its expression in the anterior and posterior margins of the limb stays 
prominent.  cRor2  is also detected in several organs, including the nervous system, 
cartilage, muscles, mesonephros, heart, digestive system, lung, and liver [ 46 ]. These 
expression patterns of chicken  Rors  are essentially similar to those of mice.  

13.2.1.6     Mouse 

 The expression patterns of mouse  Ror1  and  Ror2  at embryonic stages have been 
analyzed and compared by in situ hybridization [ 47 ,  48 ]. 

  Gastrulation Stage      Ror2  is expressed in the entire primitive streak, while the 
expression of  Ror1  is localized in the anterior part of the embryo.  

  E8.5–E10.5     The expression of  Ror1  is partly overlapped with that of  Ror2 , but 
tends to localize more restricted regions at earlier stages of organogenesis. At E8.5, 
both  Ror1  and  Ror2  are expressed in the cephalic mesenchyme, predominantly in 
the cephalic neural crest cells.  Ror2  is also expressed in the dorsal part of the trunk 
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neural tube and the entire primitive streak regions. At later stages (E9.5–E10.5), 
both  Ror1  and  Ror2  exhibit similar expression patterns in the craniofacial region, 
including the medial and lateral processes and pharyngeal arches, which are origi-
nated from the cephalic neural crest cells. Specifi c expression of  Ror2  is found in 
the presomitic mesoderm.  

  Nervous System     Mouse  Ror1  and  Ror2  are also expressed in the developing ner-
vous systems. At E9.5–E10.5,  Ror1  is expressed in the dorsal part of the diencepha-
lons and mid-hind brain boundary, while expression of  Ror2  is found in the forebrain 
and midbrain. At E12.5–E14.5, high levels of  Ror1  expression in the developing 
brain are detected in the terminal lamina of the hypothalamus, in the choroidal 
plexus of the forebrain, in the mesencephalic–metencephalic isthmus, and in the 
rostral and dorsal region of the myelencephalon. Low levels of  Ror1  expression are 
also detected in the ventricular zone of the telencephalon at E14.5. In contrast,  Ror2  
is strongly expressed in the telencephalon at E12.5, and the expression is largely 
confi ned to the ventricular zone at E14.5. Slight and moderate levels of  Ror2  expres-
sion are observed in the myelencephalon and in the choroidal plexus of the fore-
brain, respectively.  Ror2  expression is also observed in the dorsal root ganglia, the 
trigeminal ganglia, the mesenchyal tissues within the mesencephalic fl exure, the 
mammillary area, the vomeronasal organs, and the meninges. The distribution of 
 Ror1  and  Ror2  expression within the nervous system (rhinencephalon, cerebrum, 
mesencephalon, cerebellum, medulla oblongata, spinal cord) at a later stage of 
embryogenesis (E18) and after birth (P0, P8, P23) has been analyzed by Northern 
blot analysis [ 49 ]. At E18, P0, and P8,  Ror1  and  Ror2  exhibit similar distributions 
within the neural tissues, although the distribution of  Ror2  expression is rather 
widely observed. By P23, the expression of  Ror2  is hardly detectable in the neural 
tissues, while the sustained expression of  Ror1  is observed at this stage. At the cel-
lular level,  Ror1  and  Ror2  are expressed in neural progenitor cells, neurons, and 
astrocytes, in which  Ror1  is more abundant than  Ror2  [ 12 ,  15 ,  50 – 52 ].  

  Eye     At E12.5 and E14.5,  Ror1  is abundantly expressed in the mesenchymal tissue 
surrounding the eye, which gives rise to the scleral cartilage.  Ror2  is also expressed 
in mesenchyme adjacent to the eye at these stages, but at lower levels than  Ror1 . 
Interestingly, the expression of  Ror1 , but not  Ror2 , is also observed in the develop-
ing lens epithelium [ 48 ,  49 ].  

  Ear     Expression of both  Ror1  and  Ror2  is observed in the otic capsule, external 
auditory meatus, and within all components of the inner ear at E12.5 and E14.5. 
Widespread expression of  Ror2  in E18.5 cochlea is observed, but restricted to the 
sensory hair cells of the organ of Corti [ 53 ].  

  Limb     Strong expression of  Ror1  and  Ror2  is observed from E9.5 onward. At E10.5, 
the expression of  Ror1  is restricted to the proximal regions of the limb buds, while 
that of  Ror2  appears to extend throughout the limbs. Both of them are expressed in 
the limb mesenchyme, but not in the ectoderm.  Ror1  expression becomes restricted 
to the anterior and posterior regions (E12.5), and to the interdigital region (E13.5). 
 Ror2  expression is observed in the perichondrium of the digits and the marginal 
regions of the limbs (E12.5–E13.5).  
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  Heart     Both  Ror1  and  Ror2  are expressed in the myocardium, interventricular 
 septum, aortic valve, and atrium at E13.5, but not in the epicardium.  

  Lung     The expression of both  Ror1  and  Ror2  genes is detected in primitive alveoli 
of the developing lungs.  Ror1  expression is prominent in mesenchyme, whereas 
 Ror2  expression is primarily restricted to the outer walls of the bronchi.  

  Gut     Expression of  Ror1  is detected in the stomach, intestines, and pancreatic pri-
mordium. The expression of Ror2 is detected in both the epithelium and mesen-
chyme of the developing gut in a region-specifi c manner [ 54 ].  

  Tooth      Ror2  expression is detectable in the tooth germs of the molars [ 55 ]. Detailed 
expression patterns in the developing tooth have been documented [ 56 ]. At the 
E13.5 bud stage,  Ror2  is expressed in the dental epithelium and the condensed den-
tal mesenchyme, with stronger expression in the tip of the dental epithelium where 
the enamel knot can be formed. At the E14.5 cap stage,  Ror2  expression is seen in 
both the epithelium and mesenchymal compartments, with stronger expression in 
the enamel knot. At the E17.5 bell stage,  Ror2  transcripts are still detectable in the 
dental epithelium and dental papilla. At P0,  Ror2  expression becomes downregu-
lated in the developing tooth, but is still detectable in the inner enamel epithelium 
and the differentiating odontoblasts.    

13.2.2     Developmental Functions 

13.2.2.1      C. elegans  

 Unlike vertebrates and  D. melanogaster , the  C. elegans  genome contains only a 
single Ror gene,  cam-1 . Studies with  cam-1  mutants have shown that CAM-1 plays 
diverse functions in the developmental processes, including cell migration, asym-
metric division, axon outgrowth, synaptic transmission, neurite pruning, and dauer 
larva formation. 

  Cell Migration     Mutations in  cam-1  disrupt fi nal proper positioning of certain 
migrating cells, resulting in both incomplete and excessive migrations during 
embryonic development [ 39 ,  57 ]. Mutations in  cam-1  also disrupt post-embryonic 
migrations. For example, the post-embryonic migrations of the QR descendants are 
disrupted in  cam-1  mutants so that the cells sometimes fail to migrate to their proper 
positions [ 57 ].  

  Asymmetric Cell Division     During the post-embryonic larval stages, the six V cells 
(V1–V6) divide asymmetrically in a polarized manner along the A–P axis, each 
producing an anterior daughter that joins a growing epithelial syncytium and a pos-
terior blast cell. Mutations in  cam-1  also cause reversals in the polarity of the V1 
daughter cell fates [ 39 ]. Like V cells, the six P neuroblasts divide asymmetrically in 
fi rst-larval-stage males to generate two different daughter neurons, the anterior CA 
neurons and the posterior CP neurons. In  cam-1  mutants, the positions of the most 
anterior CA neurons and the posterior CP neurons are reversed [ 39 ].  
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  Axon Guidance     Normally, the posterior CP neurons derived from P neuroblasts 
extend axons posteriorly. In  cam-1  mutants, the most CP neurons, which are anteri-
orly misplaced, extend its axon anteriorly to the head [ 39 ]. Interestingly, anteriorly 
directed CP axons and putative CA/CP reversals often occur independently, indicat-
ing that  cam-1  is implicated in axon guidance as well as asymmetric cell division. 
 Cam-1  has also shown to play a role in regulating axon guidance in RME head 
motor neurons [ 58 ].  

  Dauer Larva Formation     Under less favorable conditions, wild-type (WT) animal 
forms a specialized larva, so-called dauer larva, which is non-feeding, developmen-
tally arrested, and resistant to harsh conditions. The  cam-1  (also called as  kin-8 ) 
mutants show constitutive dauer larva formation in spite of favorable conditions, 
although WT animals form no dauer under the same condition [ 40 ].  

  Wnt Signaling     CAM-1 has been implicated in Wnt signaling. Mutations in  egl-20 , 
one of fi ve Wnt genes in  C. elegans , suppress the excessive migration phenotype of 
 cam-1  mutants, and overexpression of  egl-20 , like  cam-1  mutations, disrupts fi nal 
proper positioning of certain migrating cells [ 5 ]. This fi nding proposes a model that 
CAM-1 sequesters EGL-20 possibly through direct binding of the CRD of CAM-1 
with EGL-20. The sequestration model is further supported by a study showing that 
CAM-1 functions in a non-cell-autonomous manner in the development of vulva 
[ 9 ]. EGL-20-CAM-1 signaling also contributes to establish the proper arrangement 
of vulva precursor cells mediated via the intracellular domain of CAM-1 [ 59 ]. In 
addition, CAM-1 has been shown to act as a receptor of CWN-2, the  C. elegans  
homologue of Wnt5, in the nerve ring development and neurite outgrowth [ 58 ,  60 ]. 
These fi ndings suggest that the function of CAM-1 is not only regulated by the Wnt- 
binding extracellular domain, but also by the intracellular domain, which contrib-
utes to a cell-autonomous action.  

  Synaptic Transmission      Cam-1  mutants have been reported to have defects in syn-
aptic transmission at the neuromuscular junction (NMJ) [ 41 ]. The defects at the 
NMJ appear to result from mislocalizations of an acetylcholine receptor subunit at 
the postsynaptic site and of synaptic vesicles at the presynaptic site.  C. elegans  
mutants lacking expression of  Rig-3 , a cell surface Ig-superfamily protein, have an 
exaggerated paralytic response to a cholinesterase inhibitor, aldicarb, through 
aldicarb- induced increase in muscle acetylcholine receptor abundance, and a subse-
quent potentiation of postsynaptic responses at NMJs [ 61 ]. This effect seems to 
refl ect changes in Wnt signaling, in particular the inhibition of CAM-1 function.  

  Neurite Pruning     Studies with  Cam-1  mutants have also unraveled a novel function 
of the Ror-family RTKs in the developmental neurite pruning, a fundamental pro-
cess to establish elaborate neural networks. In the developing nervous system, many 
of the neurites formed initially are eliminated later on. During subsequent periods 
of the fi rst larval stage of  C. elegans , the medially projected neurites are eliminated 
in a large proportion of individuals. Mutations in  wnt  genes or  cam-1  enhance neu-
rite elimination, whereas overexpression of  cam-1  inhibits neurite elimination in an 
Wnt-dependent manner [ 62 ]. These fi ndings indicate that Wnt-CAM-1 signaling 
plays an inhibitory role in neurite pruning.   
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13.2.2.2      Aplysia  and  D. melanogaster  

 The functions of the Ror-family RTKs in these organisms are still unknown, but 
their spatiotemporal expression patterns (as described above) suggest their func-
tions in the development of the nervous system.  

13.2.2.3      X. laevis  

  Convergent Extension Movements and Neural Plate Closure      Xror2  has been impli-
cated in CE morphogenetic movements and neural plate closure during the early 
embryogenesis [ 3 ].  Xror2  was initially isolated by the screening for genes activated 
by ectopic expression of  Xlim-1 , a gene encoding the LIM homeobox protein 
expressed in the Spemann organizer. The organizer is required to coordinate cell 
fate specifi cation and morphogenetic movements at early stages of development. As 
a result of the cooperative action of the induction and morphogenetic movements, 
the organizer can properly execute the body plan. Ectopic expression of  Xror2  in the 
dorsal marginal zone (DMZ) at four-cell-stage embryos causes a shortened body 
axis with dorsal bending and abnormalities in head structures by inhibiting CE 
movements that is characterized by medio-lateral intercalation of the DMZ. The 
failure of proper CE movements during gastrulation is not due to changes in cell 
fate, because overexpression of  Xror2  does not affect cell differentiation of neural 
tissue and the notochord. Surprisingly, ectopic expression of Xror2-TM, a kinase- 
domain deleted mutant, or Xror2-3I, a kinase activity-dead mutant, can also inhibit 
CE movements, suggesting Xror2 appears to regulate CE in a kinase activity- 
independent manner. WT Xror2 and Xror2-3I, but not Xror2-TM, further inhibit 
neural plate closure during neurulation, suggesting that  Xror2  has distinct roles in 
CE movements and neural plate closure. Xror2-FZΔ1, a mutant with a small dele-
tion in the extracellular Fzd-like CRD, a predicted binding domain of Xror2 with 
Wnt, exhibits much less inhibitory effects on CE movements and neural plate clo-
sure during gastrulation and neurulation compared with WT Xror2, raising the pos-
sibility that Xror2 might interact with a Wnt signaling pathway.  Xenopus  Wnt5a 
(Xwnt5a) has been shown to regulate CE movements during  Xenopus  development 
[ 63 ,  64 ]. In fact, Xwnt5a–Xror2 signaling has been implicated in the transcriptional 
activation of  paraxial protocadherin  ( XPAPC ) whose product plays an important 
role in the regulation of CE movements during  Xenopus  gastrulation [ 65 ]. 
 Xwnt5a-Xror2- mediated transcriptional activation of  XPAPC  seems to require the 
intrinsic kinase activity of Xror2, indicating that both kinase activity-dependent and 
-independent functions of Xror2 are involved in the regulation of CE movements 
during  Xenopus  gastrulation.  

  Neural Crest Specifi cation      Xror2  has also been implicated in neural crest specifi ca-
tion [ 66 ]. The Neural crest comprises stem-cell-like cells that are originated from 
the neural plate border in vertebrate embryos. The neural crest cells migrate to 
diverse locations in the body and differentiate into various cell types, including face 
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cartilaginous cells, melanocytes, and peripheral nerve cells.  Xror2  is expressed in 
early neuroectoderm at the neural plate border, and later in migrating neural crest 
populations. Ectopic expression of Xror2-TM or suppressed expression of  Xror2  
with an antisense morpholino oligonucleotide strongly inhibits expression of  FoxD3  
and  Sox8 , neural crest-specifi c marker genes at premigratory stages, indicating that 
Xror2 regulates neural crest specifi cation, although the involvement of Xror2 in 
neural crest cell migration at later stages has not been yet elucidated.   

13.2.2.4     Chicken 

 The role of the chicken homologue of Ror2, cRor2, in skeletogenesis has been 
examined in the developing chick limbs by using retroviral vector-mediated overex-
pression of the truncated forms of cRor2, corresponding to mutations in human 
 Ror2 gene  that cause autosomal recessive form of Robinow syndrome (RS) and 
autosomal dominant BDB [ 46 ] (for details of RS and BDB, see Sect.  13.3 ). 
Overexpression of these truncated forms of cRor2 does not show any apparent 
effects on skeletal patterning, but the cartilage elements in the wings and legs are 
shorter and thicker compared with the uninfected contralateral control wings and 
limbs. Once initial cartilaginous condensations are formed, a fi ne balance between 
chondrocyte proliferation and differentiation determines the growth of the skeletal 
elements. Overexpression of the truncated forms of cRor2 appears to disrupt 
severely the growth plate architecture as well as chondrocyte differentiation, with-
out affecting its proliferation.  

13.2.2.5     Mouse 

 The roles of Ror1 and Ror2 during the development of various organs and tissues 
have been studied extensively using the mutant mice. It has been shown in mouse 
that Ror2 binds to Wnt5a via its CRD [ 4 ], and that  Ror2  and  Wnt5a  are expressed 
during the development of various organs and tissues, including the facial primor-
dia, limb mesenchyme, neural crest-derived tissues, and genital tubercle, in a spatio- 
temporally similar manner [ 21 ,  47 ,  48 ]. In addition,  Ror2  and  Wnt5a  mutant mice 
exhibit overall similarities in their phenotypes [ 4 ,  21 ,  67 ,  68 ] (see Table  13.1 ). In 
fact, it has been well documented that Ror2 acts as a receptor or co-receptor for 
Wnt5a (see below).

    Neonatal Lethality     Like  Wnt5a  mutant mice,  Ror1  and  Ror2  mutant mice usually 
die neonatally (or perinatally) presumably due to respiratory dysfunction and cya-
nosis [ 67 – 69 ].  

  Skeletal Phenotypes      Ror2  mutant mice exhibit dwarfi sm and several skeletal phe-
notypes, i.e., short limbs, tail, abnormal vertebrae, fusion of ribs, and abnormal 
facial structures, somewhat similar to those of  Wnt5a  mutant mice, with severer 
defects in their distal portions [ 67 ,  68 ].  Ror2  mutant mice also show a unique 
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     Table 13.1    Phenotypes of  Ror1 ,  Ror2 ,  Ror1/Ror2 and Wnt5a  mutant mice   

  Ror1  
KO* 

  Ror2  
KO 

  Ror1*/Ror2  
KO 

  Wnt5a  
KO  References 

 (1) neonatal lethality  +  +  +  +  [ 4 ,  21 , 
 67 – 69 ] 

 (2) forced respiration and cyanosis  +  +  +  +  [ 4 ,  67 – 69 ] 
 (3) respiratory dysfunction  +  +  +  +  [ 4 ,  67 – 69 ] 
 (4) skeletal phenotypes 
   (a) facial anomalies  −  +  ++  ++  [ 4 ,  21 ,  69 ] 
   (b)  hypoplasia of the maxilla and 

mandible 
 −  +  ++  ++  [ 4 ,  21 ,  69 ] 

   (c) short limbs and tail  −  +  ++  ++  [ 4 ,  21 ,  69 ] 
   (d)  dysplasia of the proximal long 

bones 
 −  +  ++  ++  [ 4 ,  21 ,  69 ] 

   (e)  dysplasia of the distal long bones  −  +  +  +  [ 4 ,  21 ,  69 ] 
   (f) sternal defect**  +  −  +  N.D.  [ 69 ,  75 ] 
   (g)  dysplasia of symphysis of the pubic 

bone 
 −  −  +  N.D.  [ 69 ] 

   (h) osteoclastgenesis defect  N.D.  +  N.D.  +  [ 71 ] 
   (i) other defects**  +  N.D.  N.D.  N.D.  [ 75 ] 
 (5) cardiac phenotypes 
   (a)  ventricular septal defect (VSD)  −  +  +  +  [ 4 ,  68 ] 
   (b)  persistent truncus arteriosus (PTA)  −  +  N.D.  +  [ 69 ,  170 ] 
   (c)  transposition of the great arteries  −  −  +  +  [ 4 ,  69 ] 
 (6) lung phenotypes 
 truncation of trachea and abnormalities in 
distal lung architecture 

 −  +  ++  ++  [ 4 ,  69 ,  72 ] 

 (7) gut phenotype 
 gut elongation defects  N.D.  +  N.D.  +  [ 54 ,  171 ] 
 (8) urogenital phenotypes 
 duplicated ureters and kidneys  +  +  N.D.  +  [ 73 – 75 ] 
 outgrowth defects in the genitals  −  +  ++  +++  [ 4 ,  21 ,  55 , 

 76 ] 
 (9) somite phenotypes 
 reduction of somites in size along the A-P 
axis and irregular shape 

 N.D.  +  N.D.  N.D.  [ 4 ,  21 ,  55 ] 

 (10) palate phenotype 
 cleft palate  −  +  N.D.  +  [ 26 ,  55 ] 
 (11) tooth phenotypes 
 retardation of tooth growth and defective 
development of odontoblasts and 
ameloblass 

 N.D.  +  N.D.  +  [ 56 ] 

 (12) germ cell phenotype 
 primordial germ cells (PGC) defects  N.D.  +  N.D.  N.D.  [ 25 ] 
 (13) PCP/CE defect in cochlea  N.D.  +  N.D.  +  [ 53 ,  163 ] 
 (14) uterine phenotypes after pregnancy 
 crypt formation defects for embryo 
implantation and infertility 

 −  −  +  +  [ 79 ] 

  Modifi ed from Dev Dyn. 239:1–15, 2010. See Text about current details on * and ** (page 16)  
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 anomaly characterized by mesomelic dysplasia (signifi cant or complete loss of the 
radius, ulna, tibia, and fi bula). In contrast with  Ror2  mutant mice,  Ror1  mutant mice 
are similar in size to WT mice and do not show any apparent skeletal and morpho-
logical abnormalities [ 69 ]. However, gross appearances of  Ror1  and  Ror2 -double 
mutant mice ( Ror1 / Ror2  mutant mice) exhibit enhanced  Ror2  mutant phenotypes. 
The extents of the limb and tail shortening and malformation of the facial structures, 
observed in  Ror2  mutant mice are more profound in  Ror1 / Ror2  mutant mice [ 69 ]. 
 Ror1 / Ror2  mutant mice show a drastic enhancement of the skeletal abnormalities 
observed in  Ror2  mutant mice. Interestingly, dysplasia of the proximal long bones, 
in addition to dysplasia of the distal long bones, is also observed in  Ror1 / Ror2  
mutant mice, like  Wnt5a  mutant mice. Of interest,  Ror1 / Ror2  mutant mice exhibit a 
sternal defect (sternal agenesis) and dysplasia of the symphysis of the pubic bone, 
skeletal abnormalities, that are not seen in  Ror2  mutant mice [ 69 ], indicating that 
 Ror1  and  Ror2  interact genetically during the development of the skeletal system 
and that Ror2 can compensate for the lack of Ror1 function in  Ror1  mutant mice. In 
the cartilage,  Ror2  is expressed in the cartilaginous condensations and throughout 
the growth plate. Additional expression is seen in the perichondrium and perios-
teum [ 55 ,  67 ]. Loss of  Ror2  leads to a decrease of chondrocyte differentiation and 
delay of ossifi cation, eventually leading to mesomelic limb shortening [ 55 ]. Two 
types of cells that are of great importance in bone formation and remodeling are 
osteoblasts and osteoclasts, which deposit and resorb bone tissues, respectively. 
Both Wnt5a and Ror2 are expressed in osteoblasts, and osteoblast-lineage cells 
from  Wnt5a , but not  Ror2 , mutant mice exhibit impaired osteoblast differentiation 
due to reduced expression of  Lrp5  and  Lrp6 , required for canonical Wnt signaling, 
suggesting that Ror2-independent Wnt5a signaling enhances canonical Wnt signal-
ing by inducing expression of  Lrp5  and  Lrp6  during osteoblastogenesis [ 70 ]. 
Osteoblast- lineage cells are required for differentiation of monocyte/macrophage- 
lineage osteoclast precursors into multinucleated osteoclasts. Mice defi cient in 
either  Wnt5a  or  Ror2 , and those with either osteoclast precursor-specifi c  Ror2  
mutation or osteoblast-lineage cell-specifi c  Wnt5a  mutation, show impaired osteo-
clastogenesis, suggesting that Wnt5a produced by osteoblast-lineage cells activates 
Ror2 signaling in osteoclast precursors to induce osteoclastogenesis [ 71 ].  

  Cardiac Phenotypes      Ror1  mutant mice do not show any apparent abnormalities in 
their hearts, while  Ror2  mutant mice have ventricular septal defects (VSD) and 
persistent truncus arteriosus (PTA) without any other abnormalities in the heart, i.e., 
malformation of valves, aortic arch, and great vessels [ 68 ]. Intriguingly, in addition 
to VSD and PTA,  Ror1 / Ror2  mutant mice show complete transposition of the great 
arteries, a phenotype observed in  Wnt5a  mutant mice but not in  Ror2  mutant ones, 
indicating that  Ror1  and  Ror2  interact genetically in regulating the development of 
the cardiac system.  

  Lung Phenotypes      Ror1  mutant mice do not show any morphological abnormalities 
in their lungs, while  Ror2  mutant mice show abnormalities in their lungs with fore-
shortened trachea along the proximal–distal axis and a reduced number of cartilage 
rings, similar to  Wnt5a  mutant mice [ 4 ,  72 ]. Expansion of the alveoli in  Ror1  and 
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 Ror2  mutant newborns is found to be incomplete, suggesting that  Ror1  and  Ror2  
mutants die due to diffi culty in breathing [ 69 ].  

  Gut Phenotypes     At E11.5, Ror2 mutant mouse embryos exhibit a shorter middle 
midgut with a larger diameter and more accumulation of epithelial cells in the mid-
dle midgut than WT mouse embryos, while the total cell numbers remain unaltered, 
suggesting that Ror2 plays important roles in midgut elongation presumably through 
the mechanism of CE movements of epithelial cells [ 54 ].  

  Urogenital Phenotypes     Both  Ror2  and  Wnt5a  mutant mice exhibit duplicated ure-
ters and kidneys due to ectopic formation of the ureteric buds [ 73 ,  74 ]. The fi ndings 
that the phenotypes are severer in  Wnt5a  mutants than in  Ror2  mutants, and that the 
loss of one allele of  Wnt5a  enhances the phenotypes observed in  Ror2  mutants [ 73 ,  74 ], 
indicate a genetic interaction between  Wnt5a  and  Ror2  during the kidney develop-
ment. Since  Ror1  mutant mice also exhibit duplicated ureters and kidneys [ 75 ], 
Ror1 and Ror2 might function redundantly to mediate Wnt5a signaling in the devel-
oping kidney. Consistent with the expression of  Ror2  in the genital tubercle at E13.5 
[ 55 ],  Ror2  mutant mice exhibit outgrowth defects in the genitals, yet their genital 
hypoplasia is somewhat modest compared with  Wnt5a  mutant mice [ 4 ,  55 ,  76 ].  

  Somite Phenotypes     Expression of  Ror2  is seen in the presomitic mesoderm, the 
somitomeres of the presomitic mesoderm, and the epithelium of the differentiating 
somites, but not in the forming somite. Somites of  Ror2  mutant mice are reduced in 
size along the anteroposterior axis and show an irregular cone-like shape at E13.5 
[ 55 ]. Cells constituting the epithelium and the basolateral region of the somites 
show an irregular size and shape, whereas cells in the center of the somite appear 
normal.  

  Palate Phenotypes     Like  Wnt5a  mutant mice, it has been shown that  Ror2  mutant 
mice exhibit a cleft palate [ 55 ].  Ror2  is indeed expressed in a graded manner along 
the anteroposterior axis in the epithelium and mesenchyme of the palate. It has been 
demonstrated that Ror2 plays a role in mediating Wnt5a signaling in the regulation 
of cell proliferation and migration during the palate development [ 26 ].  

  Tooth Phenotypes     It has been reported that  Ror2  mutant mice exhibit normal size, 
shape, and number of molar at E16.5 and E17.5 [ 55 ]. At P0, however, retarded tooth 
growth and defective development of odontoblasts and ameloblasts are found in 
 Ror2  mutant mice, similar to  Wnt5a  mutant mice [ 56 ].  

  Germ Cell Phenotypes      Ror2   Y324C   mutant mice has been identifi ed in a genome- 
wide recessive ethylnitrosourea mutagenesis screen for primordial germ cell (PGC) 
defects in E9.5 embryos [ 25 ]. This missense mutation of  Ror2  gene results in Y to C 
amino acid substitution at residue 324 within the kringle domain, a conserved struc-
tural motif in the extracellular domain of Ror2.  Ror2   Y324C   mutant embryos exhibit 
defects in tail elongation and somite segmentation and die perinatally, similar to the 
 Ror2  targeted deletion allele. In  Ror2   Y324C   mutants, polarized migration and sur-
vival of PGCs are dysregulated, resulting in a diminished number of PGCs in the 
embryonic gonad. It has been demonstrated by  ex vivo  culture that Ror2 acts 
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 autonomously in PGCs to enhance their polarized response to the chemoattractant 
Stem Cell Factor (SCF, or secreted KitL). Mutations in  Wnt5a  phenocopy  Ror2   Y324C  .  

  Inner Ear Phenotypes     PCP refers to coordinated polarization of cells in the plane of 
a cell sheet. In the organ of Corti of the cochlea in the inner ears, each hair cell is 
intrinsically polarized, and its polarity is displayed by the orientation of the stereo-
ciliary bundle and the position of the kinocilium. The vertices of all the hair bundles 
point toward the periphery of cochlear spiral, manifesting a distinct form of PCP 
parallel to the plane of the epithelial sheet. In addition, hair cells are precisely pat-
terned into one row of inner (IHCs) and three rows of outer hair cells (OHCs). The 
organ of Corti appears to undergo cellular rearrangements characteristic of CE move-
ments during the terminal differentiation of the hair cells when they acquire PCP 
[ 77 ]. Like  Wnt5a  mutant mice,  Ror2  mutant mice exhibit misoriented stereocilia and 
cochlear phenotypes (a shortened and widened cochlea) [ 53 ], indicating that Ror2 is 
required for proper PCP and CE movements during the cochlear  development.  

  Phenotypes in the Nervous System     Expression patterns of  Ror1  and  Ror2  empha-
size possible roles of the Ror-family RTKs in regulating the formation and function 
of the mammalian central nervous system. Indeed, it has been shown that both Ror1 
and Ror2 play roles in regulating neurite extension and synapse formation in cul-
tured hippocampal neurons [ 12 ,  52 ]. Expression of  Ror1  and  Ror2  within the devel-
oping cerebral cortex is mainly localized in neural progenitor cells that are distributed 
within the ventricular zone [ 15 ]. Wnt5a–Ror1 and Wnt5a–Ror2 signalings have 
been shown to play roles in regulating neocortical neurogenesis through the mainte-
nance of proliferative and neurogenic state of neural progenitor cells [ 15 ].  

  Phenotypes Observed in Ror1 Mutant Mice     It has been reported that  Ror1  mutant 
mice have neonatal or perinatal lethality due to respiratory defects, but that these 
mice lack any abnormalities in skeletogenesis as described above [ 69 ]. However, it 
has recently been found that the  Ror1  mutant mice have subtle skeletal defects at 
birth; they show fusions of the sternebrae, a cleft in the basisphenoid bone, and 
abnormal development of the cervical vertebral element C2 [ 75 ]. In this report, 
homozygous mice have been shown to survive and display abnormal synchondrosis 
in the cranial base, postnatal growth retardation, and age-related skeletal changes. 
Furthermore,  Ror1  -/-  mutants exhibit additional phonotypic defects, such as female 
infertility probably due to an imperforated hymen, kidney defects, and occasionally 
enlarged seminal vesicles in  Ror1  -/-  males. More recently, Dr. Greenberg’s group 
has found that  Ror1  mutant mice still expressed a truncated Ror1 protein [ 78 ] (per-
sonal communication). We have also found that  Ror1  mutant mice currently avail-
able in our facility expressed the two transcripts, i.e., one transcript lacks the exons 
3 and 4, and another one lacks the exon 3 [288 bp, corresponding to the 96 amino 
acid residues within the Ig-like domain of Ror1 (unpublished data)]. While the for-
mer transcript possesses a very early termination codon due to a frameshift in the 
exon 5, the latter transcript can produce a truncated Ror1 protein with 96 a.a. dele-
tion within its Ig-like domain. These observations suggest that  Ror1  mutant mice 
might exhibit hypomorphic phenotypes, and that Ig-like domain of Ror1 appears to 
play a role for the function of Ror1.  
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  Phenotypes in the Uterus After Pregnancy     It has been reported that female mice 
with uterine deletion of both  Ror1  and  Ror2  exhibit severely compromised fertility 
[ 79 ]. In  Ror1/Ror2  mutant female mice mated with WT male mice, 29% of plug- 
positive female mice produce a small number of pups. In the uterus after pregnancy 
of  Ror1/Ror2  mutant female mice, villi-like epithelial projections from the main 
uterine lumen toward the antimesometrial pole at regularly spaced intervals are dis-
rupted, leading to the malformation of crypts for embryo implantation. It has been 
shown that  Bmp2 , which is critical for crypt formation, is downregulated and its 
downstream effectors Smad1/5/8 are not activated in the uterus of  Ror1/Ror2  mutant 
female mice. Moreover, female mice with deletion or overexpression of  Wnt5a  in 
the uterus exhibit similar phenotypes. These fi ndings suggest that regulated activa-
tion of Wnt5a–Ror signaling via BMP–Smad signaling in the uterine is critical for 
crypt formation.     

13.3       The Role of the ROR Receptor Tyrosine Kinase 
Family in Human Disease 

13.3.1     Brachydactyly Type B 

 Autosomal dominant BDB is the most severe of the brachydactylies characterized 
by hypoplasia/aplasia of distal phalanges and nails and caused by mutations within 
the  Ror2  gene [ 30 ,  33 ]. All of the reported mutations in BDB cause truncation of the 
predicted Ror2 protein before and after the tyrosine kinase (TK) domain within its 
cytoplasmic portion, indicating dominant negative functions of mutant Ror2 pro-
teins. Some of the mutations in BDB patients not only cause truncation of the pro-
tein, but also produce a novel C-terminal polypeptide (reviewed in [ 80 ], raising a 
question of the possible signifi cance of the novel C-terminal peptides in BDB. 
 Ror2   W749X  , resulting from a 2246G to A substitution mapping downstream of the 
TK domain, is linked to BDB in humans. Interestingly, although mice heterozygous 
for  Ror2   W749FLAG   (the mutation of W749X is introduced into the mouse  Ror2  
gene) are normal and do not show brachydactyly, homozygous mice exhibit pheno-
types resembling human RRS [ 81 ].  

13.3.2     Robinow Syndrome 

 Recessive RS (RRS) is characterized by mesomelic shortening, abnormal morpho-
genesis of the face (fetal facies), hemivertebrae, and genital hypoplasia [ 31 ,  32 ] 
reviewed in [ 80 ,  82 ] and caused by homozygous mutations within the  Ror2  gene, 
indicating loss-of-function effects of mutant Ror2 proteins. Consistent with this 
observation, it has been appreciated that  Ror2  mutant mice ( Ror2   -/-   mice) can be a 
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model for the developmental pathology of RRS in humans [ 55 ]. Distinct missense, 
nonsense, and frameshift mutations in various domains of Ror2 protein, including 
Ig-like, CRD, Kringle, and TK domains, have been found in patients with RRS [ 31 , 
 32 ,  83 ,  84 ]. It has been reported that missense mutations within the  Ror2  gene caus-
ing RRS are retained in the endoplasmic reticulum (ER) presumably due to improper 
folding of mutant Ror2 proteins and subjected to ER-associated degradation 
(ERDA) [ 83 ,  85 ]. In comparison with BDB, the range of severity in RRS is broad. 
Clinical and molecular examinations of two adults with RRS identify nephrological 
abnormalities (hydronephrosis, nephrocalcinosis, and renal failure) and endocrino-
logical abnormalities (elevated gonadotropic hormones), respectively [ 84 ]. In addi-
tion, patients with RRS caused by a novel intragenic  Ror2  deletion, involving exons 
6 and 7, exhibit cleft lip, cleft palate, and cardiac anomalies, and one patient has 
syringomyelia as well [ 86 ]. While phenotypes of RRS are more severe than those of 
autosomal dominant form of Robinow syndrome (DRS) in general, their phenotypic 
features overlap with each other, suggesting that the same signaling pathway is 
involved in both forms RS. In fact, heterogeneous missense mutations in  Wnt5a  
gene, although found in only a subset of patients, are associated with DRS [ 87 ].  

13.3.3     Cancer Progression 

13.3.3.1     Ror2 and Osteosarcomas 

 Osteosarcoma is a malignant bone tumor with poor prognosis due to its propensity 
for metastasis.  Ror2  is expressed at high levels in both human osteosarcoma speci-
mens and cell lines [ 29 ,  88 ]. Human osteosarcoma SaOS-2 and U2OS cells also 
express Wnt5a, and thereby manifest constitutively activated Wnt5a–Ror2 signal-
ing, which results in the formation of invadopodia and confers invasiveness on 
these cells [ 29 ]. Invadopodia are actin-rich protrusions, observed in highly invasive 
cancer cells, that degrade the extracellular matrix (ECM) [ 89 ]. It was found that 
Wnt5a–Ror2 signaling, via activation of c-Src, induces expression of MMP-13, 
which is required for the formation of invadopodia, and that tyrosine kinase activity 
of Ror2 is indispensable for this process [ 29 ]. Furthermore, Wnt5a–Ror2 signaling 
activates c-Jun N-terminal kinase (JNK) and thereby induces phosphorylation of 
and direct binding of the transcription factor AP-1 (c-Jun and ATF2) to the AP-1 
binding site within the promoter region of  MMP-13  gene [ 90 ]. Wnt5b, another Wnt 
protein with structurally highly related to Wnt5a, is also overexpressed in human 
osteosarcoma specimens and can bind to Ror2 [ 88 ].  

13.3.3.2     Ror2 and Prostate Carcinomas 

 Prostate carcinomas (PCs) are prevalent cancers in men, which develop in an 
androgen- dependent manner and often progress in an androgen-independent man-
ner following treatment with androgen receptor antagonist. It has been shown that 
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Wnt5a is expressed at high levels both in human prostate carcinoma cell lines, 
DU145 and LNCap cells, and in tumor regions of patients with PCs. This indicates 
that Wnt5a-mediated signaling plays an important role in a pathology of PCs [ 34 ]. 
Indeed, constitutively active Wnt5a–Ror2 signaling enhances cell migration and 
confers invasiveness on these cells [ 34 ]. It was found that Wnt5a–Ror2 signaling 
activates JNK via protein kinase D, resulting in the expression of a gene encoding 
MMP-1, which is required for the Wnt5a-dependent migration and invasion of pros-
tate cancer cells [ 34 ].  

13.3.3.3     Ror2 and Renal Cell Carcinomas 

 Renal cell carcinomas (RCCs) are common tumors of the kidney with poor progno-
sis. It has been shown that Ror2 is heavily phosphorylated in the kidney of patients 
with RCCs and is expressed highly in human RCC cell lines [ 36 ], indicating that 
Ror2 is implicated in a pathology of RCCs. In fact, suppressed expression of  Ror2  
results in reduced expression of  MMP-2 , whose upregulation correlates with 
advanced stages of RCCs [ 91 ].  

13.3.3.4     Ror2 and Melanomas 

 Wnt5a–Ror2 signaling has also been shown to play important roles in invasion and 
metastasis of melanoma cells [ 92 ,  93 ]. In fact, pulmonary metastases are formed 
highly in nude mice injected with human melanoma cells in a Ror2-dependent man-
ner [ 93 ]. Wnt5a–Ror2 signaling contributes to melanoma cell invasiveness not only 
by activating PKC but also by activating a protease calpain through an increase in 
intracellular Ca 2+  concentration (Fig.  13.3d ) [ 94 ]. Indeed, Wnt5a induces calpain- 
mediated fi lamin A (FLNa) cleavage in melanoma cells, contributing to the high 
motility and invasiveness of melanoma cells (Fig.  13.3d ), although the underlying 
mechanism responsible for this remains unclear. Interestingly, Ror2 is expressed in 
highly invasive melanoma cells, while Ror1 is expressed in proliferative, poorly 
invasive cells, and its expression is decreased in metastatic cells [ 95 ]. Furthermore, 
hypoxic condition initiates a shift of Ror1-positive melanomas to a more invasive, 
Ror2-positive phenotype in a manner depending on Wnt5a whose expression is also 
upregulated by hypoxia [ 95 ]. Interestingly, a study using a Wnt5a antagonist deliv-
ered to melanoma lines  in vitro  has shown that Wnt5a–Ror2 signaling might be a 
suitable therapeutic target for the treatment of malignant melanomas [ 96 ].  

13.3.3.5     Ror2 and Colon Carcinomas 

 The calcium-sensing receptor (CaSR) is a G protein-coupled receptor, which senses 
extracellular Ca 2+  levels. It has been reported that activation of CaSR in colonic 
myofi broblasts cells and colon carcinoma cells results in induced expression of both 
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Wnt5a and Ror2, which potentiates Wnt5a–Ror2 signaling in the colon carcinoma 
cells [ 97 ]. Activation of Wnt5a–Ror2 signaling in the colon carcinoma cells 
increases expression of CDX2, an intestinal-specifi c homeobox domain transcrip-
tion factor known to play a critical role in the differentiation and maintenance of 
intestinal epithelial functions. Because Ca 2+  is a chemoprotective agent for colon 
cancer, these results suggest that Wnt5a–Ror2 signaling may regulate calcium- 
mediated chemoprevention of colon cancer by inducing CDX2 expression. With 
this respect, it is worth noting that reduced levels of CDX2 in Cdx2 +/-  mice result in 
increased colon tumor progression [ 98 ,  99 ]. Furthermore, epigenetic repression of 
 Ror2  has been reported in colon carcinomas [ 100 ].  Ror2  is frequently repressed by 
aberrant promoter hypermethylation in human colon cancer cell lines and primary 
tumors. Restoration of  Ror2  expression impairs cancer cell growth both  in vitro  and 
 in vivo , suggesting that the epigenetical loss of  Ror2  has a pro-tumorigenic role in 
colon carcinomas.  

13.3.3.6    Ror2 and EMT 

 EMT is a fundamental process during embryonic development, by which epithelial 
cells acquire mesenchymal, fi broblast-like phenotypes with reduced cell–cell adhe-
sion, loss of cell polarity, and increased migratory and invasive properties [ 101 , 
 102 ]. EMT also contributes to the progression of epithelial tumors (carcinomas) by 
endowing cancer cells with migratory and invasive properties, leading to invasion 
and metastasis [ 101 ,  102 ]. Members of the Snail family of transcription factors play 
critical roles in EMT during both embryonic development and cancer progression 
[ 103 – 105 ]. It was found that Snail induces expression of both Wnt5a and Ror2, and 
thereby activates Wnt5a–Ror2 signaling in A431 epidermoid carcinoma cells [ 106 ]. 
Activation of Wnt5a–Ror2 signaling is dispensable for Snail-induced down- and 
upregulated expression of E-cadherin and vimentin, respectively, characteristics of 
mesenchymal cells, but is essential for Snail-induced expression of MMP-2, which 
is critically required for highly migratory and invasive properties of Snail- expressing 
A431 cells [ 106 ].  

13.3.3.7    Ror1 and Malignancies 

 Recent molecular investigations have demonstrated that overexpression of a set of 
tumor-associated antigens can be correlated with malignancies. Overexpression of 
 Ror1  has been reported in B-cell CLL [ 11 ,  37 ,  38 ,  107 ,  108 ]. Ror1 and Wnt5a can 
physically interact and cooperatively activate NF-κB when overexpressed in 
HEK293 cells [ 11 ]. Wnt5a enhances the survival of CLL cells in vitro, an effect that 
could be neutralized by anti-Ror1 antisera. These fi ndings suggest that Ror1 func-
tions as an oncofetal surface antigen through which Wnt5a activates NF-κB- 
dependent survival signaling in CLL. Furthermore, Ror1 can interact with T-cell 
leukemia 1 (TCL1) that is overexpressed in CLL cells. Transgenic mice with 
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B-cell- specifi c expression of human  Ror1  develop a B-cell leukemia with features 
of human CLL. When these mice are crossed with transgenic mice with B-cell-
specifi c expression of human  TCL1 ,  Ror1  accelerates development and progression 
of leukemia [ 109 ]. Therefore, Ror1 might be used as a diagnostic marker and a 
therapeutic target for CLL. It has been shown that the expression of Ror1 is corre-
lated with disease-free survival and overall survival rates in patients with ovarian 
cancer, indicating that Ror1 might serve as a prognostic marker for ovarian cancer 
[ 110 ]. Ror1 is also expressed in other types of human cancer cell lines, including 
melanoma, cervical, breast, lung, and gastric cancer cell lines, and is implicated in 
the proliferation, survival, and/or therapy resistance of these cancer cells [ 95 ,  111 –
 116 ]. Knockdown of  Ror1  can sensitize HeLa cervical cancer cells to chemotherapy 
[ 111 ]. Furthermore, oncogenic receptor tyrosine kinase Met can transphosphorylate 
Ror1 to mediate Met-driven transformation in HS746T gastric carcinoma and NCI- 
H1993 lung adenocarcinoma cells [ 112 ]. NKX2-1 (also known as TITF1 and TTF- 1), 
a lineage-survival oncogene in lung adenocarcinomas, induces the expression of 
 Ror1 , which in turn sustains a favorable balance between prosurvival PI3-kinase/
Akt and pro-apoptotic p38 signaling [ 115 ]. Importantly, inhibition of Ror1 appears 
to be effective in treatment of gefi tinib-resistant lung adenocarcinomas with various 
resistance mechanisms, including a secondary EGFR mutation, Met amplifi cation, 
and HGF overexpression [ 115 ]. In the case of breast cancers, Ror1 might regulate 
cell migration and invasion in addition to cell proliferation, through the induction of 
EMT [ 116 ,  117 ].   

13.3.4     Tissue Damage, Repair, and Infl ammation 

 A recent study has shown that Wnt5a is required for intestinal crypt regeneration 
after experimental colonic damage in mice [ 118 ].  Wnt5a  is induced in stromal cells 
in the colonic wound bed, and Wnt5a inhibits proliferation of intestinal epithelial 
stem cells by mediating activation of transforming growth factor-β (TGF-β) signal-
ing, leading to the proper regeneration of crypts after damage, possibly through the 
formation of clefts [ 118 ]. In vitro analyses using intestinal organoid culture system 
have shown that activation of TGF-β signaling pathway by Wnt5a is mediated 
through Ror2, although Ror2 does not seem to mediate Wnt5a- and TGF-β-induced 
growth inhibition [ 118 ]. It has also been shown that expression of both Wnt5a and 
Ror2 is induced in a damaged mouse kidney after unilateral ureteral obstruction 
treatment [ 119 ]. Ror2 expression is induced in tubular epithelial cells that express 
Snail and vimentin (mesenchymal markers) during renal fi brosis, suggesting that 
Ror2 might be induced in epithelial cells undergoing EMT. Activation of Wnt5a–
Ror2 signaling in epithelial cells undergoing EMT may play an important role in 
disrupting tubular basement membrane via MMP-2 induction, leading to the gen-
eration of myofi broblasts during renal fi brosis [ 119 ]. In adult tissues, repair is gen-
erally accompanied by a robust infl ammatory response following the damage of 
various tissues. Importantly, transient or reversible infl ammation contributes to 
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tissue repair, while persistent or repeated infl ammation is involved in severe patho-
logical conditions, including tissue fi brosis. Therefore, Wnt5a–Ror2 signaling may 
be involved in infl ammatory responses following tissue damages or in irreversible 
pathological conditions. With this respect, it is noteworthy that expression of  Wnt5a  
and  Ror2  can be induced in human mesenchymal stem cells by stimulation with 
IL-1β, a pro-infl ammatory cytokine [ 120 ].  

13.3.5     Mental Disorder 

 The  Ror1  promoter has been identifi ed to exert high genetic background effects 
from a genome-wide association study of bipolar disorder [ 121 ]. It has been reported 
that insomnia-associated genotypic differences are highly concentrated within 
genes, including  Ror1 , involved in neural function [ 122 ]. It has been shown that 
mutations in  Ror2  cause RRS (as described above), and that some of RRS patients 
exhibit mental retardation [ 123 ,  124 ].   

13.4     Domain Structure of the ROR Receptor Tyrosine 
Kinase Family 

 The Ror-family RTKs share a conserved domain structure. In general, the extracel-
lular regions are predicted to contain the immunoglobulin (Ig)-like, CRD, and krin-
gle domains (see Fig.  13.1 ), all of which are thought to mediate protein–protein 
interactions. Typically, the intracellular region of the Ror-family RTKs is predicted 
to contain the TK domain, serine/threonine-rich domain (S/TRD1), proline-rich 
domain (PRD), and another serine/threonine-rich domain (S/TRD2) (Fig.  13.1 ). 

  CRD 
 The extracellular CRDs of the Ror-family RTKs have 10 conserved cysteine resi-
dues within ~130 amino acids and exhibit similarities to the CRDs found in the Fzd 
family of seven transmembrane Wnt receptors. In addition, the CRDs can also be 
found in the various soluble and transmembrane proteins which play crucial roles 
during the developmental processes, including secreted Fzd-related proteins 
(sFRPs); muscle-specifi c receptor tyrosine kinase (MuSK); Smoothened (Smo), a 
co-receptor of Hedgehog signaling; carboxypeptidase Z (CPZ), a secreted metallo-
carboxypeptidase; and collagen XVIII (C18) [ 125 – 128 ].  

  Kringle Domain 
 The membrane proximal kringle domains, consisting of ~80 amino acids, are also 
highly conserved throughout the Ror-family RTKs. The kringle domain is charac-
terized by a triple loop via triple disulfi de bridges and is thought to play a role in 
binding to peptides, proteins, membranes, or phospholipids. This domain has been 
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found in a number of proteins such as serine proteases involved in blood-clotting 
cascade, apolipoprotein(s), hepatocyte growth factor, and transmembrane Kremen 
proteins [ 129 – 133 ]. Kremen proteins were identifi ed as the receptors for Dickkopf 
(Dkk), which acts as an inhibitor of Wnt/β-catenin signaling [ 134 ]. Although the 
function of the kringle domain in the Ror-family RTKs and Kremens is still elusive, 
the kringle domains in Ror proteins are assumed to function as recognition modules 
for binding to another Wnt regulatory proteins.  

  Ig-like Domain 
 In addition to the CRDs and kringle domains, most of the Ror-family members, 
except  Drosophila  Rors (Dror and Dnrk) and the sponge  Amphimedon  Ror-like pro-
tein, possess the Ig-like domains in their N-terminal extracellular regions. The Ig- 
like domains are found in a large number of proteins and frequently involved in 
protein–protein and protein–ligand interactions. The Ig-like domains of the Ror- 
family RTKs may also contribute to binding to their ligands and extracellular or 
transmembranous signaling molecules.  

  Tyrosine Kinase Domain 
 The cytoplasmic regions of the Ror-family RTKs contain conserved TK domains 
which exhibit highest similarities to those of the tropomyosin-receptor-kinase (Trk) 
family, MuSK family, and discoidin-like domain receptor (Ddr) family [ 135 – 137 ]. 
Tyrosine kinase activity of Ror2 can be assessed by autophosphorylation and tyro-
sine phosphorylation of its substrate, a scaffold protein 14-3-3β [ 6 ,  7 ,  138 ]. Similar 
to other RTKs, forced homodimerization of Ror2 or stimulation with Wnt5a have 
been shown to enhance tyrosine kinase activity of Ror2, indicating that Ror2 can 
transduce signals by mediating tyrosine phosphorylation of Ror2 by itself and its 
downstream substrates [ 138 – 140 ].  

  Serine/Threonine-Rich and Proline-Rich Domains 
 Both Ror1 and Ror2 also possess the S/TRD1, PRD, and S/TRD2 at their C- terminal 
to the TK domains [ 1 ,  49 ,  141 ]. Domains similar to the S/TRDs or PRDs of the Ror- 
family RTKs have not been found in any other proteins. The S/TRD1s of Ror1 and 
Ror2 show a higher degree of homology (~67% identity), while their PRDs show a 
relatively lower degree of homology (~30% identity). Interestingly, their S/TRD2s 
do not exhibit any apparent homology. These cytoplasmic domains are thought to be 
involved in the functions of the Ror-family RTKs by interacting with signaling 
mediators.   
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13.5     ROR1 

13.5.1     ROR1 Gene 

13.5.1.1    Promoter Structure 

 γ-interferon activation sequence (GAS)-like elements, a known signal transducer 
and activator of transcription (STAT) binding site, have been identifi ed in the ROR1 
promoter by sequence analysis [ 142 ]. Furthermore, a database search (  http://www.
cbrc.jp/research/db/TFSEARCH.html    ) for transcription factor binding sites shows 
that several consensus sequences recognized by transcription factors are present 
within the 5’-untranslated region (UTR) (+100 to -3000) of human  Ror1  (Table  13.2 ).

   Table 13.2    Promoter structure of  Ror1    

 Name  Target sequence  Location 

 ATF-2  TGACGTYA  –207/–214, –318/–325, –1959/–1966, –2529/–2536, 
–2876/–2883 

 C/EBP  TKTGGWNA  –44/–57, –140/–152, –391/–404, –939/–951, 
–987/–1000, –1605/–1617, 
 –1783/–1796, –2215/–2227, –2402/–2414, 
–2450/–2461 

 CREB  TGACGTMA  –2876/–2883 
 CUX1  ATYGATSSS  –2790/–2799, –2820/–2829 
 DBP  GTTACRTMAK  –2528/–2537 
 E2F  TTTSGCGC  –2313/–2320 
 E4BP4  RTTAYGTAAY  –2527/–2538 
 ETS1  AMMGGAWRW  –1864/–1876 
 EVI-1  ACAAGATAA  –1225/–1235, –2729/–2737 
 FOXA2  TRTTTRYTY  –511/–522, –1393/–1404, –1509/–1520, 

–1792/–1807 
 FOXD3  NAWTGTTTRTTT  +53/+41, –6/–7, –511/–522, –1792/–1807, 

–1902/–1913 
 GATA  GATAAGNM  +78/+65, –27/–35, –215/–224, –225/–238, –354/–

363, –528/–537, –578/–587, 
 –892/–900, –916/–931, –954/–963, –1001/–1009, 
–1225/–1239, –1315/–1325, 
 –1379/–1388, –1528/–1537, –1561/–1570, –1631/–
1644, –1919/–1928, 
 –2085/–2094, –2248/–2257, –2266/–2275, –2477/–
2489, –2534/–2543, 
 –2668/–2677, –2766/–2779, –2891/–2899 

 IKZF  YGGGAW  –466/–477, –595/–606/–607/–618, –1254/–1262, 
–2154/–2165, –2166/–2177, –2253/–2262, 
–2720/–2731 

 IRF  SAAAAGYGAAASY  –2341/–2353 

(continued)
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13.5.1.2       Transcriptional Regulation 

 IL-6 stimulation of human multiple myeloma MM1 cells induces phosphorylation 
of the STAT3, which in turn activates transcription of  Ror1  gene by directly binding 
to the STAT3-binding sites of  Ror1  promoter [ 142 ]. In CLL cells, STAT3 is consti-
tutively phosphorylated, which results in sustained binding of phosphorylated 
STAT3 to the  Ror1  promoter and transcriptional activation of  Ror1  gene [ 142 ].   

Table 13.2 (continued)

 Name  Target sequence  Location 

 MYB  NSYAACGGN  –312/–320 
 MYC  ANCACGTGNNW  –2358/–2369 
 MYCN  CACGTG  –2358/–2369 
 MYOD  SRACAGGTGKYG  –1029/–1040 
 MZF1  NGNGGGGA  –143/–250, –1747/–1754, –2812/–2819, 

–2899/–2906 
 NFE2  TGCTGASTCAY  –1696/–1706, –2012/–2022 
 NKX-2_5  TYAAGTG  –833/–840, –1438/–1449, –1597/–1604, –1675/–

1682, –1999/–2005, 
 –2472/–2478, –2491/–2498, –2771/–2778, 
–2948/–2954 

 OCT  RTAATNA  +45/+31, –653/–665, –771/–786, –1094/–1106, 
–1480/–1493, –1512/–1527, 
 –1629/–1641, –1798/–1812, –1824/–1838, 
–2830/–2842 

 p300  RGGAGTNNNNS  –562/–575, –2119/–2132 
 PBX-1  ANCAATCAW  +47/+37, –216/–224, –1790/–1804 
 PRRX2  ANYYAATTANY  –272/–287, –735/–750, –918/–933, –1591/–1606, 

–2769/–2784 
 RUNX  TGCGGT  –392/–397, –533/–538, –1038/–1043, –1178/–1183, 

–1348/–1353,–1609/–1614, 
 –1895/–1900, –2878/–2883 

 SOX  AACAAT  +50/+39, +37/+28, –663/–672 
 SP1  GRGGCRGGGW  –2565/–2581 
 SRY  AAACWAM  +50/+39, –274/–280, –283/–289, –513/–524, 

–662/–673, –802/–808, 
 –1101/–1108, –1302/–1308/–1398/–1404, –1451/–
1462, –1658/–1669, 
 –2213/–2219, –2308/–2314,–2907/–2913 

 STAT  TTCCCRKAA  –2461/–2469 
 TATA  NTATAAAAR  –192/–201, –1647/–1655, –2372/–2386 
 TFCP2  GCNMNAMCMAA  –2315/–2324 
 USF  CACGTG  –252/–259, –1021/–1041, –2360/–2367, 

–2982/–2989 
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13.5.2     ROR1 Protein 

13.5.2.1    Amino Acid Sequence 

 Human Ror1 (hRor1) and mouse Ror1 (mRor1) proteins consist of 937 amino acids 
(914 amino acids after cleavage of their signal peptides). hRor1 and mRor1 share 
97% amino acid identity overall. The amino acid sequence of hRor1 is as follows: 

 MHRPRRRGTRPPLLALLAALLLAARGAAAQETELSVSAELVPTS
SWNISSELNKDSYLTLDEPMNNITTSLGQTAELHCKVSGNPPPTI
RWFKNDAPVVQEPRRLSFRSTIYGSRLRIRNLDTTDTGYFQCVA
TNGKEVVSSTGVLFVKFGPPPTASPGYSDEYEEDGFCQPYRGIA
CARFIGNRTVYMESLHMQGEIENQITAAFTMIGTSSHLSDKCSQ
FAIPSLCHYAFPYCDETSSVPKPRDLCRDECEILENVLCQTEYIF
A R S N P M I L M R L K L P N C E D L P Q P E S P E A A N C I R I G I P M A D P I N K N
HKCYNSTGVDYRGTVSVTKSGRQCQPWNSQYPHTHTFTALRF
PELNGGHSYCRNPGNQKEAPWCFTLDENFKSDLCDIPACDSKD
S K E K N K M E I LY I LV P S VA I P L A I A L L F F F I C V C R N N Q K S S S A P V Q
R Q P K H V R G Q N V E M S M L N AY K P K S K A K E L P L S AV R F M E E L G E
C A F G K I Y K G H LY L P G M D H A Q LVA I K T L K D Y N N P Q Q W T E F Q Q
E A S L M A E L H H P N I V C L L G AV T Q E Q P V C M L F E Y I N Q G D L H E F L
I M R S P H S D V G C S S D E D G T V K S S L D H G D F L H I A I Q I A A G M E Y L S
S H F F V H K D L A A R N I L I G E Q L H V K I S D L G L S R E I Y S A D Y Y RV Q S
K S L L P I RW M P P E A I M Y G K F S S D S D I W S F G V V LW E I F S F G L Q P Y
Y G F S N Q E V I E M V R K R Q L L P C S E D C P P R M Y S L M T E C W N E I P S R
R P R F K D I H V R L R S W E G L S S H T S S T T P S G G N AT T Q T T S L S A S P V
S N L S N P RY P N Y M F P S Q G I T P Q G Q I A G F I G P P I P Q N Q R F I P I N G Y
PIPPGYAAFPAAHYQPTGPPRVIQHCPPPKSRSPSSASGSTSTGH
V T S L P S S G S N Q E A N I P L L P H M S I P N H P G G M G I T V F G N K S Q K P Y
KIDSKQASLLGDANIHGHTESMISAEL  

13.5.2.2    Posttranscriptional Modifi cation 

  Phosphorylation   Wnt5a stimulation of HCC1500 and HCC3153 breast cancer 
cells induces phosphorylation of Ror1 on serine/threonine (Ser/Thr) residue(s) in a 
glycogen synthase kinase 3 (GSK3)-dependent manner [ 13 ]. Ser/Thr phosphorylation 
of Ror1 is also detected in unstimulated human CLL cells [ 143 ]. In human CLL 
cells, treatments with anti-Ror1 monoclonal antibodies against the extracellular 
kringle domain and CRD reduce phosphorylation of Ror1 and subsequently induce 
their apoptosis [ 144 ]. On the other hand, oncogenic receptor tyrosine kinase Met 
can transphosphorylate Ror1 to mediate Met-driven transformation of HS746T 
gastric carcinoma and NCI-H1993 lung adenocarcinoma cells [ 112 ]. A recent study 
has identifi ed three tyrosine residues (Y641, Y645, and Y646) within the TK domain 
and fi ve tyrosine residues (Y786, Y789, Y822, Y828, and Y836) within the PRD as 
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possible Met-dependent phosphorylation sites within Ror1, although the three 
tyrosine residues within the TK domain appear to be phosphorylated indirectly by 
Src that binds to the PRD of Ror1 [ 145 ].  

  Glycosylation   Ror1 is modifi ed by N-linked glycosylation in human CLL cells 
[ 143 ]. Tunicamycin treatment, which blocks the synthesis of N-linked glycosylation, 
suppresses traffi cking of Ror1 onto cell surface in human CLL cells and Ror1-
induced fi lopodia formation in HEK293 cells [ 143 ], suggesting an important role of 
the N-linked glycosylation of Ror1 in its traffi cking and/or function. In fact, the 
glycosylated Ror1 is detected more frequently in CLL cells from progressive 
patients than in those from nonprogressive patients [ 144 ].  

  Ubiquitination   Although Ror1 is ubiquitinated when coexpressed with HA-tagged 
ubiquitin in CHO cells [ 143 ], the sites of ubiquitination and its role have not been 
determined yet.    

13.5.3     ROR1 Ligands 

 It has been reported that Wnt5a can interact physically with Ror1 in vitro [ 11 ] and 
in the mouse brain [ 12 ], and that Ror1 is phosphorylated on Ser/Thr residue(s) fol-
lowing Wnt5a stimulation [ 13 ], suggesting that Wnt5a is a ligand for Ror1. In fact, 
Ror1 is required for Wnt5a-induced Dishevelled (Dvl) phosphorylation and Rac 
activation [ 14 ,  15 ]. Resistin, a cysteine-rich protein primarily secreted from mature 
adipocytes, also binds to Ror1 through the CRD and kringle domain of Ror1 and 
inhibits tyrosine phosphorylation of Ror1 in mouse 3T3-L1 preadipocytes [ 146 ]. 
Resistin can modulate adipogenesis and glucose uptake in 3T-L1 cells through its 
binding to Ror1 [ 146 ].  

13.5.4     ROR1 Activation and Signaling 

13.5.4.1    Dimerization 

 Ror1 can form complex with both Wnt5a and Ror2 in the mouse brain [ 12 ]. It is 
proposed that Ror1-Ror2 heterodimers might mediate Wnt5a signaling, leading to 
synapse formation in hippocampal neurons [ 12 ].  

13.5.4.2    Phosphorylation 

 GSK3-dependent phosphorylation of Ror1 is implicated in Wnt5a signaling [ 13 ]. 
Transphosphorylation of Ror1 by oncogenic receptor tyrosine kinase Met can medi-
ate Met-driven transformation of HS746T gastric carcinoma and NCI-H1993 lung 
adenocarcinoma cells [ 112 ].  
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13.5.4.3    Pathway Activation 

 Recent fi ndings showing that Ror1 is required for Wnt5a-induced Dvl phosphoryla-
tion and Rac activation [ 14 ,  15 ] indicate that Ror1 can mediate Dvl–Rac pathway in 
noncanonical Wnt signaling. It has also been reported that coexpression of Wnt5a 
and Ror1 activates NF-kB in HEK293 cells, suggesting an involvement of NF-kB 
pathway in Wnt5a–Ror1 signaling [ 11 ].  

13.5.4.4    Cross talk with Other Receptor Systems 

 The Met RTK has been shown to cross talk with other RTKs, including EGFR, 
HER3, and Ron [ 147 ]. As mentioned above, Ror1 is transphosphorylated by Met 
and thereby mediates Met-driven transformation of HS746T gastric carcinoma and 
NCI-H1993 lung adenocarcinoma cells, in which Met is overexpressed due to  Met  
gene amplifi cation [ 112 ]. Although active forms of EGFR (EGFRL858R) and 
ErbB2 (ErbB2V659E), in addition to Met, can be co-immunoprecipitated with Ror1 
when overexpressed in COS-7 cells, among them only Met induces phosphoryla-
tion of Ror1 [ 112 ].    

13.6     ROR2 

13.6.1     ROR2 Gene 

13.6.1.1    Promoter Structure 

 A database search (  http://www.cbrc.jp/research/db/TFSEARCH.html    ) for tran-
scription factor binding sites shows that several consensus sequences recognized by 
transcription factors are present within the 5’-UTR (+100 to -3000) of human  Ror2  
(Table  13.3 ).

13.6.1.2       Transcriptional Regulation 

 The transcriptional regulation of  Ror2  via hypoxia-inducible factor (HIF)-1α and 
-2α has been shown in renal cell carcinoma that harbors inactivating mutations in 
the tumor suppressor von Hippel-Lindau ( VHL ) leading to the subsequent stabiliza-
tion of HIF-1α and HIF-2α [ 148 ]. Furthermore, it has been found that HIF-2α and 
arylhydrocarbon receptor nuclear translocator (ARNT, also known as HIF-1β) can 
bind to a restricted region of the immediate  Ror2  promoter region, which lacks any 
known hypoxia response element binding sequence, in cells lacking expression of 
 VHL  and overexpressing only HIF-2α. Consistent with this fi nding,  C. elegans  
homologue of  Ror2 ,  cam-1 , has been identifi ed as a HIF-dependent hypoxia target 
gene in  C. elegans  [ 149 ].   
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   Table 13.3    Promoter structure of  Ror2    

 Name  Target sequence  Location 

 AP-1  RSTGASTNMNW  –1042/–1052, –1649/–1664, –1690/–1698, 
–1989/–1999 

 ARNT  CACGTG  –2261/–2276 
 ATF2  TGACGTYA  –1653/–1660 
 C/EBP  TKTGGWNA  –468/–481, –908/––920, –114/–1127, –1213/–1229, 

–1604/–1616, 
 –2000/–2011 

 CREB  TGACGTMA  –274/–285, –1653/–1660 
 CUX1  ATYGATSSS  –877/–886, –1994/–2003 
 E2F1  TTTSGCGC  –11/–18 
 EGR  NTGCGTRGGCGK  –299/–310 
 ETS-1  AMMGGAWRW  +42/+33, –474/–486, –1088/–1097, –1642/–1654, 

–2751/–2760 
 EVI-1  ACAAGATAA  –2776/–2790, –2888/–2902 
 FOXA2  TRTTTRYTY  –494/–504, –687/–698, –767/–778, –1880/–1891, 

–2403/–2414 
 FOXD3  NAWTGTTTRTTT  –494/–504, –1008/–1020 
 GATA  GATAAGNM  +41/+32, –107/–116, –607/–621, –851/–860, 

–1093/–1106, –1122/–1132, –1317/–1327, –1656/–
1676, –1876/–1886, –2101/–2111, –2159/–2173, 
–2240/–2249, –2280/–2300, –2335/–2348, –2466/–
2478, –2634/–2643, –2695/–2714, –2754/–2763 

 HSF  RGAANNWTC  –712/–721, –1121/–1130, –1465/–1475, –2169/–2178 
 IKZF  YGGGAW  –955/–963, –1437/–1449, –2242/–2253, –2308/–2316, 

–2638/–2649, 
 –2981/–2992 

 IRF  SAAAAGYGAAASY  –459/–471 
 MYB  NSYAACGGN  –749/–757, –2797/–2805 
 MYC  ANCACGTGNNW  –2263/–2275 
 MYCN  CACGTG  –2263/–2275 
 MYOD  SRACAGGTGKYG  –1451/–1461, –2497/–2508 
 MZF1  NGNGGGGA  +3/–5, –92/–99, –533/–540, –1189/–1201, –1293/–

1300, –2506/–2513 
 NFKB1  GGGAMTTYCC  –2/–11, –1330/–1339, –1437/–1450, –1487/–1496 
 NHLH1  GGGNCGCAGCTGCG

NCCC 
 –184/–205 

 NKX2-5  TYAAGTG  –732/–738, –1408/–1414, –1570/–1576, –2388/–2395, 
–2728/–2735, –2936/–2942 

 OCT  RTAATNA  –753/–767, –774/–788, –889/–901, –1213/–1225, 
–2735/–2749 

 PPRX2  ANYYAATTANY  –887/–901, –938/–953 
 REL  SGGRNWTTCC  –2/–11, –1330/–1339, –1438/–1451, –1487/–1496 
 RORa  WAWNNAGGTCA  –361/–374 
 RUNX  TGCGGT  –1298/–1303, 1330/–1339, –1655/–1660, –1925/–

1930, –2493/–2498, 
 –2734/–2739 

(continued)
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13.6.2     ROR2 Protein 

13.6.2.1    Amino Acid Sequence 

 Human Ror2 (hRor2) protein consists of 943 amino acids (916 amino acids after 
cleavage of its signal peptide). Mouse Ror2 (mRor2) is one amino acid longer than 
hRor2. hRor2 and mRor2 share 92% amino acid identity overall. The amino acid 
sequence of hRor2 is as follows: 

 MARGSALPRRPLLCIPAVWAAAALLLSVSRTSGEVEVLDPNDPLGPLDG
QDGPIPTLKGYFLNFLEPVNNITIVQGQTAILHCKVAGNPPPNVRWLKN
DAPVVQEPRRIIIRKTEYGSRLRIQDLDTTDTGYYQCVATNGMKTITAT
GVLFVRLGPTHSPNHNFQDDYHEDGFCQPYRGIACARFIGNRTIYVDS
LQMQGEIENRITAAFTMIGTSTHLSDQCSQFAIPSFCHFVFPLCDARSRT
PKPRELCRDECEVLESDLCRQEYTIARSNPLILMRLQLPKCEALPMPES
PDAANCMRIGIPAERLGRYHQCYNGSGMDYRGTASTTKSGHQCQPW
ALQHPHSHHLSSTDFPELGGGHAYCRNPGGQMEGPWCFTQNKNVRM
ELCDVPSCSPRDSSKMGILYILVPSIAIPLVIACLFFLVCMCRNKQKASAS
TPQRRQLMASPSQDMEMPLINQHKQAKLKEISLSAVRFMEELGEDRF
GKVYKGHLFGPAPGEQTQAVAIKTLKDKAEGPLREEFRHEAMLRARL
QHPNVVCLLGVVTKDQPLSMIFSYCSHGDLHEFLVMRSPHSDVGSTD
DDRTVKSALEPPDFVHLVAQIAAGMEYLSSHHVVHKDLATRNVLVYD
KLNVKISDLGLFREVYAADYYKLLGNSLLPIRWMAPEAIMYGKFSIDS
DIWSYGVVLWEVFSYGLQPYCGYSNQDVVEMIRNRQVLPCPDDCPA
WVYALMIECWNEFPSRRPRFKDIHSRLRAWGNLSNYNSSAQTSGASN
TTQTSSLSTSPVSNVSNARYVGPKQKAPPFPQPQFIPMKGQIRPMVPPP
QLYVPVNGYQPVPAYGAYLPNFYPVQIPMQMAPQQVPPQMVPKPSSH
HSGSGSTSTGYVTTAPSNTSMADRAALLSEGADDTQNAPEDGAQSTV
QEAEEEEEGSVPETELLGDCDTLQVDEAQVQLEA  

 Name  Target sequence  Location 

 SP1  GRGGCRGGGW  –83/–92, –423/–432 
 SRY  AAACWAM  –491/–502/, –635/–642, –651/–657, –725/–731, 

–787/–793, –906/–912, 
 –1561/–1567, –1725/–1731, –1816/–1822, –1878/–
1895, –2010/–2016, 
 –2442/–2448, –2888/–2894 

 STAT  TTCCCRKAA  –828/–836 
 TATA  NTATAAAAR  –1373/–1382, –1806/–1815, –2351/–2366 
 TFCP2  GCNMNAMCMAA  –12/–22, –168/–178, –1100/1110, –1756/–1766 
 USF  CACGTG  –800/–807, –1587/–1594, –1686/–1694, –2212/–2219, 

–2262/–2275, 
 –2378/–2390 

 ZBTB6  GGCTCYATCAYC  –1592/–1604 

Table 13.3 (continued)
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13.6.2.2    Posttranscriptional Modifi cation 

  Phosphorylation   Ror2 is phosphorylated by several Ser/Thr kinases and tyrosine 
kinases. Casein kinase Iε (CKIε), a member of the CKI-family protein Ser/Thr 
kinases, is known to be able to phosphorylate Ror2 on Ser/Thr residues, within its 
C-terminal S/TRD2 [ 6 ]. This phosphorylation results in the autophosphorylation of 
Ror2 on tyrosine residue(s) within its cytoplasmic PRD. Forced homodimerization 
of Ror2 or stimulation with Wnt5a have been shown to enhance tyrosine kinase 
activity of Ror2 and increase tyrosine phosphorylation of Ror2 [ 138 ,  140 ]. When 
the cytoplasmic domains of Ror2 mutants fused with the dimeric Fc portion of 
human IgG (Fc- Ror2) were expressed in T/C28a2 human chondrocytes, robust 
tyrosine phosphorylation of Fc-Ror2 WT was detected in contrast with a markedly 
reduced tyrosine phosphorylation of Fc-Ror2 kinase-dead (KD) mutant [ 139 ]. 
However, the remnant of receptor tyrosine phosphorylation was observed in cells 
expressing Fc-Ror2 KD, raising the possibility that there may be other tyrosine 
kinases or co-receptors involved in the tyrosine phosphorylation of Ror2. Indeed, 
non-receptor tyrosine kinase Src has been shown to associate with Ror2 at the 
C-terminal PRD and/or S/TRD1 and phosphorylate Ror2 on tyrosine residues 
following Wnt5a stimulation [ 139 ]. Wnt5a stimulation has been shown to induce 
phosphorylation of Ror2 on Ser/Thr residues in a manner dependent on GSK3, but 
not CKIε [ 150 ]. Ror2 Ser- 864 was identifi ed as a critical residue phosphorylated by 
GSK3 in response to Wnt5a [ 13 ]. Furthermore, this phosphorylation at Serine-864 
is required for Wnt5a- induced cell migration in a Ror2 tyrosine kinase activity-
independent manner.  

   O -sulfonation   The study aiming to identify posttranslational modifi cation of 
proteins with  O - sulfonation  on serine and threonine residues has revealed that this 
modifi cation was observed in the cytoplasmic juxtamembrane region of Ror2 at 
Ser-469 or Ser-471, although its functional signifi cance has not been identifi ed [ 151 ].    

13.6.3     ROR2 Ligands 

 Wnts are classifi ed into several subfamilies depending on the signaling pathways 
they activate. The Wnt1 subfamily (e.g., Wnt1, Wnt3a, Wnt8) activates the canoni-
cal Wnt/β-catenin pathway, whereas the Wnt5a subfamily (e.g., Wnt5a, Wnt11) 
activates the noncanonical pathways, including the G protein-mediated Wnt–Ca 2+  
pathway and the small GTPase/JNK pathway. Ror2 has been shown to interact with 
several canonical and noncanonical Wnts, including Wnt3a and Wnt5a, both physi-
cally and functionally, and the CRD plays a central role for these interaction [ 3 ,  4 , 
 7 ,  8 ]. It is well established that Ror2 acts as a receptor or co-receptor for Wnt5a (see 
Pathway activation Section). 
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13.6.3.1    Ligand Structure 

 A Ror2 ligand, Wnt5a, is a member of the Wnt-family proteins with an apparent 
molecular mass of 44-50 kDa. A schematic structure and posttranslational modifi ca-
tion of human Wnt5a protein is depicted in Fig.  13.4  [Accession # P41221 (human); 
P22725 (mouse)]. A precursor human Wnt5a contains 381 amino acids, with a 37 
amino acids signal peptide, a 25 amino acids prosegment which is not seen in puri-
fi ed mature Wnt5a [ 8 ], and a 319 amino acids mature protein which starts with Ile-
62 [ 152 ]. Like other members of Wnt-family proteins, mature Wnt5a contains 24 
cysteine residues that seem to be involved in intramolecular disulfi de bonding, four 
N-linked glycosylation sites (Asn-114, Asn-120, Asn-311, and Asn- 325), and a pal-
mitate adduct site (Cys-104). Although palmitoylation of Wnt5a at Cys-104 is dis-
pensable for the secretion of Wnt5a, it is critically required to elicit Wnt5a signaling 
at the cell surface [ 153 ]. On the other hand, N-linked glycosylation of Wnt5a at four 
Asn residues is required for the secretion of Wnt5a, but is dispensable for its bio-
logical functions [ 153 ].    

13.6.4     ROR2 Activation and Signaling 

13.6.4.1    Dimerization 

 Wnt5a-induced homodimerization of Ror2 has been reported [ 140 ]. In this report, a 
chimeric receptor consisting of the extracellular domain of Ror2 fused to the trans-
membrane and intracellular domains of TrkB was used. Consistent with the fact that 
TrkB signaling is activated by receptor homodimerization, Wnt5a stimulation 
increases the cAMP-response element-mediated transcription, an intracellular sig-
naling event elicited by TrkB, in cells expressing the Ror2-TrkB chimeric receptor, 
suggesting that Wnt5a binds to the extracellular domain of Ror2 and induces its 

N C

Signal sequences Prosegment

  Fig. 13.4    Posttranslational modifi cation of human Wnt5a. The  arrow  indicates the predicted 
cleavage site of signal peptidase between residues 37 and 38.  A  Ala,  C  Cys,  I  Ile,  N  Asn,  Q  Gln       
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homodimerization. The homodimerization of Ror2 following the treatment with 
Wnt5a appears to enhance Ror2 tyrosine kinase activity [ 28 ]. 

 As mentioned above, Ror1 and Ror2 can form heterodimers to mediate Wnt5a- 
induced signaling in hippocampal neurons [ 12 ].  

13.6.4.2    Phosphorylation 

 Ror2 has been shown to associate with and phosphorylate G protein-coupled recep-
tor kinase 2 (GRK2) following activation of Ror2 by CKIε [ 6 ]. Of interest, the 
developmental expression patterns of GRK2 and CKIε are similar to that of Ror2 in 
mouse embryos [ 6 ], suggesting the role of GRK2 and CKIε in Ror2-mediated sig-
naling during embryogenesis. 

 Ror2 also associates directly with and phosphorylates 14-3-3β which negatively 
regulates osteogenesis [ 138 ]. Furthermore, the fi nding that Wnt5a stimulation aug-
ments phosphorylation of 14-3-3β [ 140 ] leads to a notion that Wnt5a–Ror2 
signaling promotes osteogenesis by preventing the 14-3-3β-mediated inhibition by 
means of phosphorylation.  

13.6.4.3    Pathway Activation 

  Roles of Wnt5a–Ror2 Signaling in Polarized Cell Migration   The presence of 
PCP and CE defects in  Ror2  -/-  embryos suggests that Ror2 mediates Wnt5a signaling 
to regulate polarized cell migration. Indeed, Wnt5a induces migration of embryonic 
fi broblasts from WT but not  Ror2  -/-  mice, indicating an essential role for Ror2 in 
Wnt5a-induced cell migration [ 22 ]. Interestingly, Ror2 can mediate the formation 
of fi lopodia by associating with the actin-binding protein FLNa through its PRD, an 
event crucial for Wnt5a-induced cell migration (Fig.  13.3a ). In vitro wound-healing 
assays show that Wnt5a stimulates lamellipodia formation and reorientation of the 
microtubule-organizing center (MTOC), processes that are essential to polarized 
cell migration, through the Ror2–FLNa–JNK pathway [ 23 ] (Fig.  13.3a ). 
Furthermore, Wnt5a-induced JNK activation and MTOC reorientation require the 
activity of atypical protein kinase C (aPKC), suggesting a functional link between 
the Wnt5a–Ror2–FLNa–JNK and Par–aPKC pathways in polarized cell migration 
(Fig.  13.3a ). It is unclear how aPKC regulates JNK activity in Wnt5a–Ror2 
signaling. However, it has recently been reported that aPKC associates with Dvl 
[ 154 ,  155 ], functioning upstream of JNK, and that Dvl is required for Wnt5a- 
induced cell migration [ 22 ,  155 ], raising the possibility that aPKC might regulate 
Wnt5a-induced JNK activation through Dvl in wound-healing cells. Importantly, a 
uniform concentration of Wnt5a can stimulate polarization of cells at the wound 
edge, where wound-induced loss of cell–cell contacts serves as the instructive 
polarity cue, whereas Wnt5a has no effect on cell polarity in confl uent cells [ 23 ], 
suggesting that the role of Wnt5a in cell polarity is permissive rather than instructive. 
Consistent with this, Wnt5a is required for polarization of melanoma cells in 
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response to a chemokine gradient, but exposure of the cells to Wnt5a alone has little 
effect [ 24 ]. By contrast, mesenchymal cells can migrate toward the source of Wnt5a 
in the developing palate tissues in a Ror2-dependent manner, suggesting that Wnt5a 
plays an instructive role acting as a chemoattractant for palate mesenchymal cells 
through a Ror2-mediated noncanonical Wnt signaling pathway [ 26 ]. Thus, Wnt5a 
might have different roles in polarized cell migration (i.e., permissive and instructive 
roles) depending on the cell/tissue type.  

  Roles of Wnt5a–Ror2 Signaling in Epithelial Cell Polarization   Polarized 
intestinal epithelial cells have a distinctive apico-basal axis, in which the apical 
membrane faces the luminal side of the intestine. The apical surface of epithelial 
cells is covered with microvilli, actin-rich membrane protrusions. Wnt5a stimulation 
has been shown to upregulate expression of villin, an actin-regulatory protein 
involved in the formation of microvilli, via Ror2-mediated activation of extracellular 
signal-regulated kinase 1 and 2 (Erk1/2) in intestinal epithelial cells [ 156 ]. An 
electrical transepithelial potential difference (TEP) across an epithelium provides a 
directional signal for epithelial cells. When a physiological electrical fi eld (EF), 
which mimics the natural EF created by TEP, was applied to intestinal epithelial 
cells, apical membrane proteins, including actin and CD66, were reoriented to the 
cathodal side of cells in a manner dependent on the expression of LKB1, a key 
molecule in apical membrane formation [ 157 ]. Interestingly, a physiological EF 
activates LKB1 via Ror2-mediated activation of Erk1/2 [ 157 ]. These fi ndings 
suggest that Wnt5a–Ror2 signaling might regulate apical membrane formation by 
upregulating expression of villin and activating LKB1 via Erk1/2.  

  Specifi city of Wnt5a Signaling Pathways   Wnt5a can activate various signaling 
pathways, including PCP pathway and Wnt–Ca 2+  pathway. In the PCP pathway, 
Wnt5a binding to Fzd protein results in  activation of Dvl, which in turn activates 
Rho-family small GTPases, including RhoA and Rac. These Rho GTPases then 
activate the Rho-associated protein kinase ROCK and JNK to regulate cell polarity 
and migration. Wnt5a can bind to several receptors, including Fzds and Ror2, and it 
has therefore been proposed that these receptors, at least partly, trigger distinct 
signaling pathways to induce specifi c outcomes [ 8 ]. It has been shown that Wnt5a 
induces the internalization of Fzd2 through a clathrin-mediated route, which is 
required for Wnt5a-induced activation of Rac [ 14 ]. Knockdown of either  Ror1  or 
 Ror2  suppresses the Wnt5a-induced internalization of Fzd2 and activation of Rac 
[ 14 ], suggesting that Ror1 and Ror2 have a function in these processes. In addition 
to the receptor context, specifi c signaling seems to be achieved by an extracellular 
cofactor, collagen triple-helix repeat-containing protein 1 (Cthrc1), that binds to 
Wnts, Fzds, and Ror2, and selectively activates the PCP pathway by stabilizing the 
Wnt-receptor complex [ 53 ] (Fig.  13.3b ). Importantly, Cthrc1 can associate with 
Ror2 lacking the CRD, indicating that Cthrc1 and Wnt5a interact with distinct 
domains of Ror2. Furthermore, Cthrc1 enhances not only binding of Wnt5a but also 
that of Wnt3a to Ror2 results in the activation of PCP pathway. Thus, cell/tissue-
dependent expression of Wnt receptors and their cofactors, such as Cthrc1, in 
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addition to intracellular signaling molecules, might determine which signaling 
pathways are preferentially activated in response to Wnts.  

  Inhibition of β-catenin-Dependent Canonical Wnt Signaling   Wnt5a–Ror2 
signaling plays a crucial role in inhibiting canonical Wnt signaling at the level of 
T-cell factor (TCF)/lymphoid enhancer factor (LEF)-mediated transcription [ 8 ,  27 ] 
(Fig.  13.3e ). Wnt5a inhibits Wnt3a-induced activation of a TCF/LEF-driven 
reporter gene in a Ror2-dependent manner, without inducing Ca 2+  mobilization [ 8 ]. 
Structure–function analysis of Ror2 reveals that an intrinsic kinase activity of Ror2 
is necessary for its inhibitory function [ 28 ]. The role of endogenous Ror2 has also 
been studied by using  Ror2  -/-  mice crossed with  Axin2 – LacZ  mice, where one copy 
of the  Axin2  gene, a direct Wnt target gene in canonical Wnt signaling, was replaced 
by the  LacZ  gene to allow visualization of canonical Wnt signaling activity  in vivo . 
Compared with  Ror2  +/-  embryos,  Ror2  -/-  embryos exhibits increased LacZ expression 
in specifi c regions where cells lost Ror2 expression in the lung, indicating that Ror2 
indeed inhibits canonical Wnt signaling at least in the developing lung [ 28 ]. During 
early embryogenesis, the ECM protein Del1 promotes forebrain development in the 
 Xenopus  embryos. Del1 function in the neural patterning has been shown to be 
mediated by the inhibition of canonical Wnt signaling through Ror2-mediated 
signaling pathway [ 158 ]. Furthermore, suppression of either Ror2 or Wnt5a 
expression in human osteosarcoma SaOS-2 cells results in the inhibition of 
invasiveness with a concomitant enhancement of TCF/LEF-mediated transcription 
without affecting β-catenin levels [ 29 ], indicating that Wnt5a–Ror2 signaling is 
constitutively activated in SaOS-2 cells, thereby inhibiting the canonical Wnt 
pathway. Collectively, inhibition of canonical Wnt signaling pathway by Wnt5a–
Ror2 signaling might play roles in embryogenesis and tumor invasion. The identity 
of downstream effector(s) of Ror2 in Wnt5a-Ror2 signaling for the inhibition of the 
canonical Wnt pathway is currently unknown.  

  Potentiation of β-catenin-Dependent Canonical Wnt Signaling   Although Ror2 
can antagonize canonical Wnt signaling, other studies indicate that Ror2 potentiates 
β-catenin-dependent TCF/LEF pathway in multiple cell types. In osteosarcoma 
U2OS cells, Ror2 potentiates Wnt1-induced TCF/LEF-driven reporter activity in a 
Ror2 kinase activity-dependent manner [ 7 ]. In lung carcinoma H441 cells, Ror2 
cooperates with the receptor Fzd2 to activate canonical Wnt signaling in response 
to Wnt3a [ 27 ]. Thus, Ror2 can both inhibit and potentiate canonical Wnt signaling 
in cellular context-dependent manner; however, the molecular mechanism 
underlying Ror2-mediated opposing effects on canonical Wnt signaling is currently 
unknown. TGF-β-activated kinase-1 (TAK1), a MAP kinase kinase kinase 
(MAP3K), has been shown to interact with the C-terminal PRD and/or S/TRD1 of 
Ror2 and phosphorylate the C-terminal region of Ror2 in a manner dependent on 
the kinase activity of TAK1 [ 159 ]. This study demonstrates that expression of 
Ror2 in HEK293T cells potentiates Wnt1-dependent canonical signaling and TAK1 
inhibits the Ror2-mediated enhancement of canonical Wnt signaling.   
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13.6.4.4    Major Genes Regulated 

 In  Xenopus  embryos Wnt5a–Ror2–JNK signaling pathway upregulates expression 
of the paraxial protocadherin  XPAPC  gene through c-Jun and ATF2 transcription 
factors [ 65 ]. Induction of  XPAPC  is required for CE movements during gastrulation 
of  Xenopus  embryos. Treatment with cycloheximide, an inhibitor of protein synthe-
sis, fails to suppress  XPAPC  induction by Wnt5a, suggesting a direct regulation of 
 XPAPC  gene expression by Wnt5a–Ror2–JNK signaling pathway through c-Jun/
ATF2. XShcA, a phospho-tyrosine binding protein, has been shown to be required 
for upregulation of  XPAPC  by Wnt5a–Ror2 signaling in  Xenopus  embryos [ 160 ]. 
XShcA binds to a conserved Shc-SH2-binding motif in Ror2 via its SH2 domain and 
XWnt5a induces clustering of XRor2 in the cell membrane and recruitment of 
XShcA to the XRor2 receptor complex [ 160 ]. The Shc-SH2-binding motif of Ror2 
is evolutionarily conserved among all the Ror-family members, suggesting that sig-
naling through ShcA might represent an evolutionarily conserved biochemical event. 

 Another target gene, known to be regulated by Wnt5a–Ror2 signaling, is  MMP- 
13   gene. Suppressed expression of either Ror2 or Wnt5a results in inhibition of 
 MMP-13  expression in SaOS2 cells, and conversely, stimulation of serum-starved 
SaOS2 cells with Wnt5a leads to induction of  MMP-13  [ 29 ]. Expression of  MMP- 
13   by Wnt5a–Ror2 signaling can be abrogated by an inhibitor of the Src-family 
kinases (SFKs), suggesting the role of the SFK(s) in  MMP-13  expression by Wnt5a–
Ror2 signaling (Fig.  13.3c ). The promoter region within  MMP-13  gene contains an 
AP-1 binding site. Chromatin-immunoprecipitation (Chip) assays reveals that c-Jun 
and ATF2 are crucial transcription factors recruited to the AP-1 binding site in the 
 MMP-13  gene promoter during Wnt5a–Ror2 signaling in SaOS-2 cells (Fig.  13.3c ) 
[ 90 ]. Dvl2 and JNK are required for  MMP-13  induction presumably via phosphory-
lation of c-Jun and ATF2 in SaOS-2 cells (Fig.  13.3c ). Interestingly, Dvl2 and Rac1, 
but not Dvl3, are required for  MMP-13  expression in SaOS-2 cells, whereas Dvl3, 
but not Dvl2 and Rac1, is required for its expression in U2OS cells [ 90 ], indicating 
the presence of distinct intracellular signaling machineries leading to expression of 
the same gene, in this case  MMP-13  gene in different osteosarcoma cell lines.  

13.6.4.5    Binding Proteins 

 As mentioned above, Ror2 interacts with various proteins, including Wnts, CKIε, 
Src, 14-3-3β, GRK2, FLNa, Fzd, Cthrc1, and TAK1 through its extracellular or 
intracellular regions (Table  13.4 ). In addition to these proteins, several other pro-
teins have been shown to interact with the intracellular regions of Ror2 (Table  13.4 ).

   Ror2 associates with the melanoma-associated antigen-family protein Dlxin-1 
(also called as NRAGE) through its C-terminal portion of Ror2, containing the PRD 
and S/TRDs [ 161 ]. Dlxin-1 is known to bind to the homeodomain transcription fac-
tors Msx2 and Dlx5 and regulate their transcriptional functions. In the presence of 
Ror2, Dlxin-1 is colocalized with Ror2 at the membranous compartments and Msx2 
is retained in the nuclei. Furthermore, transcriptional activity of Msx2 is regulated 
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by ectopic expression of Ror2, irrespective of its kinase activity. Thus, Ror2 might 
affect transcriptional functions of Msx2 by regulating intracellular distribution of 
Dlxin-1 in a tyrosine kinase-independent manner. 

 Dvl is phosphorylated by both canonical and noncanonical Wnt signalings via 
CKIε. Phosphorylated Dvl has been shown to interact with the C-terminal PRD 
and S/TRDs of Ror2, which is required for effi cient inhibition of canonical Wnt 
signaling [ 162 ]. 

 PCP, which originally refers to the polarity of epithelial cells within a plane 
orthogonal to their apico-basal axis, is well characterized genetically in  Drosophila  
and is regulated by a group of evolutionarily conserved core PCP components, 
including a four-pass transmembrane protein, Van Gogh. Its vertebrate homologue, 
 Vang-like 2  ( Vangl2 ), genetically interacts with  Wnt5a  [ 163 ]. It has recently been 
shown that Ror2 and Vangl2 form an Wnt-induced receptor complex that is essen-
tial to establish PCP [ 164 ]. Wnt5a induces Vangl2 phosphorylation on two clusters 

     Table 13.4    Ror2-binding proteins   

 Protein 
 Binding domain of 
Ror2  Function(s) in Ror2-mediated signaling  References 

 Wnt5a  CRD  A secreted glycoprotein that acts as a ligand 
for Ror2. 

 [ 8 ] 

 Fzd  CRD  Wnt5a-induced receptor complex.  [ 4 ,  10 ] 
 CKIε  S/TRD  Ror2 phosphorylation on Ser/Thr residues. 

 Enhancement of Ror2 autophosphorylation. 
 [ 6 ] 

 c-Src  PRD and/or S/TRD1  Ror2 phosphorylation on tyrosine residues 
following Wnt5a stimulation. 
 MMP13 induction and cell invasion. 

 [ 29 ,  90 ,  139 ] 

 14-3-3β  Intracellular region  A scaffold protein that are phosphorylated 
by Ror2 following Wnt5a stimulation. 
 Osteogenesis. 

 [ 138 ] 

 GRK2  N.D.  Tyrosin phosphorylated following the 
activation of Ror2 by CKIε. 

 [ 6 ] 

 FLNa  PRD  Filopodia formation. 
 JNK activation following Wnt5a 
stimulation. 
 Polarized cell migration. 

 [ 22 ,  23 ] 

 Cthrc1  Extracellular region  Wnt-Fzd-Ror2 complex formation. 
 PCP pathway activation. 

 [ 53 ] 

 TAK1  PRD and/or S/TRD1  Inhibition of canonical Wnt signaling.  [ 159 ] 
 XShcA  SH2-binding motif in 

TK domain 
 Wnt5a-induced upregulation of  XPAPC .  [ 160 ] 

 Dlxin-1  PRD and/or S/TRDs  Msx2-dependent transcriptional regulation.  [ 161 ] 
 Dvl  PRD and/or S/TRDs  Inhibition of canonical Wnt signaling.  [ 162 ] 
 Vangl2  N.D.  Wnt5a-induced receptor complex formation. 

 PCP pathway activation. 
 [ 164 ] 

 Wtip  S/TRD1  Inhibition of canonical Wnt signaling.  [ 165 ] 
 BRIb  CRD  Chondrogenesis.  [ 166 ,  168 ] 
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of Ser and Thr residues through Ror2, and Wnt5a-induced Vangl2 phosphorylation 
is essential for its function regulating PCP [ 164 ]. 

 The WT1-interacting protein Wtip has been shown to interact with the S/TRD1 
of Ror2 [ 165 ]. Wtip, originally identifi ed as an interactor of the Wilms tumor pro-
tein 1 (WT1), contains three LIM domains (LDs) and exhibits high degree of 
homology with the Ajuba/Zyxin family of LD proteins. The interaction of Wtip and 
Ror2 is mediated by the fi rst and/or second LD of Wtip. Full-length Ror2 recruits 
Wtip to the cell membrane, whereas a truncated mutant found in BDB patients, 
which lacks the PRD and S/TRDs, fails to do so. Both transcripts and proteins of 
Wtip and Ror2 show overlapping expression in the mouse embryo, indicating a 
functional  interaction of these proteins  in vivo . Ectopic expression of  Wtip  can also 
antagonize canonical Wnt signaling in mammalian cells and in  Xenopus  embryos.  

13.6.4.6    Cross Talk with Other Receptor Systems 

 A Cross talk between Ror2 and the bone morphogenetic protein receptor type Ib 
(BRIb) has been reported [ 166 ]. Mutations in  GDF5 , a gene encoding a member of 
BMP/TGF-β ligand family, cause brachydactyly type C (BDC), whereas mutations 
in  BRIb , encoding the receptor for GDF5, cause brachydactyly type A2 (BDA2). 
Because there is considerable phenotypic overlap among BDB, BDC, and BDA2, 
the molecular mechanisms responsible for BDB, caused by  Ror2  mutation (see 
Sect.  13.3 ), might be shared among these forms of brachydactyly. Ror2 has been 
shown to form a complex with BRIb in a ligand-independent manner, thereby inhib-
iting subsequent GDF5/BRIb-induced Smad1/5 signaling cascade [ 166 ]. In addi-
tion, the inactivation of one  Ror2  allele in  Gdf5  -/-  mice, as well as inactivation of one 
 GDF5  allele or two  BRIb  alleles in  Ror2  -/-  mice, results in a signifi cant reduction in 
bone length, a phenotype which is not seen in the single mutants, indicating that 
 Ror2  genetically interacts with  BRIb  and  GDF5  [ 166 ]. GDF5 binds to BRIb with a 
high affi nity, while BMP2 preferentially binds to BRIa [ 167 ]. Interestingly, Ror2 is 
associated specifi cally with BRIb, and any apparent cross talk between Ror2 and 
BRIa or low-affi nity type II receptor (BRII) cannot be observed [ 168 ]. Since Ror2/
BRIb complex can be detected in distinct detergent-resistant microdomains (DRMs) 
of the plasma membrane, from which BMP-induced Smad-dependent signaling 
emanates [ 168 ], it can be envisaged that Ror2 might interfere with GDF5/BRIb 
signaling complexes within the membrane domains.   

13.6.5     Unique Features of the ROR2 

 It has been shown that the cytoplasmic region of Ror2, but not its intrinsic kinase 
activity, is indispensable for Wnt5a-induced cell migration [ 22 ]. In contrast, the 
cytoplasmic region of Ror2 is dispensable for Wnt5a-induced phosphorylation 
and polymerization of Dvl2 [ 10 ]. Moreover, Wnt5a–Ror2 signaling induces 
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invadopodia formation and inhibits canonical Wnt signaling by mechanisms that 
require the intrinsic kinase activity of Ror2 [ 28 ,  29 ]. Thus, Ror2 seems to mediate 
Wnt5a signaling through at least three distinct mechanisms, i.e., (1) the cytoplasmic 
region- dependent, kinase activity-independent mechanism, (2) the cytoplasmic 
region-independent mechanism, and (3) the kinase activity-dependent mechanism. 
Importantly, the  C. elegans  CAM-1 also exhibits the kinase activity-dependent and 
-independent functions [ 39 ,  59 ,  62 ], as well as the cytoplasmic region-independent 
functions [ 9 ,  41 ,  169 ].       

             Receptor at a glance;  Ror1    

 Chromosome location  1p32-p31 (human), 4 49.6 cM (mouse) 
 Gene Size (bp)  405018 bp (human), 346755 bp (mouse) 
 Intron/exon numbers  Intron: 8/exon: 9 (human and mouse) 
 mRNA size (ORF)  3382 bases (ORF: 2814 bases) (human), 

 3542 bases (ORF: 2814 bases) (mouse) 
 Amino acid number  937 (human and mouse) 
 kDa  MW: 104 kDa, SDS-PAGE: 135 kDa 
 Posttranslational 
modifi cations 

 phosphorylation, glycosylation, ubiquitination 

 Domains  immunoglobulin-like domain, cysteine-rich domain, kringle 
domain, tyrosine kinase domain, serine/threonine-rich domain, 
proline-rich domain 

 Ligands  Wnt5a (see text for details) 
 Known dimerizing 
partners 

 Ror2 

 Pathways activated  See text for details 
 Tissues expressed  See text for details 
 Human Diseases  malignancy 
 Knockout Mouse 
phenotype 

 See Table  13.1  

     Receptor at a glance;  Ror2    

 Chromosome location  9q22.31 (human), 13 34.2 cM (mouse) 
 Gene Size (bp)  227567 bp (human), 176793 bp (mouse) 
 Intron/exon numbers  Intron: 8/exon: 9 (human and mouse) 
 mRNA size  4099 bases (ORF: 2832 bases) (human), 

 3987 bases (ORF: 2835 bases) (mouse) 
 Amino acid number  943 (human), 944 (mouse) 
 kDa  MW: 105 kDa, SDS-PAGE: 135 kDa 
 Posttranslational 
modifi cations 

 phosphorylation,  O -sulfonation 

 Domains  immunoglobulin-like domain, cysteine-rich domain, kringle 
domain, 
 tyrosine kinase domain, serine/threonine-rich domain, proline-rich 
domain 

(continued)
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 Ligands  Wnt5a (see text for details) 
 Known dimerizing partners  See Table  13.4  
 Pathways activated  See text for details 
 Tissues expressed  See text for details 
 Human Diseases  autosomal dominant Brachydactyly type B (BDB), autosomal 

recessive Robinow syndrome (RRS) 
 Knockout Mouse 
phenotype 

 See Table  13.1  
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    Chapter 14   
 The ROS1 Receptor Family 

             Alain     Charest     

14.1             Introduction to the Receptor Tyrosine Kinase ROS1 

 ROS1 was originally discovered more than 30 years ago as the  onc  gene portion of 
an avian sarcoma RNA tumor virus named UR2 ( U niversity of  R ochester tumor 
virus 2), which had been isolated 20 years earlier by R. E. Luginbuhl in 1963 at the 
University of Connecticut Poultry Diagnostic Lab [ 1 – 3 ]. In the early 1980s, 
Balduzzi and colleagues observed that this highly invasive fi brosarcoma-derived 
virus was effi cient at transforming chicken embryo fi broblasts (CEFs) [ 2 ,  4 – 7 ] and 
chicken embryo neuroretinal cells [ 8 ]. These observations were later followed by 
deciphering the amino acid sequence coded from the  onc  portion of UR2 (a 68 kDa 
polypeptide named p68v-ros) which demonstrated a signifi cant homology to analo-
gous regions from other RNA tumor viruses ( src, yes, fps, fms, erb B, fgr, abl ) and 
that it is similarly coded for a protein with tyrosine kinase activity [ 4 ,  6 ,  9 ,  10 ]. At 
the same time, Wigler’s group identifi ed an additional oncogenic form of ROS1 dur-
ing human genomic DNA transfer experiments in NIH-3T3 cells designed to 
uncover novel transforming genes [ 11 ]. Recovery of tumor-inducing genomic DNA 
uncovered the mcf3 oncogene, later shown to be a truncated c-ROS1 product similar 
in structure to the avian UR2 viral p68v-ros [ 12 ]. Sequence comparison of these 
oncogenic forms of ROS1 to its then recently available full-length sequence led to 
the suggestion that loss of the extracellular domain may result in the activation of 
this proto-oncogene [ 12 – 18 ]. In fact, like many RNA tumor viruses, the oncogenic 
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potential of p68v-ros resides in the fusion of the viral genome-coded structural 
p19gag protein to the intracellular kinase domain region of avian c-Ros1 and subse-
quent activation of tyrosine kinase activity [ 19 – 22 ]. To this date, the identity of the 
sequence upstream to c-ROS1 in the mcf3 oncogene locus remains unknown. The 
full-length receptor is a large, orphan ~280 kDa protein made up of over 2,000 
amino acid residues with architectural features that are unique among the entire 
RTK family. 

14.1.1     ROS1 Is an Evolutionarily Conserved Receptor 

 The advent of whole genome sequencing in multiple species has led to the identifi -
cation of ROS1 genes in many species. ROS1 is found within the genomes of 
 H. sapiens  (human),  M. musculus  (mouse),  R. norvegicus  (rat),  C. griseus  (Chinese 
hamster),  G. gallus  (chicken),  P. troglodytes  (chimpanzee),  N. leucogenys  (White- 
cheeked Gibbon),  C. jacchus  (common marmoset),  M. mulatta  (rhesus macaque), 
 C. lupus familiaris  (dog),  A. melanoleuca  (giant panda),  O. anatinus  (duckbill 
platypus) and  E. caballus  (horse). ROS1 is also present in worm ( Caenorhabditis 
elegans ), fl y ( Drosophila melanogaster ) and fi sh ( Danio rerio ) species. In all spe-
cies, the molecular architecture of the c-ROS1 gene product consists of an extracel-
lular or ectodomain, a hydrophobic stretch corresponding to a single pass 
transmembrane spanning region, an intracellular portion containing the tyrosine 
kinase domain and a carboxyl-terminal tail [ 18 ,  23 ,  24 ] (see Fig.  14.1 ). The percent 
identity of the intracellular kinase domain remains highly conserved throughout 
evolution when the kinase domain amino acid sequence of worm, fl y, zebrafi sh and 
human ROS1 are compared (Fig.  14.2 ). ROS1’s structural organization is similar to 
those of other type I growth and differentiation factor receptors (e.g., EGFR, INSR, 
FGFR). What impart uniqueness to ROS1 is its ectodomain composition, the lack of 
a known ligand in vertebrate species and the remote similarity of its catalytic domain 
sequence when compared to other tyrosine kinase domains. Phylogenic relationship 
analysis of the kinase domains of all 58 known human RTKs demonstrates that 
ROS1 is a distinct receptor which is distantly related to the ALK/LTK and INSR 
families [ 25 ]. Clues to ROS1 ligand identity and ensuing functions in mammalian 
systems may be obtained from its non-vertebrate orthologues, the  C. elegans  ROL-3 
and the  D. melanogaster  SEVENLESS receptors.   

 In  C. elegans , the ROS1 homolog, encoded by the ORF C16D9.2 or ROL-3, was 
originally identifi ed in a screening effort to isolate and analyze chemically induced 
mutants that appear to have alterations in cuticle structure [ 26 ,  27 ]. The nematode 
cuticle or exoskeleton is an impervious barrier between the animal and its environ-
ment that is essential for the maintenance of body morphology. It is a highly struc-
tured extracellular matrix (ECM) that is composed predominantly of cross-linked 
collagens, insoluble proteins termed cuticlins, associated glycoproteins, and lipids 
(for a review, see [ 28 ]). During the synthesis of the cuticle, these ECM components 
are secreted from the apical epithelial membranes of the hypodermis and then 
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  Fig. 14.1    ROS1 is an evolutionarily conserved receptor tyrosine kinase. Schematic representation 
of ROS1 and its homologues ROL-3, zebrafi sh ROS1, and SEV. The fi gure is drawn to scale in 
relation to the position of the FN-III-like repeats, YWTD modules, the transmembrane region, and 
the kinase domain. The length of each receptor (number of amino acids) is also indicated       

  Fig. 14.2    Alignment of the 
kinase domain sequences of 
human and zebrafi sh ROS1, 
ROL-3, and SEV 
demonstrating that they are 
highly similar to each other. 
Shown is a matrix of percent 
identity between each pair of 
kinase domain as calculated 
by the Clustal W method       
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polymerize only to remain in intimate contact with the outer surface of these 
membranes. 

 The rol-3(e754) mutation is a member of a general class of mutations affecting 
gross morphology through disruption of the nematode cuticle. It was found that 
worms homozygous for rol-3(e754) display abnormally left-hand twisted cuticles, 
body musculature, gut and ventral nerve cords, as well as an aberrant left-handed 
rotation during locomotion [ 29 ]. Barbazuk et al. further generated recessive alleles 
of rol-3 alleles including a temperature-sensitive rol-3(s1040ts) allele lethal at high 
temperature but viable albeit weak at low temperature [ 30 ]. The identity of each of 
these allelic mutants of Rol-3 at the molecular level still remains undetermined. 

 Experiments aimed at solving ROL-3’s function in cuticle structure genesis and 
maintenance led to the delineation of ROL-3 expression patterns. Using a transgene 
consisting of the Rol-3 promoter driving the expression of eGFP, Hunt-Newbury 
found that during embryo and larval stages, the Rol-3 promoter is active in the body 
wall muscle and the epidermal layer of the hypodermis [ 31 ]. In the adult, the pro-
moter is active in the body wall muscle, the vulval muscle of the reproductive sys-
tem, and in unidentifi ed head neuron of the nervous system. More recently, it was 
shown that ROL-3 is expressed in a very dynamic fashion and exclusively in the 
major outer epithelial tissues of the worm. It was also found that ROL-3 is required 
for the fi delity of elongation and morphogenesis of seam cells [ 32 ] and for the main-
tenance of seam cell identity. Animals carrying mutations in rol-3 synthesize a dis-
organized cuticle and are defective in molting as the development of the seam 
syncytium requires ROL-3 function [ 32 ]. These experiments demonstrate that 
ROL-3 expression and presumably signaling events are necessary for proper devel-
opmentally regulated cues that give rise to the morphology of the animal. 

 Genetic screens for suppressor phenotypes of rol-3(s1040ts) mutation generated 
two loci; suppressor of roller lethal srl-I and srl-2. The molecular identity of these 
two loci remains to be determined. Interestingly, srl-I localizes to linkage group 
(LG) II, the same LG where the ptp-2 gene, the  C. elegans  orthologue of SHP-2, a 
known direct downstream effector of ROS1, is found. Deciphering the structure–
function relationship of this ROS1 analog from these rol-3 mutants would certainly 
further our understanding of ROS1 regulation and function in  C. elegans  develop-
ment and could shed light on mammalian ROS1 functions otherwise unnoticed. 

 Similar to ROL-3, ROS1 and SEVENLESS exhibit an unusually high degree of 
gross structural and sequence similarities (Fig.  14.1 ) [ 18 ,  23 ,  24 ]. During the devel-
opment of the compound eye of drosophila, differentiation of the various cell types 
in each ommatidium is controlled by at least two RTKs, the drosophila EGF recep-
tor (DER) and the SEVENLESS receptor (SEV) [ 33 – 35 ]. DER is known to control 
the differentiation of most cells in the developing eye and to provide additional 
proliferation and cell survival cues. [ 36 – 41 ]. SEV, however, is only required for 
specifi cation of the R7 photoreceptor cell even though it is dynamically expressed 
in subpopulations of other ommatidial cells [ 42 ]. A loss of function mutation in the 
sev gene results in the failure of the R7 precursor cells to fully differentiate into 
photoreceptor cells. Large-scale genetic screens conducted in this system unraveled 
many steps in the SEV signaling cascade. Like many RTKs, activated SEV 
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 transduces signals through the small GTPase RAS1 through the activation of the 
RAS guanine exchange factor protein son of sevenless (SOS). Supporting and sur-
rounding this RTK-RAS1 pathway are many additional signaling molecules such as 
the tyrosine phosphatase CORKSCREW, downstream of receptor kinases (DRK) 
and daughter of sevenless (DOS), and invertebrate homologues of the signaling 
proteins SHP-2, GRB2, and GAB-1/IRS1, respectively. From these studies emerged 
a complex system of protein tyrosine kinases and phosphatases acting upon various 
enzymes and scaffolding proteins designed to transduce an SEV signal into changes 
in gene expression which leads to neuronal differentiation (for a review, see [ 43 ]). 

 The exclusive specifi city of SEV signaling to the R7 cells was molecularly 
uncovered through genetic studies which have revealed that the ligand for SEV is a 
seven-transmembrane G-protein coupled receptor (GPCR) which is located on the 
surface of the adjacent R8 cells. This protein, termed bride of sevenless (BOSS), 
represents an unusual ligand for an RTK. Positional proximity of the already dif-
ferentiated R8 to the noncommitted R7 cells result in the activation of SEV in the 
R7 precursor population by binding to the BOSS protein located on the surface of 
R8 cells. The ensuing activation of SEV result in the differentiation of the R7 cells 
to their fi nal state of photoreceptor [ 44 ,  45 ]. In the absence of BOSS, the R7 precur-
sor cells fail to differentiate into photoreceptors but rather develop into a non- 
neuronal cone cell [ 42 ,  46 ]. A major question remains to be addressed. For example, 
why is it that R7 cells need two RTKs to accomplish differentiation when other 
photoreceptor cells can perform with only DER signaling? In this system, it appears 
that SEV activity act in conjunction with another RTK to drive a very specifi c cell 
type into a differentiation path. Despite major inroads into the deciphering of SEV 
signaling, much remains to be clarifi ed in this system. No doubt that uncovering 
additional SEV-driven biological processes will help elucidate ROS1’s function in 
vertebrate systems. 

 To this day, there has been no mutation reported within the ROS1 homologue of 
zebrafi sh ( Danio rerio ) nor has the expression levels and tissue specifi city for ROS1 
determined in this species. Despite the unusual levels of architectural and sequence 
similarities, parallels between ROL-3, SEV, and ROS1 functions remained to be 
established experimentally. Vertebrate homologues of drosophila and worm genes 
can have conceptually similar functions when compared to their invertebrate coun-
terparts. To help understand the function of ROS1 in vertebrate species, several 
groups have conducted detailed ROS1 expression pattern studies.   

14.2     ROS1 Expression in Vertebrates 

 Expression of ROS1 was examined in detail in chicken, mouse, and rat tissues at 
various stages of development through adulthood. Northern blot analysis, RNAse 
protection assays, and in situ hybridization demonstrate that  c - Ros1  is expressed in 
a spatial, temporal, and cell-type-specifi c manner. Expression of  c - Ros1  is found in 
kidneys, small intestines, lungs, heart, and male reproductive organs and is highly 
restricted to epithelial cells. 
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 Embryonic chicken, mouse, and rat kidneys contain moderate levels of  c - Ros1  
mRNA. Levels of  c - Ros1  expression rise during the transition period from develop-
ment to early postnatal and remain high (chicken and rat) or tapered down (mouse) 
to low levels in adult kidneys [ 47 – 49 ]. In situ RNA hybridization of chicken kidney 
at various stages of development demonstrated  c - Ros1  expression to be initially 
localized to the tips of the collecting ducts [ 47 ]. As development progresses,  c - Ros1  
expression is detected in the entire epithelial layer of the collecting duct system and 
progresses to involve the epithelial cells of the larger tubules and even the proximal 
part of the ureters [ 47 ]. This is in contrast to in situ hybridization data obtained from 
mice where in early embryos,  c-Ros1  expression was confi ned to the early ureteric 
bud epithelium as it proliferates and connects with the developing metanephrogenic 
mesenchyme. 

 RNAse protection assay of  c-Ros1  expression in intestinal tissue from mice 
shows that expression of  c-Ros1  is restricted to epithelial cells and corresponds 
appropriately to the process of induction induced by epithelial–mesenchymal inter-
action in the developing intestine. Expression of ROS1 is fi rst detected during 
embryogenesis, and signifi cant levels are exhibited during the neonatal period with 
relative resolution by postnatal week three [ 49 ]. This pattern of  c-Ros1  expression 
correlates with the gross differentiation of the epithelium into the various brush 
border cells. In situ hybridization data show that expression of  c-Ros1  is fi rst 
detected in epithelial cells of the villi at the stage in gut development when the 
stratifi ed epithelium begins the process of terminal differentiation into columnar 
epithelium [ 48 ]. 

 In the lungs, all three species studied reveal different kinetics of  c-Ros1  expres-
sion. In mice, the levels of ROS1 mRNA are relatively low in embryogenesis, rise 
slightly after birth then decline and remain low into adulthood [ 48 ]. In rats, levels of 
ROS1 mRNA in the lung are detected during embryogenesis, decrease postnatally, 
and remain constant in the adult [ 23 ]. In chickens, levels were shown to increase 
after birth and remain high in adult tissues [ 47 ]. Discrepancies in the pattern of 
 c-Ros1  expression in the lung between the two rodent species are most likely due to 
the differences in levels of sensitivity in detection modalities (RNAse protection 
assays versus northern blot analysis) inherent to the methods utilized. Nevertheless, 
ROS1 is expressed in adult lungs in these species albeit at relatively low levels. In 
addition, the levels of ROS1 mRNA in human lungs are also higher than in other 
human tissues [ 50 ]. 

 Characterization of the transcripts found in rat lungs revealed multiple mes-
sages. The predominant message codes for a protein analogous to the previously 
elucidated and characterized ROS1 mRNAs. Interestingly, one lung ROS1 tran-
script clone contained a 171 base pair insertion just downstream of the transmem-
brane domain, which is likely to be the result of an alternative splicing event. 
Signifi cantly, this insertion sequence contains a stop codon, which, if translated, 
would result in a receptor membrane protein without the cytoplasmic tyrosine 
kinase portion [ 23 ]. Further elucidation of this observation is needed especially 
since this may represent a potential artifact that arose during the cDNA library con-
struction. Confi rmation of a ROS1 splice variant, which creates a membrane-bound 
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receptor uncoupled to kinase activity, would represent an additional mode of 
 functioning for this still elusive receptor. 

 In mice, testicular expression of ROS1 is detected only in adults and the tran-
script has been shown to be approximately 4.5 kb [ 48 ,  49 ]. Of note, the length of the 
testicular transcript is not suffi cient to correspond with the full ROS1 protein, and 
its length differs from the transcripts found in other tissue (8.3 kb). In situ hybridiza-
tion of adult testes showed  c-Ros1  expression to be present only in mature stages of 
germ cell development, namely, spermatids and spermatozoa [ 49 ]. This suggests 
that the expression of  c-Ros1  may correspond with the onset of male sexual matu-
rity. There are numerous examples of truncated mRNA transcripts in adult testes. 
The purpose of testicular mRNA variants remains to be established, but it has been 
suggested that alternate transcripts may result in changes in localization, domain 
composition, or creation of a functionally different protein compared to its somatic 
cell counterpart [ 51 ]. However, the nature of this shortened  c-Ros1  transcript and 
evidence of ROS1 protein expression of any form in spermatozoa remain to be 
determined.  

14.3     The Role of ROS1 During Development 

 Little is known of the function of ROS1 during mammalian development. Most of 
our knowledge comes from kidney explant experiments and in characterizing con-
stitutive knockout alleles of mouse  c-Ros1 . As the kidney develops, high levels of 
ROS1 message are found predominantly at the terminal ends of the budding ureteric 
epithelium, suggesting a role for ROS1 in reciprocal epithelial–mesenchymal inter-
actions [ 48 ,  49 ,  52 ]. Reciprocal epithelial–mesenchymal induction interaction 
describes a well-established process in kidney development where mesenchymal 
cells cause the ureters to branch and its epithelial cells to differentiate. At the same 
time, the differentiating epithelial cells induce the differentiation of mesenchymal 
cells into epithelial cells of the renal tubules and glomeruli [ 53 ]. The expression 
pattern of ROS1 in the developing rodent kidney coincides with differentiation 
events driven by epithelial–mesenchymal interactions that are essential to major 
morphological and differentiation events that occur during kidney development. In 
addition, it has been observed that downregulation of  c-Ros1  expression in an 
embryonic kidney culture system disrupted the morphology of ureteric bud branches 
and interfered with development of tubular and glomerular elements [ 52 ,  54 ]. These 
observations lead the authors to postulate that ROS1 functions in mesenchymal–
epithelial transition (MET) during kidney development. However, these results are 
in contrast with the  c-Ros1  null knockout mice phenotype (see below) where kidney 
development is unimpaired [ 55 ]. This perhaps refl ects the presence of compensa-
tory mechanisms that are induced during the development of the kidneys to counter-
act a constitutive absence of ROS1 expression in these mice. 

 To gain a better understanding of ROS1 function, mice with a full deletion of the 
 c-Ros1  gene [ 55 ] and mice with a knockin allele of a kinase inactive  c-Ros1  gene 
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[ 56 ] have been generated and characterized. The latter was generated by mutating 
the ATP-binding lysine residue within the catalytic domain to methionine (K1973M 
also referred to as KM) on the endogenous  c-Ros1  gene by homologous recombina-
tion in embryonic stem cells. In both mice, the mutations resulted in a gender- and 
tissue-specifi c defect. Female ROS1 −/−  mice or homozygous for the kinase dead 
allele (ROS1 KM/KM ) do not display any detectable abnormalities nor do heterozygous 
mice of either sex. Homozygous ROS1 −/−  or ROS1 KM/KM  male mice, however, are 
infertile but otherwise healthy. Further studies demonstrated that ROS1 is not 
needed for sperm production or sperm function as evidenced by investigations using 
chimeric mice consisting of wild-type and homozygous mutant ES cells [ 55 ]. In 
these ROS1 −/− /ROS1 +/+  chimeric mice, precursor germ cells are able to produce 
functional sperm when given a wild-type environment. Moreover, spermatocytes 
isolated from homozygous males are able to fertilize in vitro demonstrating that the 
infertility present in nullizygous c-Ros males is not sperm cell autonomous. 

 In situ hybridization data show c-Ros mRNA present in the initial segment (IS) 
of the epididymis in adult mice and demonstrate that c-Ros expression is restricted 
to epithelial cells of the IS [ 55 ]. In mammals, spermatozoa produced in the testis are 
immature and gain motility and fertilizing capacity during their transit through the 
epididymis, which provides an appropriate environment and supplies several of the 
molecules required for spermatozoa maturation [ 57 – 59 ]. The epididymis is a single, 
highly convoluted tubule that is composed of a pseudostratifi ed epithelial layer of 
several cell types (principal, basal, clear and narrow cells) attached to a basement 
membrane and surrounded by contractile cells. The structure of the epididymis in a 
variety of species is functionally and structurally divided into four distinctive 
regions: initial segment (IS), caput, corpus, and cauda. The epididymal epithelial 
cells vary in number and size along the length of the epididymal duct and are 
equipped to perform specifi c functions. Each region expresses, synthesizes, and 
secretes a specifi c set of proteins resulting in unique luminal microenvironments 
that are essential for the sperm maturation process [ 60 ,  61 ]. 

 At birth, the epididymis is still immature but continues to develop after birth with 
the differentiation of the epithelial cells into principal, basal, and narrow/clear cells 
[ 61 – 66 ]. At the onset of puberty and spermatogenesis, the epididymal epithelium 
develops segment-specifi c gene expression [ 61 ,  67 ] and gains regionalized func-
tions aimed towards proper sperm concentration, maturation, and storage. Genetic 
and experimental surgical studies demonstrated that the most proximal segments 
(IS and caput) are essential for sperm maturation since disrupted development or 
function often leads to male infertility [ 64 ,  68 – 75 ]. Several lines of evidence 
revealed that the principal cells of the IS in postnatal, pre-pubescent mice require 
both testicular luminal fl uid factors (or lumicrine factors) and androgen for terminal 
differentiation into fully functional, tall, columnar epithelial cells. 

 Puberty in mice is defi ned by full spermatogenic activity that occurs between 34 
and 38 days postpartum. Prior to puberty, at day 17 to 21 days postpartum, the 
cuboidal IS epithelium differentiates into a tall columnar epithelium and gains 
enhanced secretory and absorptive features that are necessary for sperm maturation 
(for reviews see [ 60 ,  76 ]). We recently determined using qRT-PCR and Western 
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blotting that this process coincides with the expression of active ROS1 and that 
ROS1 kinase activity is required for the differentiation of these cells [ 56 ]. It has 
been postulated that the emergence of androgen production at puberty triggers the 
cuboidal epithelia of the IS of the epididymis to differentiate into tall columnar 
epithelia and to gain enhanced secretory features. Since this process coincides with 
the expression of c-Ros, it is not surprising therefore that c-Ros expression has 
been shown to be responsive to androgens in vitro [ 77 ]; however, c-Ros expression 
was retained in the IS of androgen receptor (AR) knocked out specifi cally in the 
epididymis [ 68 ], suggesting that c-ROS expression is not under the control of 
androgens in vivo. 

 Further studies in the ROS1 −/−  and ROS1 KM/KM  mice demonstrated that the source 
of infertility lies in the improper maturation of the spermatocytes as they migrate 
through the convoluted network of tubules of the epididymis. Conversion of imma-
ture to mature spermatozoa requires a well-balanced osmolarity and composition of 
the luminal epididymal fl uid, which in turn is regulated by the highly secretory 
epithelial layer of the epididymis (for a review see [ 78 ]). In ROS1 −/−  null homozy-
gous and ROS1 KM/KM  male mice, failure of the IS epithelia to function normally 
results in an imbalance in the osmolarity and composition of the luminal fl uid with 
consequences of improper spermatocyte maturation [ 56 ,  79 – 83 ]. 

 Quantitative analysis of signaling pathways downstream of ROS1 in IS demon-
strate a dominant MEK/ERK signaling program [ 56 ], and pharmacological inhibi-
tion of MEK or ROS1 kinase activity during the sensitive 17–21 days postpartum 
result in a failure of the IS epithelium to differentiate, phenocopying the genetic 
ablation of ROS1 kinase activity [ 56 ].  

14.4     ROS1 Expression in  Homo sapiens  

 There has been very limited data reported on ROS1 expression in humans. The fi nd-
ing of  c-Ros1  expression in the proximal murine epididymis along with subsequent 
studies showing  c-Ros1  knockout mice and kinase dead mice to be healthy but infer-
tile has inspired investigations into the expression of ROS1 in human epididymis. 
The rationale for these experiments is the concept of developing a male contracep-
tive based on inhibition of ROS1 function. Expression of ROS1 in the human epi-
didymis as analyzed by RT-PCR and in situ hybridization demonstrated that ROS1 
mRNA is present throughout the human epididymis and expression levels varied 
among epididymal segments and is absent from the proximal caput [ 84 ]. This is in 
stark contrast to what is observed in mice where  c-Ros1  expression is restricted 
exclusively to the caput epididymis. Interestingly, immunohistochemical staining 
indicates that ROS1 is localized to the cytoplasm of basal cells and in the supranu-
clear cytoplasmic compartment of principal cells within the epididymal corpus [ 84 ]. 
This is a surprising observation given that full-length ROS1 protein is a membrane-
bound receptor, questioning the validity of these results. In order to consider ROS1 
inhibitors as contraceptive agents, evidence demonstrating that inhibition of ROS1 
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function (through genetic or chemical methods) in adult animals (i.e., after the 
 differentiation program has taken place) results in diminished sperm maturation and 
functionality is an absolute necessity. We recently have demonstrated that pharma-
cological inhibition of ROS1 in adult mice does not lead to decrease fertility, thus 
eliminating ROS1 as a target for reversible male contraceptive development [ 56 ]. 

 To gain insight into ROS1 expression in human, we have previously performed a 
northern blot analysis on RNA isolated from various adult human organs and deter-
mined that c-ROS expression is detectable mostly in the lungs [ 50 ]. Size variants are 
also detected in RNA isolated from placenta and skeletal muscle tissues. Although 
very informative vis-à-vis transcript sizes, northern blots notoriously suffer from 
low sensitivity of detection for low abundant messages. This drawback is overcome 
with the advent of microarray gene expression studies where the expression patterns 
of any given gene are readily ascertained from various sources. This very informa-
tive, quantitative type of in silico analysis complement expression information 
obtained from northern blot analyses where ROS1 expression is consistently found 
at the highest levels in adult lung tissues [ 50 ,  85 ]. The recent development of a com-
mercially available high-affi nity rabbit monoclonal antibody capable of detecting 
ROS1 protein in immunohistochemistry-based analyses of human tissues will 
greatly facilitate the elucidation of ROS1 function in tissues [ 86 ]. 

 Overall, expression of ROS1 is found to be both temporally and spatially regu-
lated. Its patterned localization of expression during embryogenesis and in various 
adult organs suggests that ROS1 may play a role in the mature function of these 
organ systems beyond development. The parallels between the role of ROS1 in dro-
sophila photoreceptor R7 cell differentiation and the expression of ROS1 during 
terminal differentiation of various tissues strongly suggest that ROS1 initiates sig-
naling events that are a key component of a differentiation program in epithelial 
tissues.  

14.5     The Role of ROS1 in Diseases 

14.5.1     Cancers of the Central Nervous System 

 Early studies on the expression of human c-ROS1 in cancers pointed to events lead-
ing to the discovery of aberrant expression in tumors of the CNS, specifi cally glio-
mas. A survey of 45 human cell lines from various normal and cancer tissues by 
RNase protection assays revealed ROS1 transcript expression in 56 % of the glio-
blastoma cell lines analyzed ranging from 10 to 60 transcripts per cell [ 87 ]. In these 
experiments, ROS1 expression was not detected in normal brain tissue or in cell 
lines from 16 other types of cancer. Southern blot analysis showed that the ROS1 
gene is present in normal copy number making gene amplifi cation an unlikely event 
to account for the observed aberrant expression. This suggests that ectopic expres-
sion of ROS1, without gene amplifi cation, may contribute to tumorigenesis. Two 
independent analyses of surgical specimens for ROS1 expression by RNase 
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protection and cDNA hybridization techniques have yielded similar results. High 
levels of ROS1 expression in 33 % and 40 % of glioblastoma surgical tumors have 
been reported [ 88 ,  89 ]. However, these results were not corroborated by the recent 
TCGA efforts in glioblastoma, where ROS1 overexpression is reported in a lower 
percentage of tumors [ 90 ]. This discrepancy may be due to the differences in the 
sensitivities of the detection methods, gene expression profi ling by microarrays vs. 
RNase protection. The lack of c-ROS1 detection in lower-grade astrocytomas sug-
gests that expression of c-ROS1 may be an event important for tumor progression 
[ 88 ]. However, there has been no defi nitive study performed demonstrating a prog-
nostic value to c-ROS1 expression in gliomas. In other studies, high levels of c-ROS 
transcripts were detected in meningioma tumor specimens [ 91 ,  92 ], indicating that 
ectopic c-ROS expression in different cell types can give rise to histopathologically 
distinct tumors. Combined, these studies clearly demonstrate that c-ROS1 is aber-
rantly expressed in 33 % to 56 % of glioblastoma tumors and up to 55 % of menin-
geal tumors. These observations prompted an in-depth analysis of the c-ROS1 
promoter in human glioblastoma tumors where it was shown that a CpG island 
within the human c-ROS1 gene promoter was highly demethylated in tumors that 
expressed c-ROS1 [ 93 ]. These observations most certainly warrant further investi-
gations into the potential role(s) that full-length ROS1 plays in gliomagenesis.  

14.5.2     Lung Cancer 

 Aberrant expression of c-Ros1 was also detected in cancerous lung tissue in mice. 
Microarray analysis of carcinogen-induced murine lung carcinomas and adenocar-
cinomas showed a threefold increase in c-Ros1 expression compared to normal lung 
tissue. c-Ros1 expression was elevated in both early and late stage lung tumors sug-
gesting that ROS1 is important for lung tumor development and/or maintenance 
rather than progression [ 94 ]. Elevated c-Ros1 expression is also observed in non- 
small cell lung cancer (NSCLC) tumors in an oncogenic K-Ras initiated mouse 
model of lung cancer [ 95 ,  96 ]. This suggests that in these tumors, ROS1 may work 
in unison with activated K-Ras to establish signaling pathways with transforming 
activities. Increasing evidence shows that deregulated expression of ROS1 may be 
important to the pathogenesis of human lung cancer (see below). 

 Several microarray analyses of tumor specimens revealed signifi cantly elevated 
c-ROS1 expression levels in 20–30 % of patients with NSCLC [ 97 – 99 ]. Using hier-
archical clustering, one study demonstrated that elevated c-ROS1 expression was 
part of a molecular signature of lung adenocarcinoma subclasses, which is associ-
ated with well-differentiated tumors with a more favorable outcome [ 97 ]. However, 
a more recent immunohistochemistry-based study revealed that, overall, 22 % of 
primary and recurrent NSCLC overexpresses ROS1 protein and that ROS1 expres-
sion was an independent prognostic factor for overall survival in adenocarcinomas 
of stage I NSCLC [ 100 ]. 
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 Finally, to identify common genetic variants that contribute to lung cancer 
 susceptibility, a large multistage genome-wide association study of lung cancer in 
Asian women who never smoked was conducted. 5,510 never-smoking female lung 
cancer cases and 4,544 controls drawn from 14 studies from different Southeast 
Asian centers were scanned by SNP genotyping. In doing so, the authors identifi ed 
three new susceptibility loci including one within the c-ROS1 locus [ 101 ]. However, 
it remains to be seen if the association involves ROS1 function directly.  

14.5.3     Chronic Myelomonocytic Leukemia and Breast, 
Stomach, Kidney, and Colon Cancers 

 Chronic myelomonocytic leukemia (CMML) is a clonal disorder that shares fea-
tures with myelodysplastic syndromes and chronic myeloproliferative neoplasms. 
In a recent CMML study, ROS1 was shown to be overexpressed by qRT-PCR and 
constitutively phosphorylated in approximately 70 % of CMML patients tested 
[ 102 ]. It was further demonstrated that ROS1 is highly expressed in a CD34+ cell 
compartment from CMML patients and not expressed in their normal counterparts, 
supporting the idea that ROS1 overexpression arises early and that it does not occur 
during monocyte differentiation. Overexpression and activation of ROS1 in CMML 
patients was shown to result in the activation of the Erk/Akt pathways through a 
Grb2/SOS complex [ 102 ]. 

 In a gene expression profi le survey of 20 fi broadenomas of the breast, a common 
benign tumor, c-ROS1 was found overexpressed at levels more than twofold higher 
than normal tissues [ 103 ]. Fibroadenoma is the most common types of benign breast 
tumor in young women and patients with such tumors have a twofold increase in the 
relative risk to develop malignant breast cancer. It is thought to arise from a dis-
rupted developmental program. It is conceivable that overexpression of c-ROS1 in 
these tumors may be attributable to a role in tumorigenesis as a function of improper 
developmental processes. A recent follow-up study demonstrated that in invasive 
ductal carcinoma (IDC) of the breast, ROS1 expression was signifi cantly higher in 
lower histologic grade tumors suggesting that high ROS1 expression may be associ-
ated with favorable prognostic factors of IDC [ 104 ]. This research is certainly worth 
pursuing especially in the context of ROS1 function in the various differentiation 
programs mentioned above. 

 It has recently been shown in a carcinogen-induced rat stomach cancer model that 
c-Ros1 expression, along with a handful of other genes, is induced upon carcinogen 
treatment, and this expression persists long after chemical exposure [ 105 ]. This led 
the authors to suggest that such persistent changes, of which ROS1 fi gures promi-
nently, are drivers of tumorigenesis. Similarly, Yovchev et al. recently  discovered 
that de novo c-Ros1 expression is associated with induction of hepatic progenitor 
cell activation in a rat model of liver injury and that c-Ros1 expression is high in a 
rat hepatoma cell line [ 106 ,  107 ]. These observations further the need to address the 
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function of ROS1 signaling in the context of cell differentiation and transformation. 
More recently, a global sequencing survey of all tyrosine kinases in 254 established 
cell lines uncovered three new ROS1 mutations in two colon adenocarcinoma and 
one kidney carcinoma cell lines [ 108 ]. Interestingly, the two colon carcinoma muta-
tions in c-ROS1 result in exon skipping which leads the authors to suggest that 
translation of these c-ROS1 species are prematurely terminated and are predicted to 
give rise to secreted (non-membrane bound) form of the receptor. This raises an 
interesting concept worth pursuing especially with regard to ligand identifi cation. 
Unfortunately, the authors did not address the causative nature of these observations. 
Given the fact that both cell lines are known to contain chromosomal rearrange-
ments at 6q22 (  http://www.ncbi.nlm.nih.gov    ) where c-ROS1 is located [ 109 – 111 ] 
(  http://www.ensembl.org/Homo_sapiens/contigview?l=6:117716223-117853711    ), 
it is quite possible that these observed ROS1 aberrations are the result of transloca-
tions and/or deletions which begs the question, what is the status of the carboxyl-
terminal kinase domain of ROS1 in these cell lines? 

 Collectively, these observations highlight the importance of elucidating ROS1 
function in cancer genesis and maintenance especially in the context of co- 
expression with other activated oncogenes. The use of animal models, which offer 
genetically tractable platforms, will certainly advance our understanding of ROS1 
function in tumor initiation and progression. It is interesting to draw parallels with 
the drosophila SEV role in terminal differentiation during development and what is 
observed in human lung adenocarcinomas. At which point and under what circum-
stances, if any, does c-ROS1 expression trigger differentiation cues during the trans-
formation process? These questions need to be addressed experimentally, and the 
results will certainly further our understanding of cancer especially in the context of 
developing therapeutically active ROS1-specifi c kinase inhibitors.  

14.5.4     Heart Disease 

 Recent studies have suggested a link between specifi c c-ROS1 alleles and heart 
disease. A gene-centric association study of more than 11,000 single nucleotide 
polymorphisms (SNPs) spanning approximately 7,000 genes uncovered a c-ROS1 
allelic variant that had statistically signifi cant association with myocardial infarc-
tions (MI) [ 112 ]. These results were directly confi rmed in a prospective population- 
based study where an increased risk for MI was associated with the same variant 
c-ROS1 genotype identifi ed by Zee et al. [ 113 ]. Interestingly, a recent retrospective 
study [ 114 ] failed to validate these studies. This seeming discrepancy emphasizes 
the need for further investigations to verify the applicability of c-ROS1 polymor-
phisms in cardiovascular medicine. A separate study showed that the same c-ROS1 
SNP is signifi cantly associated with the incidence of restenosis after coronary stent-
ing [ 115 ]. A similar association study has linked a c-ROS1 polymorphism to 
increased blood pressure and a factor in the development of hypertension in Japanese 
individuals [ 116 ]. The nature of the c-ROS1 polymorphism further indicates a role 
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for ROS1 in cardiac function, assuming this SNP is functionally associated to the 
c-ROS1 gene rather than other distant genes. This SNP is a coding polymorphism 
changing amino acid residue 2213 of ROS1 from asparagine to aspartic acid. This 
residue is located immediately next to the kinase domain of the receptor, which 
allows one to speculate that these two allelic variants of ROS1 may be endowed 
with altered intrinsic kinase activities. However, the location and levels of c-ROS1 
expression in cardiac tissues still remains to be determined and should be the focus 
of intense research. Once these basics are established, experiments aimed at obtain-
ing mechanistic insights into the manner in which these alleles affect ROS1 function 
may lead to a better understanding of the role of ROS1 in heart disease.   

14.6     ROS1 

14.6.1     c-ROS1 Gene 

14.6.1.1     Gene Structure 

 The human c-ROS1 gene is composed of 44 exons [ 117 ] that span over 137 kbp on 
chromosome 6 (6q22). The current NCBI annotation for human c-Ros1 lists the 
gene at 43 exons (  http://www.ncbi.nlm.nih.gov/gene/6098    ). This is incorrect for 
there is a short unannotated exon present after exon three, thus shifting the exon 
numbering by one. Note that this exon four is correctly annotated in the mouse 
c-Ros1 gene. Different isoforms of c-ROS1 mRNA have been described in different 
tissues with little information on the resulting coded receptors. It remains to be 
demonstrated whether these variants are functionally relevant.  

14.6.1.2     Promoter Structure 

 The initiation of transcription of the c-ROS1 gene in the glioblastoma multiforme 
cell line SW1088 was determined to take place 700 nucleotides upstream of the 
ATG translation initiation codon [ 93 ]. Taking this residue as the +1 position, a 
“TATA”-like sequence and a “CAAT” motif are present at positions –22 and –55, 
respectively. Thus, the c-ROS1 promoter contains canonical elements for basic tran-
scriptional activity [ 93 ]. Jun and colleagues determined the transcriptional strength 
of the upstream sequences by reporter gene assays (fi refl y luciferase) and reported 
that in SW1088 cells, a construct composed of 2 kb of upstream sequences gener-
ated reporter activity fourfold greater than that of control constructs. From these 
results, the authors concluded that the sequences contained within this −2 kb con-
struct and comprising the transcription initiation site have promoter activity in 
SW1088.  
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14.6.1.3     Transcriptional Regulation 

 Studies on the transcriptional regulation of c-ROS1 in normal tissues remain 
 inexistent. In malignant glioma, it was found that a CpG island (a 253-bp fragment 
from nucleotides −132 to −384 bp relative to the transcription initiation site) resides 
within the promoter sequence of the c-ROS1 gene [ 93 ]. This led the authors to dem-
onstrate that c-ROS1 expression in gliomas results from changes in promoter meth-
ylation. The methylation status of the c-ROS1 promoter CpG island is associated 
with expression and, more importantly, c-ROS1 expression can be acquired from a 
demethylation event [ 93 ].   

14.6.2     ROS1 Protein 

14.6.2.1     Amino Acid Sequence 

 The human ROS1 receptor is a large protein composed of 2,347 amino acids. ROS1 
receptors in other species are similar except for zebrafi sh ROS1, which appears to 
be smaller.  

14.6.2.2     Processing 

 Several transmembrane proteins, including RTKs, can be proteolytically processed 
to release all or a portion of their extracellular domain. There is no evidence that this 
is the case for ROS1. This suggests then that ROS1 is translated as a full-length 
protein that does not undergo proteolytic modifi cation.  

14.6.2.3     Domain Structure 

 Perhaps the most striking feature of ROS1 is its extracellular domain structure. In 
humans and other vertebrates, it is composed of a tandem of nine repeat motifs with 
high sequence homology to the type III repeat of fi bronectin (FN-III) (Fig.  14.1 ). 
Fibronectin is an extracellular matrix and plasma protein that plays a critical role in 
cell adhesion. It contains three kinds of repeats: type I–III [ 118 ]. Amino acid 
sequences analogous to those of the third fi bronectin repeat (FN-III-like repeat) are 
present in a variety of cell surface and extracellular matrix (ECM) proteins from 
invertebrates to vertebrates. In addition to FN-III domains, the extracellular domains 
of both ROS1 and SEV contain three YWTD β-propeller modules (Fig.  14.1 ). 

 The YWTD domain is a very abundant motif found in functionally diverse cell 
surface proteins and extracellular matrix proteins [ 119 ]. It has recently been shown 
that most YWTD repeats exist in groups of six contiguous repeats that fold into a 
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compact structure known as a six-bladed β-propeller domain [ 120 ]. YWTD  modules 
are found in a diverse group of cell receptors including LDLR, LRP1/2, Yolkless, 
EGF precursor protein, and LR8/11. The YWTD modules for some of these have 
been shown to be involved in ligand binding, receptor internalization, and recycling 
[ 120 ]. The function of YWTD modules in ROS1 or SEV is yet to be determined. 

 The presence of multiple fi bronectin type III-like repeats distributed throughout 
the ectodomain of ROS1 is highly reminiscent of many cell adhesion molecules 
(CAMs). However, unlike most CAMs, ROS1 also contains an intracellular domain 
possessing kinase activity. This combination makes ROS1 unusual in its potential to 
directly translate adhesion engagement to phosphotyrosine-mediated intracellular 
signaling pathways. 

 Among other members of the RTK family harboring FN-III-like repeats are 
members of the insulin receptor family (INSR, IGF-1R, and IRR), Axl family (MER 
and TYRO3), TIE family (TEK), and the ephrin receptor (EPH) family. In these 
receptors, data pertaining to functional attributes of their FN-III-like repeats is 
scarce. For the INSR and IGF-1R, it appears that the C-terminal portion of the fi rst 
FN-III-like repeat is involved in mediating a structural requirement for insulin bind-
ing [ 121 ,  122 ]. For the EPHA3 receptor, binding of the EphrinA5 ligand is mediated 
through the membrane proximal FN-III-like repeat [ 123 ]. To this date, no role for 
FN-III-like repeats from any of the other RTKs has been reported. Given the impor-
tance of these receptors in many biological systems and in various diseases, eluci-
dating FN-III-like repeat structure–function relationships represents a legitimate 
area to focus research on especially in the context of ROS1 function.  

14.6.2.4     Posttranslational Modifi cations 

 Similar to many CAMs, the extracellular domain of ROS1 was found to contain 30 
potential sites of N-linked glycosylation and shown to be glycosylated [ 18 ,  24 ,  52 , 
 124 ]. These structural features suggest that perhaps ROS1 has the unique ability to 
directly couple extracellular adhesion-mediated events to tyrosine phosphorylation- 
based intracellular signaling pathways.  

14.6.2.5     Phosphorylation Sites and Known Functions 

 Like other RTKs, ROS1 becomes phosphorylated on tyrosine residues upon recep-
tor activation. These phosphorylation sites have been mapped to two main residues 
on the human ROS1 receptor, Y2274 and Y2334. These phosphorylation sites serve 
as docking sites for Src homology-2 (SH2) and phosphotyrosine-binding (PTB) 
domain-containing proteins. There are several known SH2 and PTB domain- 
containing proteins that have been shown to recognize and bind to these sites, as 
described below.   
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14.6.3     ROS1 Activation and Signaling 

14.6.3.1     Dimerization 

 Biochemical, cell biology, and X-ray crystallographic studies have made it clear by 
now that RTKs are activated by homo- or heterodimerization mechanisms. There is 
little reason to suspect that ROS1 behave otherwise. Evidence based on chimeric 
Ins-ROS1 [ 125 ], EGFR-ROS1 [ 126 ], and TRK-ROS1 [ 124 ,  127 ] receptors suggest 
that ROS1 kinase domain can be activated by ligand-mediated homodimerization. 
Until a ligand is identifi ed, the structural mechanisms by which ROS1 kinase is 
activated will remain speculative. Recently, a 2.2 A crystal structure of ROS1 bound 
to the small-molecule inhibitor crizotinib (wwPDB: entry ID 3zbf) has been solved, 
and ROS1 kinase domain structure was shown to be similar to the closely related 
ALK kinase [ 128 ].  

14.6.3.2     Oncogenic ROS1 Fusion Kinases 

 Cancer is an opportunistic disease. Throughout its progression, individual tumor 
cells select for genetic events, which gives them net growth and survival advantages. 
Chromosomal rearrangements in the form of translocations, deletions, and amplifi -
cations are very commonly observed in tumors. This is because, all too often, the 
result of these events is the creation of gene fusion with potent oncogenic activities. 
Over 35 distinct members from ten RTK families have been observed in such chro-
mosomal rearrangements in various kinds of malignancies (discussed in other chap-
ters). For the most part, these genomic events lead to the juxtaposition of novel 
sequences to those coding for the kinase domain of a given RTK. Production of 
fusion kinases in this manner results in chimeric kinases that are ligand independent 
and are constitutively activated counterparts to their ligand-regulated full-length, 
wild-type receptors. Creation of these fusion kinases leads to unchecked signaling 
events and cellular transformation ensues. For most of all known RTK fusion pro-
teins, the non-RTK fusion partner contains protein dimerization domains (e.g., 
coiled-coils, leucine zippers), which force the fusion kinase monomers into homodi-
mers leading to a constitutively activated kinase state. Interestingly, approximately 
half of ROS1 fusion kinases (see below) retain ROS1’s transmembrane region sug-
gesting that ROS1 fusion kinases may signal from the plasma membrane.  

14.6.3.3     V-ROS 

 The oncogenic DNA of the avian sarcoma virus UR2 is a rearranged product of the 
chicken c-Ros1 gene. Comparison of the UR2 v-ros and  Gallus gallus  c-Ros1 genes 
revealed structural differences in p68v-ros that are important mediators of onco-
genic transformation (Table  14.1 ): (1) v-ros is joined in frame to the gag sequence 
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of UR2 seven amino acids upstream of the TM domain of c-Ros1, (2) there is a 
three-amino-acid insertion within the TM domain of v-ros, and (3) c-Ros1 sequences 
coding for the 3′ carboxyl-terminal tail are truncated in v-ros. Structure–activity 
relationship experiments demonstrated that the TM domain of p68v-ros is func-
tional and that targeting of p68v-ros to the plasma membrane is necessary for the 
transformation of CEFs by UR2 [ 21 ,  129 ]. Moreover, it was shown that the p19gag 
sequence does not mediate oligomerization of the p68v-ros protein at the plasma 
membrane, leading the authors to suggest that membrane targeting rather than 

                   Table 14.1    ROS1 fusion kinases. List of all known ROS1 fusion events with their corresponding 
5′ protein fusion partners   

 5′ fusion  Chrm  Type  Clinical  Freq.  References 

 FIG  6q22.1  Deletion  Glioblastoma  –  [ 18 ,  117 , 
 134 ] 

 NSCLC  2 %  [ 137 ,  142 ] 
 Cholangiocarcinoma  9 %  [ 136 ] 
 Ovarian cancer  [ 143 ] 

 CD74  5q32  Interchromosomal  NSCLC  [ 142 , 
 144 – 149 ] 

 SLC34A2  4p15.2  Interchromosomal  NSCLC  [ 142 , 
 144 – 149 ] 

 Gastric cancer  [ 150 ] 
 Colorectal cancer  [ 151 ] 

 TPM3  1q21.2  Interchromosomal  NSCLC  [ 148 ,  149 ] 
 Spitzoid neoplasm  [ 152 ] 

 SDC4  20q12  Interchromosomal  NSCLC  [ 148 ,  149 ] 
 EZR  6q25.3  Paracentric inv.  NSCLC  [ 148 ,  149 ] 
 LRIG3  12q14.1  Interchromosomal  NSCLC  [ 148 ] 
 KDELR2  7p22.1  Interchromosomal  NSCLC  [ 144 ] 
 MSN  Xq11.1  Interchromosomal  NSCLC  [ 149 ] 
 LIMA1  12q13.12  Interchromosomal  NSCLC  [ 149 ] 
 CCDC6  10q21  Interchromosomal  NSCLC  [ 147 ] 
 CEP85L  6q22.31  Deletion  Angiosarcoma  3 %  [ 153 ] 

 Glioblastoma  [ 154 ] 
 YWHAE 
 (14-3-3 ε) 

 17p13.3  Interchromosomal  Infl . myofi broblastic  3.5 %  [ 155 ] 

 TFG  3q12.2  Interchromosomal  Infl . myofi broblastic  3.5 %  [ 155 ] 
 HLA-A  6p21.3  Intrachromosomal  Spitzoid neoplasm  [ 152 ] 
 MYO5A  15q21  Interchromosomal  Spitzoid neoplasm  [ 152 ] 
 PPFIBP1  12p12.1  Interchromosomal  Spitzoid neoplasm  [ 152 ] 
 ERC1  12p13.3  Interchromosomal  Spitzoid neoplasm  [ 152 ] 
 PWWP2A  5q33.3  Interchromosomal  Spitzoid neoplasm  [ 152 ] 
 CLIP1  12q24.3  Interchromosomal  Spitzoid neoplasm  [ 152 ] 
 ZCCHC8  12q24.3  Interchromosomal  Spitzoid neoplasm  [ 152 ] 
 KIAA1598  10q25.3  Interchromosomal  Spitzoid neoplasm  [ 152 ] 
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homodimerization was suffi cient for transformation [ 20 ,  130 ]. Further work 
 provided insight into the signifi cance of membrane targeting for cellular transfor-
mation. First, the additional three amino acid residues within the TM domain of 
p68v-ros proved to be necessary for the transformation activity of v-ros [ 131 ], and 
second, chimeric EGFR-ROS1 receptors differing only by their TM domains dem-
onstrated that receptor recycling modalities, signaling pathways activation, and 
ensuing cell transformation activities were signifi cantly dictated by sequences 
within the TM domain [ 126 ]. Finally, swapping of the 3′ carboxyl-terminal tail 
sequence of v-ROS to that of c-ROS1, which essentially add an autophosphoryla-
tion site, does not modify the transforming potential of p68v-ros [ 132 ]. A great deal 
of information pertaining to ROS1-mediated mechanisms of cellular transformation 
transpired from the seminal biochemical work on UR2’s p68v-ros. This information 
paved the way to a better understanding of ROS1 signaling networks induced during 
transformation.

14.6.3.4       FIG-ROS1 

 We have characterized an aberrant c-ROS1 transcript in glioblastoma cell lines 
[ 117 ]. We have shown that this transcript is the result of a small intrachromosomal 
deletion that fuses a then uncharacterized gene that we termed FIG (fused in glio-
blastoma) to c-ROS1 sequence (Table  14.1 ) [ 133 ]. FIG is a membrane-bound pro-
tein that localizes to the Golgi apparatus [ 133 ]. The FIG-ROS1 transcript, which is 
encoded by seven FIG exons and nine ROS1 exons, also localizes to the Golgi 
apparatus. We investigated the biological activities of the FIG-ROS1 fusion protein 
and found that FIG-ROS1 is a potent oncogene with a unique mechanism of tyro-
sine kinase activation. We demonstrated that it is this localization to endomem-
branes that is responsible for the oncogenic potential of FIG-ROS1 [ 134 ]. Finally, 
expression of FIG-ROS1 in the CNS of an adult genetically engineered mouse 
model readily induces glioblastoma formation [ 135 ]. Recently, FIG-ROS1 fusion 
transcripts were reported in ~11 % of human cholangiocarcinoma [ 136 ], in 1–2 % 
of NSCLC [ 137 – 142 ], and in ~2 % of ovarian cancer [ 143 ].  

14.6.3.5    Other ROS1 Fusion Kinases 

 A large-scale survey of tyrosine kinase activity in lung cancer uncovered two novel 
ROS1 fusion proteins associated with NSCLC [ 145 ]. Analogous to p68v-ros in 
UR2 ASV and FIG-ROS1 in glioblastoma, cholangiocarcinoma, ovarian cancer, 
and NSCLC cells, ROS1 is activated by genetic translocation rearrangements that 
result in fusion proteins between the membrane-associated protein solute carrier 
SLC34A2 and the type II transmembrane protein CD74 to ROS1 kinase domain 
(Table  14.1 ). Takeuchi and colleagues have uncovered additional ROS1 fusion 
kinases in lung cancer patients [ 148 ]. The genes TPM3, SDC4, LRIG3, and EZR 
were observed fused to ROS1 (Table  14.1 ). In addition, further in-depth 
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characterization of NSCLC genomes has revealed ROS1 fused to KDELR2 [ 144 ] 
and CCDC6 [ 147 ]. Recently, using an anchored multiplex PCR method, Shaw and 
colleagues have uncovered ROS1 fusion partners MSN and LIMA1 [ 149 ]. CEP85L 
was observed as a fusion to ROS1 in an angiosarcoma by massive genomic and 
transcriptional profi le screen of multiple human cancer types [ 153 ] and by in-depth 
analysis of cancer RNA-seq data [ 154 ]. Next-generation sequencing of infl amma-
tory myofi broblastic tumors uncovered fusion transcripts of YWHAE-ROS1 and 
TFG-ROS1 [ 156 ], and Wiesner and colleagues have uncovered eight new ROS1 
fusion partners (HLA-A, MYO5A, PPFIBP1, ERC, PWWP2A, CLIP1, ZCCHC8, 
and KIAA1598) in spitzoid neoplasms, a group of melanocytic tumors with distinc-
tive histopathological features and various malignancies [ 152 ]. 

 Interestingly, all of these fusion events occur at exons 33, 35, or 36 of ROS1. 
This observation perhaps underlines the presence of a hotspot for genomic rear-
rangements within that region of ROS1 or given the high oncogenicity of the result-
ing fusion kinases, are selected during tumorigenesis. 

  SLC34A2  is a member of the sodium phosphate cotransporter solute carrier 
group of membrane transport proteins (for a review see [ 157 ]). Members of the 
SLC34 family are topologically arranged as eight TM domain receptors with intra-
cellular NH 2  −  and COOH −  termini [ 158 ]. SLC34A2 is expressed in the small intes-
tine, lung, testis, liver, and secreting mammary gland where it plays a role in the 
homeostasis of inorganic phosphate [ 159 – 161 ]. In the lung, SLC34A2 is localized 
at the apical pole of alveolar type II epithelial cells [ 162 ]. In HCC78 cells, a trans-
location between chromosomes 4p15 and 6q22 causes an in-frame fusion of exon 4 
of SLC34A2 to exons 33 and 35 of ROS1, the latter being the result of an alternative 
splicing event skipping exons 33 and 34 (Table  14.1 ). The SLC34A2-ROS1 protein 
has been shown to localize to membrane fractions and displays constitutive kinase 
activity. siRNA-mediated downregulation of SLC34A2-ROS1 induced apoptosis in 
transformed cells demonstrating that ROS1 signaling is essential for survival of 
these NSCLC cells [ 145 ]. Since its original discovery in NSCLC, SLC34A2-ROS1 
fusion transcripts have also been observed in gastric adenocarcinoma samples [ 150 ] 
and in a colorectal cancer sample [ 151 ]. 

  CD74  is an integral membrane protein shown to function as the receptor for the 
macrophage migration inhibitory factor (MIF) [ 163 ]. CD74 is also known as an 
MHC class II-associated invariant chain that plays a critical role during peptide 
presentation to CD4-positive lymphocytes [ 164 ]. CD74 is ubiquitously expressed, 
with increased levels of CD74 at the surface of multiple malignant cells [ 165 – 172 ]. 
A t(5;6)(q32;q22) translocation in a NSCLC tumor from a patient gives rise to an 
in-frame fusion of exon 6 of CD74 to exon 35 of ROS1 (Table  14.1 ). 

  TPM3  is a member of the tropomyosin family of actin-binding proteins. It is 
involved in the contractile system of striated and smooth muscles and is part of the 
cytoskeleton of non-muscle cells. Architecturally, tropomyosins are dimers of 
coiled-coil proteins that polymerize end-to-end along the major groove in most 
actin fi laments [ 173 ]. Chromosomal translocations involving this locus result to the 
creation of oncogenes associated with cancer. TPM3 has been found fused to ALK, 
PDGFRβ, and NTRK1 in various cancers [ 174 – 176 ]. An essential structural feature 
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of the TPM3 protein is the coiled-coil domain, which contributes to the  dimerization 
and activation of tyrosine kinase fusion proteins. A t(1;6)(q21.2;q22) translocation 
in a NSCLC tumor from a patient gives rise to an in-frame fusion of exon 8 of 
TPM3 to exon 36 of ROS1 (Table  14.1 ). More recently, a similar translocation in a 
spitzoid melanoma tumor was observed, which fuses exon 3 of TPM3 to exon 37 of 
ROS1 [ 152 ] (Table  14.1 ). 

  SDC4  or syndecan 4 is a member of the syndecan proteoglycan family. It is an 
integral plasma membrane (type I) heparan sulfate proteoglycan that functions as a 
receptor in intracellular signaling. This receptor is found to homodimerize [ 177 , 
 178 ] and has not been implicated in chromosomal translocation until now. A t(6;20)
(q22;q12) from three NSCLC patients give rise to three in-frame fusion of SDC4 to 
ROS1 (Table  14.1 ). 

 The  LRIG3  gene codes for an integral membrane protein with an extracellular 
domain consisting of a leucine-rich repeat (LRR) domain and three immunoglobulin- 
like domains, followed by a transmembrane region and a cytoplasmic tail [ 179 ]. 
A t(6;12)(q22;q14.1) from a patient’s tumor resulted in an in-frame fusion of 
LRIG3’s exon 16 to ROS1’s exon 36 (Table  14.1 ). 

 The  EZR  gene codes for the EZRIN protein, a cytoplasmic peripheral membrane 
protein that functions as a protein-tyrosine kinase substrate in microvilli. EZRIN is 
a member of the ERM (ezrin, radixin, and moesin) protein family and serves as an 
intermediate between the plasma membrane and the actin cytoskeleton. EZRIN 
plays a key role in cell adhesion, migration, and organization [ 180 ]. An inversion on 
chromosome 6 inv(6)(q22q25.3) found in a NSCLC patient’s tumor resulted in an 
in-frame fusion of EZR exon 10 to ROS1’s exon 35 (Table  14.1 ). 

  KDELR2  is seven-transmembrane-spanning receptor that functions to ret-
rotransport chaperones from the Golgi complex to the endoplasmic reticulum. The 
tetrapeptide signal lys–asp–glu–leu (KDEL) motif is found within the C-terminal of 
the chaperones and acts as an ER retention/retrieval signal to keep the chaperones 
in the ER. The precise KDELR2-ROS1 fusion breakpoints have not been published 
[ 144 ]. 

  CCDC6  is a substrate of the ataxia telangiectasia mutated (ATM) kinase able to 
sustain DNA damage checkpoint in response to genotoxic stress [ 181 – 183 ]. CCDC6 
has been shown to be commonly rearranged in malignancies upon fusion with dif-
ferent partners. CCDC6 was originally identifi ed by a rearrangement with RET in 
thyroid and lung tumors [ 184 ,  185 ] and with genes other than RET in solid tumors 
and hematological cancers [ 148 ,  186 – 188 ]. CCDC6 contains coiled coil domains 
that are retained in the CCDC6-ROS1 fusion kinase. A t(10;6)(q22;q22) in a 
NSCLC patient tumor creates an in-frame fusion of exon 6 of CCDC6 to exon 35 of 
ROS1 [ 147 ]. 

 Little is known about the function of  CEP85L  (centrosomal protein 85 kDa-
like a.k.a. C6orf204). CEP85L was originally identifi ed as a breast cancer antigen 
[ 189 ] and recently discovered as one of the 59 partners fused to PDGFRβ receptor 
in hematological malignancies [ 190 ]. Structural analysis of CEP85L reveals the 
presence of coiled coil domains within its sequence, which are retained in the 
CEP85L–ROS1 fusion. An intrachromosomal rearrangement between CEP85L 
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(6q23) and ROS1 (6q22) leads to the in-frame fusion of CEP85L exon 12 to ROS1 
exon 36 in an angiosarcoma tumor [ 153 ] and CEP85L exon 8 to ROS1 exon 37 in 
a glioblastoma [ 154 ]. 

  YWHAE  (tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation 
protein, epsilon) also known as 14-3-3ε is a member of the highly conserved 14-3-3 
family of proteins. 14-3-3s are small acidic molecules that interact physically with 
over 300 proteins and are involved in cell cycle and apoptosis pathways [ 191 ].  TFG  
(TRK-fused gene) is an endoplasmic reticulum-associated protein that functions in 
controlling the export of cargoes from the ER to the Golgi apparatus. TFG was 
shown to form hexamers and interacts directly with SEC-16 [ 192 ]. Both YWHAE 
and TFG were found fused to ROS1 in two infl ammatory myofi broblastic tumors, 
which is a rare mesenchymal neoplasm [ 155 ]. Exon 4 of YWHAE and exon 4 of 
TFG were found to be fused to exon 36 of ROS1. 

  MOESIN (MSN)  is a member of the ERM family that is essential for linking the 
actin cytoskeleton to the cell membrane. They are key organizers of submembrane 
domains (e.g., microvilli, lamellipodia, and fi lopodia), and they can also function in 
signaling pathways that are fundamental in cell adhesion, migration, and morpho-
genesis. ERM proteins bind PtInsP2 and are recruited to the cell membrane through 
their N-terminal FERM domain [ 193 ]. Fusion of MSN to ROS1 retains the FERM 
domain suggesting that an MSN-ROS1 fusion kinase would be plasma membrane 
bound. 

  LIMA1  (LIM domain and actin binding 1) or EPLIN (epithelial protein lost in 
neoplasm) is a gene product that was originally identifi ed as a downregulated gene 
in prostate and breast cancer cell lines. LIMA1 localizes to the cortical cytoskeleton 
or to actin stress fi bers and focal adhesions depending on the cell type. The only 
recognizable domain of LIMA1 is a centrally located, 54-residue LIM domain, a 
protein–protein interaction module that may contribute to LIMA1 to homodimerize 
or associate with other proteins [ 194 ]. 

  PWWP2A  is a PWWP domain containing, nuclear protein with no known func-
tion. The PWWP domain is a small domain composed of 100–150 amino acids that 
is found in numerous proteins involved in cellular division, growth, and differentia-
tion. Most PWWP domain containing proteins are localized within the nucleus that 
often function as transcription factors capable of regulating a variety of develop-
mental processes. In a spitzoid tumor from a patient, an interchromosomal translo-
cation t(5;6)(q33.3;q22) fuses exon 1 of PWWP2A to exon 37 of ROS1 (Table  14.1 ). 

  PPFIBP1  is a member of the liprin (LAR protein-tyrosine phosphatase- 
interacting) family of proteins. Liprins interact with members of LAR family of 
transmembrane protein tyrosine phosphatases. Liprins are multivalent proteins that 
form multiprotein complex structures that act as scaffolds for the recruitment and 
anchoring of LAR tyrosine phosphatases. PPFIBP1 codes for liprin beta 1 expressed 
in the lymphatic vasculature [ 195 ]. PPFIBP1 contains fi ve coiled-coil domains 
[ 196 ] coded for by amino acid sequences in exons 5 through 12, and three coiled- 
coil domains are retained in t(12;6)(p12.1;q22) that fuses exon 9 of PPFIBP1 to 
exon 36 of ROS1 [ 152 ] (Table  14.1 ). 
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  ERC1  is a member of the RIM-binding family of proteins. RIMs are proteins 
that regulate neurotransmitter release within the active zone, which is a specialized 
presynaptic plasma membrane region where synaptic vesicles dock and fuse. ERC1 
has been found fused to the receptor tyrosine kinase gene RET by a translocation 
t(10;12)(q11;p13) in thyroid papillary carcinoma [ 197 ] and to PDGFRβ t(5;12)
(q33;p13) in acute myeloid leukemia [ 198 ]. A t(12;6)(p13;q22) rearrangement 
fuses exon 11 of ERC1 to exon 37 of ROS1 in a spitzoid tumor (Table  14.1 ). 

  MYO5A  is one of three myosin V heavy-chain genes that is part of the myosin 
gene superfamily. The myosin V subclass are actin-based ATP binding motor pro-
teins involved in cytoplasmic vesicle transport and anchorage as well as spindle- 
pole alignment and mRNA translocation. Myosin5A is a large homodimer with an 
N-terminal motor domain that binds actin and ATP, followed by a neck domain 
containing six IQ motifs and a long coiled-coil domain in the tail that mediates 
dimerization. A t(15;6)(q21;q22) translocation fuses exon 23 of MYO5A to exon 36 
of ROS1 (Table  14.1 ). 

  CLIP1  is a cytoplasmic linker protein that links endocytic vesicles to microtu-
bules [ 199 ]. CLIP1 consists of an N-terminal microtubule-binding region, a central 
α - helical coiled-coil domain, and a C-terminal metal-binding motif. Fusion of exon 
20 of CLIP1 to exon 37 of ROS1 in a spitzoid melanoma forms a fusion kinase that 
retains a portion of the coiled-coil domain of CLIP1. 

 The  HLA-A  protein belongs to the class I major histocompatibility complex 
protein. It exists as a heterodimer bound to a light chain (beta-2 microglobulin). The 
HLA-A protein is anchored in the plasma membrane. It is composed of eight exons 
and an intrachromosomal rearrangement fuses exon 7 of HLA-A to exon 35 of 
ROS1 (Table  14.1 ). 

 Very little is known about the product of the gene  KIAA1598 . KIAA1598 has 
recently been shown to be fused to FGFR2 in a cholangiocarcinoma [ 200 ]; however, 
its function in that event remains uncharacterized. In a spitzoid melanoma, a t(10;6)
(q25.3;q22) fuses exon 11 of KIAA1598 to exon 37 of ROS1 [ 152 ]. 

 The  ZCCHC8  gene codes for an uncharacterized zinc fi nger transcription factor. 
It has been shown to be phosphorylated by GSK-3 and to be interacting with pro-
teins that are involved with RNA processing and degradation [ 201 ]; however, its 
true function remains to be determined. A translocation between t(12;6)(q24.31;q22) 
creates a fusion of exon 2 of ZCCHC8 to exon 37 of ROS1 (Table  14.1 ). 

 It is of interest to decipher the subcellular location and topology of these various 
ROS1 fusion kinases. Detailed biochemical experimentations are necessary and 
worth pursuing in order to determine the membrane insertion topology for these 
ROS1 fusion proteins and the exact cytoplasmic localization for the non-mem-
brane associated fusions. Many RTKs activated by genomic rearrangements have 
several different fusion partners. Therefore, it is not surprising to observe multiple 
ROS1 fusion events, and it is conceivable that additional oncogenic ROS1 fusion 
kinases exist in other human cancers. It is becoming increasingly evident that acti-
vation of ROS1 kinase by genetic rearrangement is an important event in human 
cancers. It will be interesting to compare the signaling effector proteins that are 
activated by those ROS1 rearrangement products in NSCLC, cholangiocarcinoma, 
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and glioblastoma. Recent work from our laboratory on CD74-ROS1 and FIG-ROS1 
demonstrates that different ROS1 fusion kinases have unique transforming activi-
ties [ 202 ]. It remains to be seen whether additional and/or different signaling events 
specifi cally emanate from these fusion kinases when compared to full-length, 
ligand- regulated ROS1. If so, determining these differences in pathway utilization 
would have profound value in terms of cancer therapeutics development.  

14.6.3.6    Pathway Activation 

 ROS1 activates several signaling pathways that are known to be important for cell 
growth and survival. Activation of these pathways is mediated by the kinase activity 
of ROS1 on specifi c substrates and by the formation of phosphotyrosine recruitment 
sites within ROS1’s carboxyl-terminal tail. Figure  14.3  schematically depicts the 

  Fig. 14.3    ROS1 signals through SHP-2. Schematic representation of the positions of intracellular 
tyrosine residues of human ROS1. Excluded from the schematics are those tyrosine residues within 
the kinase domain. Tyrosine residues 2274 and 2334 have been demonstrated to be phosphorylated 
and correspond to target sequences for the SH2 domains of the SHP-2 tyrosine phosphatase. 
Activated ROS1 kinase can also phosphorylate SHP-2’s two C-terminal tyrosine residues (Y542 
and Y580), which are also target sequences for its own SH2 domains. Activation of ROS1 strongly 
activates the SHP-2 phosphatase activity. Figure not drawn to scale       
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tyrosine residues of the juxtamembrane domain and the carboxyl-terminal tail of 
human ROS1. Tyrosine residues 2274 and 2334 have been shown to be the only two 
major sites of phosphorylation and substitution of both residues to phenylalanine 
abrogates the transforming activity of oncogenic ROS1 [ 134 ].  

 The study of ROS1-induced signaling pathways and transformation continues to 
be hampered by the absence of a known ligand for c-ROS and the inability to over-
express full-length, wild-type c-ROS in different types of mammalian cells. A simple 
strategy employed over the years to overcome these obstacles has been the develop-
ment and utilization of ROS1 chimeric receptors where the extracellular ectodomain 
of ligand-activated RTKs such as the insulin receptor [ 125 ], EGF receptor [ 126 ], or 
NGF receptor [ 124 ,  127 ] are fused to the intracellular kinase domain of ROS1, thus 
rendering ROS1 activity ligand-regulated. These ligand-regulated ROS1 chimeric 
species were shown to activate several signaling pathways. It has been demonstrated 
that ROS1 activity can lead to activation of the SH2 domain tyrosine phosphatases 
SHP-1 and SHP-2, the mitogen-activated protein kinase ERK1/2, insulin receptor 
substrate 1 (IRS-1), phosphatidylinositol 3-kinase (PI3K), protein kinase B (AKT), 
STAT3, and VAV3 signaling pathways (Fig.  14.4 ) [ 126 ,  135 ,  203 ,  204 ].   

  Fig. 14.4    Schematic representation of signaling pathways activated by ROS1. The map is an 
amalgamation of observations obtained from chimeric EGFR-ROS1, TRK-ROS1 membrane- 
bound receptors expressed in fi broblasts, as well as V-ROS- and FIG-ROS1-derived signaling 
events. Putative ligands are depicted as soluble molecules, and hypothetical activation of ROS1 
through contact with ECM proteins is also indicated. ROS1 autophosphorylation sites are docking 
sites for the tyrosine phosphatases SHP-1 and SHP-2. ROS1 activates PI3K through the scaffold-
ing proteins IRS-1 and/or GAB1. Phosphorylated IRS1/Gab1 are targets for Grb-2/SHC/SOS 
complexes, which in turn activate a RAS/RAF/MAPK pathway. Activated PI3K in turn activates 
an AKT/mTOR signaling axis. STAT3 is phosphorylated directly by ROS1 kinase activity       
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14.6.3.7     SH2 Domain-Containing Tyrosine Phosphatases 
SHP-1 and SHP-2 

 Insights into ROS1 signaling pathways involved in terminal differentiation of the IS 
epididymis came from the observation that, analogous to ROS1 null animals, male 
mice carrying the “viable motheaten” (mev) mutation are also sterile due to a simi-
lar defect in differentiation of the epididymis which result in impaired sperm matu-
ration [ 205 ]. This observation suggested that ROS1 and SHP-1 function in signaling 
pathways responsible for terminal differentiation of the caput epithelia. mev is a 
naturally occurring splice site mutation in the gene coding for SHP-1. The mev 
allele is hypomorphic and codes for two SHP-1 protein variants both with aberrant 
phosphatase domains, one with a small deletion and the other with a small insertion 
[ 206 ]. Together, these mutant proteins have been shown to retain approximately 
20 % of wild-type SHP-1 phosphatase activity [ 207 ]. 

 SHP-1 activity was coupled to ROS1 signaling when it was demonstrated that 
SHP-1 (Ptpn6) is co-expressed with c-Ros in the caput epididymis of adult mice 
and elevated phosphorylation of ROS1 was observed in the epididymis of mev 
mice. Furthermore, in vitro biochemical experiments demonstrated that SHP-1 
directly binds autophosphorylated ROS1 via an interaction between the amino-ter-
minal SH2 domain of SHP-1 and the 2274 autophosphorylated phosphotyrosine 
residue in the carboxyl-terminal end of ROS1 [ 205 ]. It is known that engagement of 
the SH2 domain of SHP-1 activates its catalytic phosphatase activity, and thus, 
physical interaction between ROS1 and SHP-1 is thought to activate the phospha-
tase activity of SHP-1. Furthermore, substrate sequence specifi city of SHP-1 
matches the same site (Y2274) of ROS1 that interacts with the SH2 domain of SHP-1. 
These studies suggest that under normal circumstances SHP-1 activation is under 
the control of ROS1 signaling in vivo and that activated SHP-1 triggers or leads to 
a differentiation program. This is further strengthened by the fact that in mev/mev 
mice, ROS1 is hyperphosphorylated, and yet the differentiation program remains 
abrogated suggesting that hyperphosphorylated ROS1 does not signal through path-
ways other than SHP-1 in this tissue [ 205 ]. Parallel observations from the mev mice 
hematopoietic system has led to the dogma that SHP-1 acts as a negative regulator 
of RTKs, cytokine and chemokine receptors, and integrin signaling [ 208 ]. Given 
the information at hand, it appears that in epididymal epithelial tissues, SHP-1 acts 
as a positive effector of the RTK ROS1 since inactivation of either ROS1 or SHP-1 
independently result in the same phenotype, that is, failure of the epididymal epi-
thelia to differentiate. It has recently been shown in epithelial cells that SHP-1 can 
act as a positive regulator of RTK signaling [ 209 ]. It seems that the results of SHP-1 
engagement upon growth factor receptor activation are context dependent. During 
development of the epididymis, the evidences suggest that SHP-1 activation is a 
pro-differentiation event. Perhaps, in different context, engaging SHP-1 may lead 
to an alternative outcome. Regardless, the studies conducted in both c-Ros knock-
out mice and viable motheaten mice have demonstrated the importance of regulat-
ing ROS1 signaling for the proper differentiation and development of the caput 
epididymis. 
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 In addition to the aforementioned activation of SHP-1 in the differentiation 
 program of the epididymal epithelia, ROS1 has been shown to interact with, phos-
phorylate, and activate the SH2 domain containing tyrosine phosphatase SHP-2 
[ 135 ]. Germ line missense mutations of PTPN11, the gene coding for SHP-2, are 
responsible for the majority of Noonan syndrome cases, an autosomal dominant 
disorder characterized by a short stature, typical facial dysmorphology, congenital 
heart defects, and associated with an increased incidence of leukemia [ 208 ,  210 , 
 211 ]. In addition, several somatic Ptpn11 mutations have been reported in a high 
percentage of hematological malignancies [ 212 – 215 ] and in solid tumors of the 
colon, lungs, skin, and peripheral nervous system [ 216 ]. All of these PtpN11 muta-
tions predict an activated form of SHP-2, which strongly suggest that constitutive 
activation of SHP-2 is an oncogenic event. Consistent with this concept, transduc-
tion of mouse bone marrow cells with a constitutively activated SHP-2 protein cause 
a fatal JMML-like disorder in vivo [ 217 ]. Constitutively active SHP-2 is considered 
an oncogene since it is known that SHP-2 positively regulates the ability of several 
RTKs to activate the Ras/Raf/MAPK signaling cascade [ 218 – 223 ]. In most cases, 
the catalytic activity of SHP-2 is required to propagate receptor-mediated signaling 
to MAPK [ 224 ,  225 ]. Further biochemical and genetic evidences of SHP-2 acting as 
a positive regulator of growth factor receptors come from studies on  D. melanogaster  
SHP-2 homologue corkscrew ( csw ). 

 The oncogenic activity of FIG-ROS1 in fi broblasts is mediated by an interac-
tion with and the phosphorylation of SHP-2, suggesting that activation of SHP-2 is 
a crucial event in FIG-ROS1 transformation [ 135 ]. Interestingly, phosphopeptides 
corresponding to the tyrosyl phosphorylation sites of SHP-2 were recovered in 
tumor samples and cell lines that contained the rearranged SLC34A2-ROS1 and 
CD74-ROS1 products [ 145 ] suggesting that constitutively active ROS1 may pref-
erentially signal through the SHP-2 tyrosine phosphatase. Given the retention of 
C-terminal tail sequences and phosphorylation sites in ROS1 fusion kinases, it is 
likely that full-length ROS1 receptors are also preferentially signaling through 
SHP-2. Activation of SHP-2 phosphatase activity is achieved in two ways: (1) 
through the engagement of its two SH2 domains binding to phosphotarget sites and 
(2) by phosphorylation of its C-terminal tyrosine 525 and 580 residues, which are 
high-affi nity binding sites for its own SH2 domains. The interaction between 
ROS1 and SHP-2 results in both events suggesting a strong SHP-2 activation by 
ROS1 RTK (Fig.  14.3 ). The remaining question is, what are then the signaling 
events downstream of SHP-2 activation? Perhaps the recently identifi ed link 
between SPROUTY proteins and SHP-2 activity will shed light on SHP-2 signal-
ing pathways [ 226 ].  

14.6.3.8    MAP Kinase 

 Furthering the homology between SEV and ROS1, analysis of ligand stimulated 
EGFR-ROS1 and TRKA-ROS1 chimeric receptors demonstrated a temporal activa-
tion of ERK1/2 in NIH-3T3 cells [ 126 ,  205 ]. Similarly, oncogenic V-ROS also 
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activates ERK1/2 in chicken embryonic fi broblasts (CEFs) [ 204 ]. Surprisingly, 
chemical inhibition of the MAPK pathway by the MEK inhibitor PD98059 had no 
effect on the transforming potency of chimeric EGFR-ROS1 on CEFs or NIH-3T3 
cells [ 227 ]. In addition, in FIG-ROS1-induced transformed fi broblasts, elevated 
levels of phosphorylated ERK1/2 are modest (Charest, A. unpublished data). Taken 
together, these observations suggest that although activated under certain circum-
stances, the MAPK pathway may play little, if any, role in the transformation of 
these cell types by activated ROS1. 

 Fibroblasts expressing either v-ROS or FIG-ROS1 are capable of growing in an 
anchorage-independent fashion, a feature intrinsic to many cancer cells. It is known 
that powerful reorganization of cytoskeletal structures is necessary for this kind of 
morphological transformation. Not surprisingly, v-ROS expressing cells demon-
strated phosphorylated versions of a series of cytoskeletal proteins involved in the 
formation of focal adhesions and cell–cell interactions [ 204 ] suggesting that consti-
tutively activated ROS1 can signal to elicit structural rearrangements of the cyto-
skeleton as well as modulate biochemical events necessary for cell–cell interactions. 
It remains to be determined if wild-type ROS1 signaling is also capable of modulat-
ing cell–ECM and cell–cell interactions especially in the context of epithelial dif-
ferentiation as seen in the epididymis, small intestine, and ureteric buds.  

14.6.3.9    The PI3K and Akt Pathways 

 The PI3K signaling pathway promotes growth factor-mediated cell survival in 
many cell types. PI3K also has key regulatory functions in cellular proliferation, 
differentiation, apoptosis, glucose metabolism, and vesicle traffi cking. PI3K, a 
lipid kinase, is activated by RTKs through recruitment at the plasma membrane, a 
process fulfi lled by the engagement of the SH2 domain of its p85α regulatory sub-
unit to phosphorylated tyrosine residues on the receptors themselves or on scaffold 
proteins such as IRS-1 or GAB-1 [ 228 ]. This binding then elicits activation of 
PI3K catalytic subunit, which, in turn phosphorylates inositol lipids to produce 
various phosphatidylinositol phosphates (reviewed in [ 229 ]). The latter serve as 
second messengers to recruit and activate a multitude of proteins that contain 
pleckstrin homology domains or FYVE fi ngers. Among these, several kinases 
(PDK1, PDK2, and Akt/PKB), nucleotide exchange factors (TIAM1, VAV, and 
SOS), GTPase- activating proteins, and phospholipases have been shown to respond 
to PI3K activity. The AKT kinase is a major downstream target of PI3K activation 
and has functions both in cell growth and survival (for reviews see [ 230 ,  231 ]). The 
list of AKT substrates is ever growing and comprises substrates that have been 
shown to be involved in cellular growth, survival, and metabolism (for reviews see 
[ 232 – 235 ]). 

 Activation of the PI3K/AKT pathway has been demonstrated to be an important 
event for ROS-induced transformation. Chemical and genetic inhibition of the PI3K 
pathway signifi cantly attenuated the ability of activated ROS1 to induce colony for-
mation and anchorage-independent growth of fi broblasts [ 227 ,  236 ]. In these cells, 
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activation of PI3K by ROS1 is thought to be mediated by the scaffold protein IRS-1 
since PI3K is immunoprecipitated using anti IRS-1 antibodies in V-ROS expressing 
CEFs [ 204 ,  236 ]. Activation of AKT is frequently associated with malignant astro-
cytomas in humans, and hyperactivation of its downstream effector, mTOR, is found 
in human and mouse brain cancer [ 237 – 240 ]. We have shown that the oncogenic 
fusion protein FIG-ROS1 can activate a PI3K/AKT/mTOR signaling axis in FIG-
ROS1- induced brain tumors [ 135 ]. In addition, the mTOR inhibitor, rapamycin, 
induced dose-dependent growth inhibition in FIG-ROS1 brain tumor cell cultures 
[ 135 ], which suggest that mTOR inhibitors may be effective in treating malignan-
cies harboring activated ROS1. Although detailed mechanistic features of ROS1- 
mediated PI3K activation remain to be established in different cell types, the data 
reported in the literature strongly support the view that ROS1 signals through a 
PI3K/AKT axis.  

14.6.3.10    STAT3 Activation 

 Signal transducers and activators of transcription (STATs) are transcription fac-
tors involved in cytokine and growth factor receptor-induced gene expression. 
STATs are activated by tyrosine phosphorylation, which result in their dimeriza-
tion and translocation to the nucleus where they regulate the transcription of tar-
get genes by binding to specifi c DNA-response elements. STATs have been found 
to be activated in a wide variety of tumors and in oncogene-transformed cell lines 
(reviewed in [ 241 ,  242 ]). It is becoming increasingly clear that STAT3, in particu-
lar, is constitutively activated in oncogenic tyrosine kinase transformed cells and 
in certain instances shown to be essential for their transformation activity [ 243 , 
 244 ]. Interestingly, constitutive activation of STAT3 has been reported in malig-
nant brain cancer tumors with overexpression of the EGF receptor [ 245 ]. Many 
STAT3 transcriptional target genes are antiapoptotic, for example, survivin, 
MCL-1, BCL- x, and BCL-2 have been shown to be transcriptionally responsive 
to STAT3 activation. Not surprisingly, STAT3 activation has been associated with 
resistance to chemo- and radiation therapy, a salient feature of malignant brain 
cancer. Stimulation of STAT3 signaling is an additional event for oncogenic 
transformation by activated ROS1 in fi broblasts [ 246 ]. It has been shown that 
activation of STAT3 is required for ROS1-mediated transformation in vitro. 
Expression of dominant negative STAT3 partially suppressed ROS1-induced 
anchorage-independent growth of NIH-3T3 cells and was shown to inhibit both 
initiation and maintenance of the transformed state [ 227 ,  246 ]. The transcrip-
tional program initiated by a ROS1- STAT3 signal axis in these cells remains to be 
established and is certainly worth pursuing in other tissues especially in the con-
text of changes in gene expression profi les that are associated with ROS1-
mediated anchorage-independent growth.   
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14.6.4     Crosstalk with Other Receptor Systems 

 There are numerous examples of cross-family RTK heterodimerization and signal-
ing cross-talk. This phenomenon has not been reported for ROS1 but is a distinct 
possibility. It is possible that ROS1 is a ligand-less receptor much like ErbB2 
(Her2), which heterodimerizes with other members of the ErbB family of receptors. 
It is therefore not inconceivable that ROS1 is a co-receptor for another RTK or even 
for a non-RTK cell surface receptor. This concept is worth pursuing and will cer-
tainly lead to the discovery of a role for ROS1 in an already established signaling 
system.  

14.6.5     ROS1 Internalization, Processing and Attenuation 

 There has not been any exhaustive report of the dynamics of ROS1 internalization 
and signal attenuation so far in the literature. Xiong and colleagues have demon-
strated differential rates of internalization and slight variations in temporal signal-
ing between EGFR-ROS1 chimeric proteins containing either the ROS1 
transmembrane domain or that of EGFR [ 126 ]. Despite the paucity of hard evi-
dence, one can still infer similar modes of ligand-activated internalization and endo-
somal processing of ROS1, as with other RTKs.  

14.6.6     Unique Features of ROS 

14.6.6.1    Ligand(s) 

 Perhaps the most obstructing element of ROS1 research has been the inability to 
identify ROS1’s natural ligand(s). The high degree of parallelism between ROS1 
and SEV suggests that a mammalian homologue of BOSS would represent a valid 
candidate. Unlike other receptors whose ligands are conserved throughout evolu-
tion, there is a lack of BOSS conservation in more distantly related genomes. This 
may be the result of an evolutionary replacement of SEV ligands. Sequence align-
ment of BOSS to mammalian genomes revealed the presence of a single orphan 
seven-transmembrane G-protein coupled receptor gene with weak overall homol-
ogy to BOSS [ 247 ]. GPRC5B is related to the metabotropic glutamate receptor 
family [ 248 ,  249 ]. GPRC5B is expressed in the peripheral and central nervous 
system, kidney, pancreas, testis [ 248 – 250 ], and placenta and yolk sac during ges-
tation in mice [ 251 ]. The expression of this receptor in kidney and testis is inter-
esting in the context of ROS1 expression and function in these tissues. Experiments 
aimed at validating the potential for GPRC5B to activate ROS1 should be 
performed. 
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 Another source for the search of a putative ligand is the testicular lumicrine 
space. Pre-pubescent efferent duct ligation in mice prevents testicular exocrine 
secretion and leads to a failure of the IS epididymis epithelia to differentiate much 
like the c-Ros knockout phenotype. This suggests that factors within this fl uid act 
upon ROS1 as ligands [ 252 ]. Given ROS1 function in the differentiation of the IS 
epididymis, one can therefore conceive that a ligand(s), produced within the testes, 
is present within the testicular fl uid fl owing through the epididymis and referred to 
as lumicrine factors [ 78 ,  252 ]. These observations suggest that the testicular exo-
crine fl uid may harbor molecules capable of activating ROS1 and thus represent a 
valid source of material to search for ligand species. Finally, it is quite possible that 
ROS1 has more than one ligand. Experiments aimed at elucidating the identity of 
ROS1 ligand(s) are deeply needed if we are to fully understand the role and biologi-
cal signifi cance of ROS1 activation in normalcy and disease.    

14.7     Conclusion 

 Since its discovery over 30 years ago, research on ROS1 has been dampened by the 
lack of a known ligand and the inability to express the full-length, wild-type recep-
tor both in vivo and in different cell types in vitro. Nevertheless, a great deal of 
information gravitates ROS1. Genetic screens in invertebrate models led to the 
deciphering of many signaling components of ROS1. Biochemical approaches in 
mammals furthered our knowledge on how ROS1 triggers specifi c pathways, 
which ultimately leads to cellular transformation and cancer. There are, however, 
many more questions to be answered. What function does ROS1 play in intestinal 
and urological tissue development? Is there a role for ROS1 in cardiac function, 
and if so, what are the biological effect(s) of various c-ROS alleles in this system? 
Is the aberrant expression of full-length, wild-type ROS1 observed in human can-
cers a causative or by-stander phenomenon? No doubt the fi eld is at a standstill, 
awaiting the identifi cation of a ligand and the development of the necessary tools 
to address these questions. For example, the creation of a Cre/Lox-based condi-
tional knockout or overexpressing transgenic mouse strains would certainly benefi t 
and undoubtedly advance ROS1 research. The recent publications on chromo-
somal rearrangement events creating oncogenic ROS1 variants in brain, lung, and 
gall bladder cancers point to the undeniable fact that ROS1 activating mutations 
are now part of the panoply of cancer-causing mutations with potential therapeutic 
involvement. The coming years should witness the production of small chemical 
kinase inhibitor of ROS1 along with preclinical validations in appropriate and rel-
evant animal models.      
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               Receptor at a glance: ROS1   

 Chromosome location  6q22 
 Gene size (bp)  137,489 bp 
 Intron/exon numbers  44 exons 
 mRNA size (5′, ORF, 3′)  7,375 nt 
 Amino acid number  2,347 amino acids 
 kDa  ~260 kD 
 Posttranslational modifi cations  30 potential N-linked (GlcNAc), Phosphorylation 
 Domains  9 FN-III, 3 YWTD modules, extracellular, transmembrane 

domain, kinase domain 
 Ligands  Unknown 
 Known dimerizing partners  N/A 
 Pathways activated  RAS/MEK/ERK, STAT3, PI3K-AKT-mTOR, VAV3, SHP-1/2 
 Tissues expressed  Mostly in lungs 
 Human diseases  Cancer, heart 
 Knockout mouse phenotype  Male sterility, lack of epididymal function 
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      Abbreviations 

   AC    Anterior commissure   
  AF-6     MLLT4 myeloid/lymphoid or mixed-lineage leukemia (trithorax 

 homolog,  Drosophila ) translocated to 4 ( Homo sapiens  (human)), 
ALL-1 fused gene from chromosome 6   

  AL     Drosophila  antennal lobe   
  ALM    Anterior lateral microtubule   
  AP    Anterior–posterior axis   
  APP    Amyloid precursor protein   
  ATP    Adenosine 5′-triphosphate   
  ATP5O    ATP synthase, H +  transporting, mitochondrial F1 complex, O subunit   
  βarr    β-Arrestin   
  βgeo    β-Galactosidase-neomycin phosphotransferase II fusion protein   
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  CAM-1     CA N cell  m igration defective-1   
  CaMKII    Ca 2+ /calmodulin-dependent protein kinase II α   
  CASK    Calcium/calmodulin-dependent serine protein kinase (MAGUK family)   
  CCK4    Colon carcinoma kinase 4   
  Cdc37    Cell division cycle 37   
  cDNA    Complementary DNA   
  CE    Convergent extension   
  CELSR2    Cadherin EGF LAG seven-pass G-type receptor 2   
  CFZ-2     Caenorhabditis  frizzled homolog 2   
  CNS    Central nervous system   
  CK1α    Casein kinase 1α   
  COSMIC    Catalogue of Somatic Mutations in Cancer   
  CST    Corticospinal tract   
  CWN-1     C. elegans  WNT family-1   
  CWN-2     C. elegans  WNT family-2   
  Da    Dalton   
  DA    Dopaminergic   
  DL    Dorsolateral   
  DLC    Dorsolateral cluster   
  DNA-PKcs    Catalytic subunit of the DNA-dependent protein kinase   
  DRG    Dorsal root ganglion   
   dnt      doughnut on 2    
   drl      derailed    
   Drl-2      derailed- 2   
  DRS    Dominant Robinow syndrome   
  DSG2    Desmoglein 2   
  DsRed2     Discosoma  sp. red fl uorescent protein variant 2   
  DV    Dorsal–ventral axis   
  Dvl    Dishevelled   
  E    Rodent embryonic day   
  ECM    Extracellular matrix   
  EGL-20    Egg-laying defective-20   
  ERBB3    v-erb-b2 avian erythroblastic leukemia viral oncogene homolog 3   
  ERBB4    v-erb-b2 avian erythroblastic leukemia viral oncogene homolog 4   
  Eph    Erythropoietin-producing hepatoma   
  FISH    Fluorescence in situ hybridization   
  Fzd    Frizzled   
  GABA    γ-Aminobutyric acid   
  GFP    Green fl uorescent protein   
  GPR125    G protein-coupled receptor 125   
  GSK3    Glycogen synthase kinase 3   
  hpf    Hours postfertilization   
  Hsp90    Heat shock protein 90 kDa   
  Htt    Huntingtin   
  IP3R    Inositol 1,4,5-trisphosphate receptor   
  JAK2    Janus kinase 2   
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  JH2    Janus homology 2   
  JNK    c-JUN N-terminal kinase/mitogen-activated protein kinase 8   
  kb    Kilobase pairs   
  L     C. elegans  larval stage   
  LGE    Lateral ganglionic eminence   
  LGR    Leucine-rich repeat-containing G protein-coupled receptor   
  LIN-17    Abnormal cell lineage-17   
  LIN-18    Abnormal cell lineage-18   
   lio      linotte    
  LRP    Low-density lipoprotein receptor-related protein   
  MAP2    Microtubule-associated protein 2   
  MB     Drosophila  mushroom body   
  MGE    Medial ganglionic eminence   
  MIB1    Mindbomb E3 ubiquitin protein ligase 1   
  MIG-1    Abnormal cell migration-1   
  ML    Medial–lateral axis   
  MOM-2     mo re  m esoderm-2   
  MOM-5     mo re  m esoderm-5   
  mRNA    Messenger RNA   
  MuSK    Muscle, skeletal, receptor tyrosine kinase   
  NCBI    National Center for Biotechnology Information   
  NFATc    Nuclear factor of activated T cells   
  NG2    Neuron–glial antigen 2   
  NMJ    Neuromuscular junction   
  NPC    Neural progenitor cell   
  Nrt    Neurotactin   
  OR    Odorant receptor   
  ORN    Olfactory receptor neuron   
  OT    Optic tectum   
  P    Postnatal   
  PC    Posterior commissure   
  PCP    Planar cell polarity   
  PCR    Polymerase chain reaction   
  PDZ     P ostsynaptic density protein 95/ d iscs large-1/ z onula occludens-1   
  PK    Protein kinase   
  PLR-1    Cell  p o l a r ity defective-1   
  PN    Projection neuron   
  Psen    Presenilin   
  PTK    Protein tyrosine kinase   
  PTK7    Protein tyrosine kinase 7   
  RRS    Recessive Robinow syndrome   
  Rab5    RAB5A member of the RAS oncogene family   
  Rβ    Ryk β-amyloid-like fragment   
  RGC    Retinal ganglion cell   
  RING    Really interesting new gene   
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  RNF43    Ring fi nger protein 43   
  ROCK    Rho-associated coiled-coil containing protein kinase 1 or 2   
  ROR    Receptor tyrosine kinase-like orphan receptor   
  RT    Reverse transcription   
  R spine    Regulatory spine   
  RTK    Receptor-type protein tyrosine kinase   
  RWD1    Fully human anti-RYK (WIF domain-specifi c) monoclonal antibody   
  Ryk    Related to tyrosine kinase   
  Ryk-CTF45    Ryk carboxyl-terminal fragment of 45 kDa   
  Ryk-CTF55    Ryk carboxyl-terminal fragment of 55 kDa   
  Ryk-FL    Full-length Ryk lacking N-terminal signal peptide   
  Ryk-ICF    Ryk intracellular fragment   
  Ryk-NTF    Ryk amino-terminal fragment   
  S    Svedberg unit   
  SC    Superior colliculus   
   Scr      sex combs reduced    
  Sema    Semaphorin   
  sFRP2    Secreted Fzd-related protein 2   
  SFK    Src family kinase   
  SH2    Src homology domain 2   
  SH3    Src homology domain 3   
  siRNA    Short interfering RNA   
  SOD1    Superoxide dismutase 1, soluble   
  Src    Src proto-oncogene, non-receptor tyrosine kinase   
  STYK1    Serine/threonine/tyrosine kinase 1   
  TBC    Tetrabasic cleavage   
  TCF/LEF    T cell factor/lymphocyte enhancer factor   
  TGF-β    Transforming growth factor-β   
  TM    Transmembrane   
  TN    Temporal–nasal axis   
  TRPC    Transient receptor potential channel   
  TUJ1    βIII-tubulin   
  UBC    Ubiquitin C   
  Vangl2    Van Gogh-like planar cell polarity protein 2   
  VM    Ventral midbrain or ventral–medial axis   
  VNC     Drosophila  ventral nerve cord   
  VPC    Vulval precursor cell   
  VZ    Ventricular zone   
  WASF1    WAS protein family, member 1   
  WG    Wingless   
  WIF    Wnt inhibitor factor   
  WNK    With-no-lysine protein kinase   
  Wnt    Wingless-related integration site   
  XRyk     Xenopus  Ryk   
  ZNRF3    Zinc and ring fi nger 3   
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15.1           Introduction 

 Members of the RYK receptor-type tyrosine kinase (RTK) subfamily are metazoan 
cell surface proteins that exhibit an extracellular amino-terminus, are embedded in 
the plasma membrane by a single-pass hydrophobic transmembrane helix, and end 
with an intracellular carboxyl-terminus. A unique extracellular region, single-pass 
transmembrane topology, and conserved arrangement of intracellular peptide motifs 
defi nitive of the protein tyrosine kinase (PTK) group are the signature of the RYK 
subfamily and collectively distinguish it from the 19 other human RTK subfamilies 
(Fig.  15.1 ; Table “Receptor at a Glance”). Through gradually emerging biochemical 
mechanisms that involve proteolytic processing of—and/or binding of Wnts by—
its extracellular region, RYK regulates a wide range of developmental processes, 
most notably commissural axon pathfi nding, topographic mapping, and craniofacial 
and musculoskeletal morphogenesis.  

 Studies of human RYK and its orthologs/paralogs in model organisms—brown rat 
( Rattus norvegicus ), hamster ( Mesocricetus auratus ), house mouse ( Mus musculus ), 
African clawed frog ( Xenopus laevis ), zebrafi sh ( Danio rerio ), fruit fl y ( Drosophila 
melanogaster ), and nematode worms ( Caenorhabditis elegans  and  Pristionchus 
pacifi cus )—form the basis for our present understanding of this idiosyncratic RTK 
subfamily. In this review, we summarize current knowledge concerning RYK expres-
sion, domain organization, binding partners, function, dysfunction, and potential for 
therapeutic targeting gleaned from studies of these diverse species.  

15.2     The RYK Subfamily of RTKs 

 Complementary DNAs (cDNAs) for the human and mouse  RYK  transcripts were 
described by multiple teams in the early 1990s. At the time, cloning of these cDNAs 
relied on the design of degenerate oligonucleotides complementary to cDNA encod-
ing conserved PTK subdomains [ 1 ] that could, via the then newly invented poly-
merase chain reaction (PCR), amplify and facilitate identifi cation of novel sequences 
from different source tissues. Although different names were initially used to 
describe these (JTK5, JTK5a, nyk-r, MRK, and vik) [ 2 – 6 ], the acronym  RYK  
(for  r elated to t y rosine  k inase) endured for the mouse and human genes [ 7 ,  8 ] and, 
ultimately, the subfamily that these genes came to defi ne across all metazoa. 

 There was no pressure for a more logical name given that RYK subfamily mem-
bers bore offi cial orphan receptor status for a further 11 years [ 5 ,  7 ,  9 ]. Additionally, 
despite the prospective identifi cation of a Wnt inhibitory factor (WIF)-like 
 Wnt- binding protein domain in RYK subfamily members in 2000 [ 10 ], Wnt-binding 
activity within the RTK group was ultimately found shared with the ROR, PTK7/
CCK4, and MuSK subfamilies. A current functional comparison (November 2014) 
of these Wnt-binding RTKs is intriguing in that there is evidence in support of a 
 pseudokinase classifi cation for RYK, ROR1 and ROR2 (but not the  C. elegans  ROR 
ortholog CAM-1[ 11 ]), and PTK7/CCK4 [ 11 ,  12 ].  
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]

  Fig. 15.1    Key features of RYK subfamily members. RYKs are transmembrane proteins with an 
amino (N)-terminal extracellular region containing a single WIF domain that mediates high- affi nity 
binding of Wnt ligands. Five potential  N -linked glycosylation sites, a disulfi de bond, and three 
proteolytic cleavage sites are indicated. The intracellular PTK domain contains all sequence motifs 
characteristic of this group of enzymes; atypical substitutions specifi c to RYKs are consistent with 
the apparent lack of intrinsic kinase activity. The extreme carboxyl (C)-terminus represents a PDZ 
domain-binding motif. The sequences of a tripeptide insertion (“SLG”) and alternative intracellular 
region (“RYCTYFGKEKK”) encoded by alternative splicing or 3′-end processing of human 
mRNAs, respectively, are shown next to the intracellular juxtamembrane region. Note that not all 
depicted features have been demonstrated in all RYK subfamily members       

15.3      RYK  Genes 

15.3.1     Chromosomal Localization, Paralogs, and Pseudogenes 

 One active  RYK  gene is identifi able in every completed metazoan genome sequence, 
with the notable exception of  Drosophila  species in which one ortholog and two 
paralogs are present (Table “Receptor at a Glance”;   http://www.ensembl.org    , 
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viewed November 2014; 68 orthologs). Fluorescence in situ hybridization (FISH) 
originally revealed two separate locations for  RYK  in the human genome. One sig-
nal localized to chromosome 3q22 and another to the short arm of chromosome 
17 [ 8 ,  13 ]. Two  Ryk  loci were also identifi ed in the mouse genome, on chromosomes 
9 and 12, by linkage analysis using recombinant inbred mouse strains [ 14 ]. 
Subsequent analysis of the human kinome [ 15 ] established that 3q22 harbored the 
functional  RYK  gene (NCBI Gene ID 6259) and that the FISH signal on 17p13.3 
was a non- transcribed, fully processed  RYK  pseudogene (NCBI Gene ID 6260). 
Analysis of the mouse kinome [ 16 ] established that chromosome 9 harbored the 
functional  Ryk  gene at cytogenetic band D1 (NCBI Gene ID 20187) and that a fully 
processed  Ryk  pseudogene ( Ryk-ps1 ; NCBI Gene ID 111178) was located on chro-
mosome 12 at cytogenetic band B1.  Drosophila  genomes contain a  RYK  ortholog, 
 derailed  ( drl  [ 17 ]; formerly known as  linotte  ( lio ) [ 18 ,  19 ]), and the paralogs 
 Derailed-2  ( Drl-2  [ 20 ]) and  doughnut on 2  ( dnt  [ 21 ,  22 ]).  

15.3.2     Exon/Intron Structure 

 The genomic organization of  Drosophila drl  was the fi rst of the  RYK  subfamily 
to be described and comprises four exons distributed over 18 kilobase pairs (kb) 
[ 17 ,  19 ]. The mouse  Ryk  mRNA is encoded by 15 exons distributed over a region of 
approximately 73 kb [ 23 ]. A notable feature is that the variant adenosine 5′-triphos-
phate (ATP)-binding motif of the mouse Ryk PTK domain (glycine-rich loop or 
subdomain I) is encoded by exons 8 and 9. This vital motif is encoded by a single 
exon in most RTKs.  

15.3.3     Promoter Structures 

  RYK  subfamily promoters are largely uncharacterized. The human  RYK  transcrip-
tion start site has not been mapped experimentally but is predicted to lie within a 
CpG island that contains the translation initiation methionine codon, a feature 
shared with the mouse  Ryk  gene [ 23 ]. The mouse  Ryk  gene promoter overlaps an 
unmethylated CpG island that encompasses exon 1 and contains a TATA box, puta-
tive transcription factor-binding sites, and a single transcription start site [ 23 ]. The 
human  RYK  and mouse  Ryk  pseudogenes are not transcribed [ 15 ,  16 ]. 

  Drosophila drl  enhancers that drive reporter gene expression in four distinct sub-
types of embryonic neurons, all of which project axons in the anterior commissure 
(AC) of the developing central nervous system (CNS), were identifi ed by Bonkowsky 
and Thomas [ 24 ]. Distinct enhancers responsible for driving  drl  expression in mus-
cles and epidermal attachment cells were also defi ned [ 24 ]. Expression of  drl  mRNA 
was regulated by the homeotic  Sex combs reduced  ( Scr ) gene and its downstream 
target gene, the transcription factor  fork head (fkh) , in salivary placodes [ 25 ]. 
The  nerfi n-1  gene, required for proper development of commissural and connective 
axon fascicles, was essential for the proper expression of  drl  and  Wnt5a  [ 26 ].  
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15.3.4      RYK  mRNA Structure and Alternative Splicing 

 Two mature polyadenylated transcript variants, each approximately 3.4 kb, were 
found to be generated by alternative splicing of the human  RYK  primary RNA tran-
scribed from the active locus at 3q22 [ 8 ,  27 ]. Additional hybridization signals, pos-
sibly representing signifi cantly longer  RYK  transcripts, were seen on a Northern blot 
of human placental RNA [ 27 ]. Use of alternative splice acceptor sites in the same 
(type I) reading frame at the junction of intron 8 and exon 9 of both human and 
mouse  RYK  primary RNAs results in the splicing in (NCBI Reference Sequences 
NM_001005861.2 and NM_013649.3, respectively) or splicing out (NCBI 
Reference Sequences: NM_002958.3 and NM_001042607.1, respectively) of RNA 
encoding the tripeptide (bolded) PITS 297  SLG YPTL (human) or PITS 281  SSG YPTL 
(mouse) in the cytoplasmic juxtamembrane region (Fig.  15.1 ) [ 27 ]. Use of an alter-
native, in-frame, and noncanonical yet conserved TG 3′-splice acceptor site gener-
ated the mRNA encoding a tripeptide insertion in  Ryk  transcripts from at least 10 
vertebrate species [ 28 ]. The functional signifi cance of this alternative splicing 
event—if any—is unknown. 

 An alternatively spliced mouse  Ryk  mRNA (NCBI Reference Sequence 
NM_001284258.1) encoding a predicted mouse isoform 3 precursor resulted from 
skipping of exon 2. Predicted in-frame initiation of translation at exon 3M117 may 
result in an N-terminally truncated Ryk isoform. Two alternative polyadenylation 
signals, both of which perfectly match the consensus sequence AATAAA, are used in 
3′-end processing of the mouse  Ryk  primary transcript and reside in exon 15 [ 2 ,  23 ]. 

 Vorlová et al. identifi ed a splice variant of human  RYK  resulting from the 
 retention of intron 6 and subsequent use of an alternative polyadenylation signal [ 29 ]. 
This was a regulated feature of splicing and mRNA 3′-end processing common to 
human RTKs that led to the expression of soluble decoy or membrane-anchored 
PTK domain-negative receptor chains. In the case of the truncated human  RYK  
transcript, exon 6 sequences encoding the transmembrane helix were present and an 
alternative polyadenylation signal in intron 6 was utilized. The resulting transcript 
was predicted to encode a 313-residue transmembrane chain (isoform 3 precursor; 
Fig.  15.1 ) with the unique carboxyl-terminus RYCTYFGKEKK-COOH [ 29 ], which 
may represent a forward signaling-defective RYK isoform.  

15.3.5     mRNA Expression Patterns 

15.3.5.1     Mammals 

 Northern blot analyses of human  RYK  mRNA demonstrated expression in melano-
cytes, pancreas, kidney, skeletal muscle, liver, lung, brain, heart, and placenta [ 13 , 
 27 ,  30 ]. In situ hybridization analysis of human  RYK  localized mRNA to the colonic 
epithelium and stroma; mammary epithelium; alveolar epithelium and the smooth 
muscle and epithelium of larger airways in the developing lung; cortical layers of 
the embryonic brain; and the renal cortex [ 30 ]. 
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 Northern blot analysis of  Ryk  transcripts from adult rat tissues showed broad 
expression, with the notable absence of mRNA from liver and spleen [ 31 ].  Ryk  
mRNA expression in the rat brain during development showed abundant mRNA at 
embryonic days (E) 13–18, which decreased by E20 [ 31 ]. Postnatal cerebrum at 
week 1 and cerebellum at week 2 were enriched for  Ryk  mRNA relative to later 
stages [ 31 ]. In situ hybridization analysis of embryonic  Ryk  mRNA showed expres-
sion throughout the rat central nervous system, with the highest levels in the E11 
telencephalon, mesencephalon, branchial arches, tail, dorsal root ganglia and spinal 
cord, and at E13 in limb buds and retina [ 31 ]. In situ hybridization and quantitative 
reverse transcription (RT)-PCR analyses demonstrated mouse  Ryk  mRNA expres-
sion in tyrosine hydroxylase-positive dopaminergic neurons [ 32 ]. 

 Embryonic mouse  Ryk  promoter activity, visualized using the surrogate enzy-
matic activity of a knock-in β-galactosidase-neomycin phosphotransferase II (βgeo) 
fusion from  Ryk    βgeo  , showed strong and broad activation in most tissues from mid- 
embryogenesis [ 33 ]. βgeo expression in the mouse telencephalon, the embryonic 
structure from which the mature cerebrum develops, was fi rst detectable at E10.5, 
peaked at E12.5, and was sustained until E14.5, after which time it decreased and 
was expressed at the limit of detection by E18.5 [ 34 ]. At E12.5 and E14.5, βgeo 
expression was observed in the dorsal and ventral regions of the ventricular zone 
(VZ) and the medial and lateral ganglionic eminences (MGE and LGE, respec-
tively). βgeo in the E14.5 cortical plate indicated  Ryk  promoter activity in both 
mitotic and postmitotic neurons. Colocalization of βgeo with the neural progenitor 
cell (NPC) marker Nestin in the VZ of the LGE was observed, and also in Nestin- 
negative cells of the subventricular and mantle zones [ 34 ]. In E14.5  Ryk   βgeo/βgeo   limbs, 
reporter activity was ubiquitous and enriched in chondrocytes and osetoblasts of the 
humerus [ 35 ]. Northern blot and RNase protection analyses of mouse  Ryk  revealed 
a similar distribution to the human, with mRNA detected in placenta, ovary, testes, 
thymus (embryonic and adult), lymph node, bone marrow (upregulated by 
5- fl uorouracil treatment and enriched in the Lin +  population), liver (embryonic and 
adult), E9–E11 yolk sac, lung, kidney, spleen, brain (embryonic and adult), placenta 
(E12-term), salivary gland, heart, skeletal muscle, eye, purifi ed erythroid progeni-
tors, stomach, duodenum, uterus, and tongue [ 2 – 6 ]. 

 In situ hybridization signals for mouse  Ryk  were observed in a differentiation 
stage-specifi c manner in various mouse epithelial tissues: crypts and the lower half 
of villi in the small intestine; the basal layer and replicating papillae of the dorsal 
tongue; the basal layer of the ventral tongue; the lower, dividing bulb region of the 
hair follicle; and the embryonic and postnatal dermis [ 36 ].  Ryk  mRNA was seen in 
the inner cell mass, consistent with  Ryk  expression in embryonic stem cells, but was 
much more abundant in decidualizing maternal uterine stroma [ 6 ,  33 ,  36 ].  Ryk  
mRNA was enriched in the microvascular endothelial cell fraction freshly isolated 
from adult mouse lung [ 37 ]. In postnatal rat brain,  Ryk  mRNA was detected in neu-
rons from a variety of locations: the hippocampus; cerebral cortex; Purkinje and 
granular cells of the cerebellum; the facial, olfactory, pontine, medial vestibular, 
and spinal vestibular nuclei; and the periaqueductal gray matter [ 38 ]. At mouse 
E14.5 and rat E18 and E20,  Ryk  mRNA and protein were abundant in the VZ and 
cortical plate of the developing forebrain [ 31 ,  39 ].  
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15.3.5.2     Nonmammalian Vertebrates 

 RT-PCR and in situ hybridization demonstrated  Ryk  expression throughout  zebrafi sh 
development [ 40 ]. During somite stages,  Ryk  was expressed strongly in the develop-
ing somites and central nervous system. Beyond 30 h postfertilization,  Ryk  was 
highly expressed in the brain, heart, eyes, and posterior tail. At four days postfertil-
ization, strong  Ryk  expression was observed in the lining of the ventricular zones 
and in the notochord [ 40 ]. In  X. laevis ,  XRyk  mRNA was expressed both maternally 
and zygotically throughout early development [ 41 ,  42 ]. Dorsal marginal zone cells 
expressed  XRyk  mRNA during the gastrula stages. At later stages,  XRyk  mRNA was 
localized to structures in the head including the eyes, otic vesicle, and branchial 
arches [ 41 ] and pronephros [ 42 ].  

15.3.5.3     Invertebrates 

 Messenger RNA encoding DRL was detected at ~6 h postfertilization (hpf) in 
 Drosophila  salivary placodes [ 25 ]. At 12 hpf,  Drosophila drl  promoter activity visu-
alized using an enhancer trap or reporter transgene revealed activation in a heterog-
enous population of ~50 pathfi nding embryonic neurons per body segment. Neurons 
positive for  drl  represented four neuronal populations in which  drl  expression is 
dependent upon enhancer elements  drlR ,  drlT ,  drlU , and  drlZ , all of which project 
axons across the ventral midline in the AC of each segment [ 17 ,  24 ,  43 ]. In situ 
hybridization revealed co-expression of  drl  and  Src64B  mRNAs in the ventral nerve 
cord (VNC) at the anterior portion of each body segment [ 44 ]. Activation of a  drl  
enhancer trap was also observed in the actively migrating distal tip cells of embry-
onic  Drosophila  salivary glands at 12 hpf [ 25 ]. 

 The  Drosophila dnt  transcript was detected by in situ hybridization during 
embryogenesis in a series of dynamic domains in the epidermis. Expression of  dnt  
mRNA peaks at 4–6 hpf, 2 h prior to maximal  drl  expression. Notably,  dnt  only 
partially rescues the  drl  muscle attachment phenotype [ 21 ], suggesting diversifi -
cation of function. A  P -element insertion in the  dnt  locus affected several body 
size- related traits, including wing size, thorax length, and head and face width [ 45 ]. 
Expression of both  dnt  and  drl  was detectable throughout subsequent stages of the 
 Drosophila  life cycle [ 46 ]. Many of the embryonic regions of  dnt  expression bor-
dered sites of epithelial invagination, including the ventral and cephalic furrows, 
foregut, hindgut, optic lobe, and characteristic rings surrounding tracheal primordia 
that resemble doughnuts [ 21 ,  22 ].  Drl-2  was expressed in subsets of neurons in the 
central nervous system, and in antennal lobe (AL) neurons during development [ 20 , 
 47 ]. The developmental phenotypes of  drl ,  Drl-2 , and  dnt  mutants have been 
recently summarized [ 48 ,  49 ]. 

 In the nematode  C. elegans , transcription of the  RYK  ortholog  lin-18  was revealed 
by a  lin-18 :: gfp  transgene. LIN-18::GFP expression was observed in neurons, body 
wall musculature, the vulva [ 50 ], and pharyngeal muscle cells [ 51 ]. At the L3−L4 
stages, the multipotent vulval precursor cells (VPCs) P5.p, P6.p, P7.p and all their 
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descendants expressed LIN-18::GFP or a nuclear-localized LIN-18::DsRed2 
reporter fusion [ 50 ]. Although a product of γ-secretase cleavage of LIN-18::GFP 
was not detectable by Western blotting [ 51 ], its labile nature may require the use of 
a proteasome inhibitor.    

15.4     RYK Proteins 

15.4.1     Primary Sequence 

 Translation of the two human  RYK  mRNAs generated by alternative splicing 
of exon 9 generates two corresponding isoforms of 610 (isoform 1 precursor; NCBI 
Reference Sequence NP_001005861.1) and 607 (isoform 2 precursor; NCBI 
Reference Sequence NP_002949.2) residues in length, including the amino- terminal 
signal peptide. As noted before, retention of intron 6 is coupled with the use of 
an alternative polyadenylation site that encodes a predicted transmembrane 
human RYK (isoform 3 precursor) with the predicted cytoplasmic sequence 
MKRIELDD RYCTYFGKEKK -COOH (unique carboxyl-terminus bolded) and 
no PTK domain [ 29 ]. 

 Two mouse Ryk isoforms are encoded by exon 9 splice variants analogous to 
those in human, resulting in polypeptides of 594 (isoform 1 precursor; NCBI 
Reference Sequence NP_038677.3) and 591 (isoform 2 precursor; NCBI Reference 
Sequence NP_001036072.1) residues, respectively. Skipping of exon 2 results in a 
transcript predicted to encode an N-terminally truncated 475-residue polypeptide 
(isoform 3 precursor) resulting from initiation of translation at an in-frame ATG 
codon.  

15.4.2     Domain Organization 

 RYK subfamily members share the same basic domain organization (Figs.  15.1  and 
 15.2 ). Like all other RTKs, RYK proteins display a type I transmembrane topology 
with an extracellular amino-terminus, single-pass hydrophobic transmembrane 
helix, and intracellular carboxyl-terminus. RYK proteins have a signal peptide at the 
extreme amino-terminus, predicted to consist of residues 1–46 for human RYK and 
1–34 for mouse Ryk (  http://www.cbs.dtu.dk/services/SignalP    , viewed November 
2014; Fig.  15.2 ). A Wnt inhibitory factor (WIF) domain, so named by virtue of its 
strong sequence homology with the Wnt-binding domain of the secreted WIF-1 
protein [ 10 ,  52 ], encompasses the majority of the RYK extracellular region.  

 The intracellular region of full-length RYK subfamily members includes a juxta-
membrane segment that is longer than that of most RTKs and that contains two 
serine/threonine-rich clusters (Fig.  15.2 ) [ 7 ]. This is followed by a single PTK 
domain that exhibits several subtle yet characteristic subfamily-specifi c sequence 
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variations in catalytically important but dispersed subdomains that are the signature 
of the conserved PTK fold (Fig.  15.2 ) [ 1 ,  53 ]. The glycine-rich loop (also referred 
to as the phosphate-binding loop or subdomain I; sequence consensus GXGXXG), 
located between protein kinase (PK) strands β1 and β2, normally functions to anchor 
the phosphate groups of bound ATP through contacts with the peptide backbone. 
All RYK subfamily members deviate from the glycine-rich loop consensus by vir-
tue of a substitution of the fi rst glycyl with a residue projecting a bulky side chain 
that is expected to signifi cantly distort the ATP-binding pocket (Fig.  15.2 ; RYK 
subfamily consensus:  X XGXXG, where  X  is  Q  in mammals, DRL and DNT;  K  in 
DRL-2;  M  in LIN-18;  H  in zebrafi sh and  X. laevis ; and  L  in  S. purpuratus ). The 
glycine-rich loops of the human RTKs ROR1, ROR2, CCK4/PTK7, and STYK1 
(GH C AFG, GH D RFG, GH S EFG, and  C SGSCG, respectively) also show substi-
tutions (bolded) in one of the consensus subdomain I glycine residues. Mouse 
Ryk, DRL, and the human RTKs ROR1, ROR2, and CCK4/PTK7 lack in vitro ATP- 
binding activity and/or phosphotransferase activity [ 11 ,  12 ,  54 ,  55 ], but these func-
tions of STYK1 have not yet been examined. 

 The catalytic loop (also referred to as subdomain VIb; consensus: HRDLXXXN) 
lies between PK strands β6 and β7. The asparaginyl (N)-oriented aspartyl (D) of the 
catalytic loop interacts with the attacking hydroxyl of the phosphoacceptor tyrosine 
residue. These catalytic residues are embedded within the sequence H( K/N/R )
DXXXXN in RYK subfamily members (Fig.  15.2 ; where the second position is R 
in mouse, N in LIN-18, and K in all others). Substitution of the consensus arginine 
residue (R) is also present in the catalytic loops of the human pseudokinases ROR1, 
ROR2, CCK4/PTK7, and STYK1 (H K DLAARN, H K DLATRN, H K DLAARN, 
and H G DVAARN, respectively). However, given that the arginine residue in 
H R DLXXXN is conserved only among eukaryotic protein kinases and the presence 
of the consensus R residue at position two in mouse Ryk, these substitutions by 
themselves are not predicted to be inactivating. 

 The aspartyl (D) of subdomain VII (also known as the Mg 2+ -positioning loop; 
consensus DFG), which lies between PK strands β8 and β9 at the beginning of 
the activation loop, is a residue vital for catalysis that forms polar contacts with all 
three ATP phosphates, either directly or via coordinating Mg 2+  ions. In the active 
(“DFG-in”) state of all protein kinases, the consensus phenylalanine residue of the 
DFG motif packs into a hydrophobic pocket between one residue from the N-lobe 
and one residue from the C-lobe to form a hydrophobic regulatory (R) spine that 
orients the aspartyl for catalysis [ 56 ]. Assembly of the R spine is dynamically regu-
lated, often by phosphorylation of one or more activation loop residues, but also by 
other mechanisms. RYK subfamily members display signature substitutions at the 
second and third positions of subdomain VII (Fig.  15.2 ) that are of unknown func-
tional signifi cance. For example, human and mouse RYK both exhibit the sequence 
DNA (Asp-Asn-Ala) in subdomain VII [ 7 ,  8 ]. 

 The extreme carboxyl-terminus of both human and mouse RYK exhibits the 
sequence GAYV-COOH and acts as a PDZ-binding motif [ 33 ,  57 ]. Similar motifs 
are conserved in other RYK subfamily members (Fig.  15.2 ), and deletion of the 
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putative PDZ-binding peptide from DRL abrogated its interaction with SRC64B 
and, in a transgenic  Drosophila  gain-of-function axon commissure-switching assay, 
reduced the frequency of switching by ~35 % [ 54 ].  

15.4.3     Posttranslational Modifi cations 

15.4.3.1     Sequential Proteolytic Cleavage 

 The full-length mouse Ryk protein (lacking the signal peptide; Ryk-FL) undergoes 
sequential proteolytic cleavage in the extracellular and transmembrane regions 
(Fig.  15.3 ). A conserved tetrabasic sequence just within the carboxyl-terminal end 
of the RYK WIF domain represents a predicted substrate for members of the pro-
protein convertase family that appears to be cleaved during or after transit through 
the secretory pathway [ 58 – 60 ]. Substitutions in this putative tetrabasic cleavage 
(TBC) motif interfere with generation of a ~55 kDa carboxy-terminal transmem-
brane Ryk fragment (Ryk-CTF55) [ 59 ] which is likely disulfi de bonded to the 
 corresponding amino-terminal fragment [ 40 ]. The functional importance of the 
intra-WIF domain TBC motif—which is not recognizable in WIF1 [ 61 ]—is exem-
plifi ed by the complete loss of activity of the DRL ΔTBC  receptor in a transgenic 
 Drosophila  gain-of-function axon commissure-switching assay [ 54 ]. Ryk-FL is 
a substrate for a metalloprotease activity that cleaves the extracellular region at a 
membrane-proximal site to liberate a water-soluble ~30 kDa amino-terminal frag-
ment, termed Ryk-NTF, from the cell surface [ 39 ,  59 ,  62 ,  63 ] (Fig.  15.3 ).  

 The ~45 kDa carboxy-terminal product of metalloprotease-mediated cleavage of 
Ryk-FL, termed Ryk-CTF45, remains embedded in the plasma membrane [ 39 ,  62 ]. 
Ryk-CTF45 is a substrate for intramembranous cleavage by the γ-secretase  complex 
[ 39 ]. Type I integral membrane proteins with less than 40 amino acid residues in 
their extracellular region are potential substrates for γ-secretase [ 64 ,  65 ], but unde-
fi ned cryptic structural features of genuine substrates appear to restrict cleavage to 
a select subset [ 66 ]. The γ-secretase cleavage sites in Ryk-CTF have not been 
mapped, but based upon the location of sites in bona fi de substrates such as 
APP, Notch, and E-cadherin [ 67 ], they are expected to lie in the hydrophobic trans-
membrane helix or at the interface of the transmembrane helix and intracellular 
region. This prediction is consistent with the release of a water-soluble ~42 kDa 
intracellular fragment, Ryk-ICF, from Ryk-CTF45 [ 39 ,  62 ]. The predicted ~3 kDa 
peptide amino-terminal to the site(s) of γ-secretase-mediated cleavage (named Rβ 
by analogy to the Aβ peptides generated by the sequential action of β- and 
γ-secretases on the amyloid precursor protein APP [ 67 ]) is predicted to be released 
into the extracellular space (Fig.  15.3 ). 

 Chemical inhibitors of γ-secretase completely block further proteolytic process-
ing of Ryk-CTF45 [ 39 ].  Psen1  −/−  fi broblasts are impaired in processing Ryk-CTF45 
[ 39 ], but  Psen1  −⁄− ; Psen2  −⁄−  fi broblasts that completely lack γ-secretase activity 
 generate further reduced but nevertheless detectable amounts of Ryk-ICF (MMH, 
MLM, and SAS, unpublished). These fi ndings indicate that other proteases sensi-
tive to γ-secretase inhibitors can process Ryk-CTF45 into Ryk-ICF and Rβ.  
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15.4.3.2     Glycosylation 

 The human RYK extracellular region, following predicted signal peptide cleavage 
between residues 46 and 47, displays potential  O -linked glycosylation sites at S57, 
S59, S204, T210, S211, and T213 (all outside the WIF domain; predicted by 
NetOGlyc 4.0 Server   http://www.cbs.dtu.dk/services/NetOGlyc/    ; viewed November 
2014) and potential  N -linked glycosylation sites at N139, N174, N178 (all within 
the WIF domain), N182, and N209 (predicted by NetNGlyc 1.0 Server;   http://www.
cbs.dtu.dk/services/NetNGlyc/    ; viewed November 2014; Fig.  15.1 ; Table “Receptor 
at a Glance”). Treatment of immunoprecipitated and denatured mouse Ryk with 
peptide  N -glycosidase F reduces its apparent molecular weight in SDS-PAGE, indi-
cating that the extracellular region does indeed bear  N -linked glycans (MMH and 
SAS, unpublished).  
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  Fig. 15.3    Schematic representation of posttranslational proteolytic cleavage events in RYK 
 subfamily members. ( a ) Cleavage of Ryk-FL between the WIF domain cystine residues, probably 
by a proprotein convertase, can generate a disulfi de-linked heterodimeric receptor. It is unclear 
whether this is necessary for subsequent cleavage events. ( b ) Metalloprotease-mediated cleavage 
within the extracellular juxtamembrane region of Ryk-FL generates Ryk-NTF and membrane- 
bound Ryk-CTF45. ( c ) Ryk-NTF is shed into the extracellular space and studies in  Drosophila  
implicate it as a Wnt antagonist via ligand sequestration from receptors. ( d ) The γ-secretase com-
plex cleaves Ryk-CTF45 to release Ryk-ICF into the cytoplasm; the small Rβ peptide is likely shed 
into the extracellular space       
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15.4.3.3     Disulfi de Bonding 

 The zebrafi sh Ryk extracellular region was shown to be disulfi de bonded 
bet ween cystine residues 155 and 188 (corresponding to residues C159 and C194 of 
human RYK) within the WIF domain, and this disulfi de was essential for 
co- immunoprecipitation of Wnt5b [ 40 ]. It is likely that this disulfi de bond can form 
in all RYK orthologs given that these cysteine residues are absolutely conserved in 
all RYK subfamily members (Fig.  15.2 ) and all WIF-1 orthologs [ 61 ]. The disulfi de 
bond in zebrafi sh Ryk was shown to maintain covalent interchain association after 
cleavage of the extracellular region [ 40 ] (Fig.  15.3 ). The cleavage event likely 
involves the TBC site that lies between C155 and C188 of zebrafi sh Ryk.  

15.4.3.4     Phosphorylation 

 RYK subfamily members possess many potential phosphorylation sites in their 
intracellular regions. Although autophosphorylation activity on seryl, threonyl, or 
tyrosyl has not been reported, mouse Ryk and DRL were phosphorylated on tyro-
sine residues when co-expressed with EphB2 or EphB3 [ 33 ] or SRC64B [ 44 ]. In a 
mouse osteosarcoma xenograft model, strong phosphorylation of human RYK on 
tyrosine residues was downregulated by imatinib mesylate treatment [ 68 ]. The loca-
tions of these phosphotyrosine residues have not been mapped and their role in 
signaling—if any—remains unknown.  

15.4.3.5     Ubiquitylation 

 The labile mouse Ryk-ICF is polyubiquitylated and subsequently degraded by the 
26 S proteasome. This catabolic pathway is antagonized by association of Ryk-ICF 
with Cdc37, via PTK subdomains III−XI (amino acids 367−579) of mouse Ryk, 
which apparently functions to promote Ryk-ICF translocation to the nucleus [ 62 ]. 
Berndt et al. [ 69 ] demonstrated that the ubiquitin E3 ligase Mindbomb 1 (MIB1) 
induced polyubiquitylation of the human and mouse Ryk intracellular regions and 
their subsequent degradation by the 26 S proteasome and lysosomes. Ryk turnover 
was dependent on its extracellular region and an intact MIB1 RING domain, but 
independent of Ryk cleavage by γ-secretase [ 69 ]. In a systematic and quantitative 
assessment of the ubiquitin-modifi ed proteome, lysyl 356 in the human RYK pep-
tide NH 2 -GILIDE K DPNKEK-COOH from the PTK domain was identifi ed as a 
site of polyubiquitylation in HCT116 cells treated with the proteasome inhibitor 
bortezomib [ 70 ]. 

 Moffat et al. [ 71 ] identifi ed the  C. elegans  PLR-1 protein, the ancestor of the 
RNF43 and ZNRF3 transmembrane E3 ubiquitin ligases, as a negative regulator of 
Wnt signaling in the AVG neuron. The activities of Wnts CWN-1 and CWN-2 via 
their receptors CAM-1/Ror and LIN-18/Ryk were antagonized by PLR-1 in a manner 
dependent upon the function of Frizzleds (MIG-1, LIN-17, CFZ-2, and/or MOM-5). 
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PLR-1 was demonstrated to reduce cell surface levels of Frizzleds, CAM-1/Ror, and 
LIN-18/Ryk through an endosomal mechanism likely to involve E3 ubiquitin ligase 
activity towards Frizzleds. In mammals, LGR family receptors function to neutralize 
RNF43 and ZNFR3 in an R-Spondin-dependent manner by nucleating formation of 
a ternary complex that is cleared from the cell surface, thereby derepressing Frizzled 
activity [ 72 ].   

15.4.4    RYK Subfamily Members are Group 2 Pseudokinases 

 Sequence alignments reveal that approximately 10 % of human and mouse kinome 
members display variations in peptide subdomains normally conserved in the pro-
tein kinase domain [ 15 ,  16 ]. Extensive structural and biochemical analyses of active 
PTKs have defi ned roles for these canonical residues in Mg 2+ -ATP binding or in 
catalysis of γ-phosphate group transfer from ATP to the acceptor tyrosine residue in 
the protein substrate [ 73 ]. PTKs with variant subdomains are classifi ed as pseudo-
kinases, until proven otherwise, by virtue of their predicted catalytic inactivity. 
Inevitably, some of these predictions have proven to be incorrect (e.g., ERBB3 is a 
low-activity kinase [ 74 ]; CASK is a Mg 2+ -independent kinase [ 75 ]; the JH2 domain 
of JAK2 is a dual-specifi city, low-activity protein kinase [ 76 ]), and different groups 
have made contradictory predictions regarding the capacity of variant PTK domains 
to catalyze phosphoryl transfer. On the basis of current evidence, we endorse clas-
sifi cation of members of the RYK subfamily as Group 2 pseudokinases according to 
the nomenclature system proposed by Zeqiraj and van Aalten [ 77 ]. The subclass of 
Group 2 pseudokinases exemplifi ed by RYK subfamily members is representative 
of those with an absence of evidence for intrinsic PTK activity but without struc-
tural confi rmation of this fi nding. 

 While some have predictively classifi ed RYK subfamily members as active 
kinases [ 15 ,  16 ,  78 ], no credible biochemical evidence of intrinsic kinase activity by 
a wild-type RYK protein has ever been reported to our knowledge. Overexpression 
of full-length RYK transformed NIH/3T3 cells and conferred tumorigenicity 
to xenografts in immunocompromised mice [ 79 ,  80 ]. However, other groups— 
including our own—have not replicated RYK-mediated transformation of cultured 
immortalized cells or tumorigenicity in vivo. 

 The soundest evidence in support of a pseudokinase classifi cation for RYK sub-
family members is the study of a K371A substitution within subdomain II of the 
 Drosophila  RYK ortholog DRL. Substitution of this residue destroyed the phospho-
ryl transferase activity of most PTKs [ 81 ] (although the  w ith- n o- k inase (WNK) 
 subfamily is a notable exception [ 82 ]), but did not impair the in vivo biological 
activity of DRL K371A  in a dominant gain-of-function commissure-switching assay or 
in phenotypic rescue of muscle attachment or antennal lobe development in  drl  
mutants [ 83 ,  84 ]. 

 Axon guidance defects in the MB of  Drosophila drl / lio  mutants were rescued by 
expression of DRL K371A  or DRL Δintra  (a truncated receptor lacking the intracellular 
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region) [ 85 ]. When expressed in a wild-type background, however, these proteins 
caused gain-of-function phenotypes in the MB more potently than overexpression 
of wild-type Drl protein [ 85 ]. While the authors interpreted these fi ndings as evi-
dence for an autoregulatory role for DRL PTK activity (for which no evidence was 
provided), other functions of the intracellular domain may be affected by K371A 
and/or increased gene dosage in these transgenic fl ies. In contrast, Yoshikawa et al. 
found no effect of overexpression of a similar DRL Δintra  protein on axon pathfi nding 
in the  Drosophila  VNC [ 9 ], suggesting that any autoregulatory role of the DRL 
intracellular region inferred from gain-of-function phenotypes is specifi c to the MB. 

 Detailed biochemical and structural analyses of a representative RYK subfamily 
PTK domain are needed to conclusively establish whether members of this subfam-
ily are genuine Group 2 pseudokinases or if they possess the structural plasticity 
to exhibit PTK activity under a highly specifi c set of conditions [ 77 ,  78 ,  86 ]. 
Alternatively, RYK subfamily-specifi c changes to the PTK domain may indeed 
refl ect the loss of ATP-binding and phosphotransferase activity, but with retention 
of the capacity to function as an allosteric activator of, or scaffold for, interacting 
proteins [ 55 ]. The nuclear-localized intracellular fragment of the ErbB4 RTK 
has, for example, been demonstrated to complex with and chaperone the nuclear 
 translocation of transcriptional regulators [ 87 ]. Another possibility is that RYK 
 subfamily members have evolved to catalyze an orthogonal biochemical transfor-
mation, such as the phosphorylation of nonprotein (e.g., lipid) substrates.  

15.4.5     Protein Expression Patterns 

15.4.5.1     Mammals 

 Immunohistochemical analysis of human RYK protein has revealed expression in 
islets of Langerhans in the pancreas; hepatocytes in the liver; tubular cells in the 
kidney; enterocytes on the villus tips in the small intestine; epithelium and smooth 
muscle in the vas deferens; epithelium of the Fallopian tubes; vascular smooth mus-
cle, surface epithelium, smooth muscle, and stroma of the ovary; lobular acini and 
ductal epithelium of the breast; vascular smooth muscle of the lung; myocardium 
and blood vessels in the heart; red pulp of the spleen; sinus histiocytes in lymph 
nodes; squamous epithelium and lymphoid follicles in the tonsil; epithelial cells 
of the thyroid gland; blood vessels and ependyma of the brain; secretory but not 
proliferative endometrium; skeletal muscle; and a notable lack of signal in the pros-
tate gland [ 79 ]. 

 Immunohistochemical analyses of mouse Ryk revealed a broad distribution of 
expression [ 23 ,  36 ]. The collecting tubule epithelium, but not glomeruli, immediately 
beneath the renal cortex displayed strong staining that decreased towards the pelvic 
region. E16 hair follicles showed strong expression of Ryk. Hepatocytes in liver lobules 
and E14 myocardium were uniformly stained. Expression in the spleen was restricted 
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to the red pulp. The small intestine showed staining associated with villi on enterocytes 
and stroma, but not crypts. The mucosa of the large intestine had staining on connective 
tissue surrounding intestinal glands. The adrenal cortex, but not medulla, showed strong 
Ryk expression. 

 Ryk was expressed on descending corticospinal tract (CST) axons in the neona-
tal mouse spinal cord [ 88 ]. Co-expression of Ryk with mouse TUJ1 (βIII-tubulin), 
a marker of immature neurons, and rat MAP2 (microtubule-associated protein 2), a 
marker of mature neurons, was observed in the cortical plate [ 31 ,  39 ,  89 ]. In 35 % 
of TUJ1 +  mouse neurons, Ryk was localized to the nucleus [ 39 ]. Co-expression with 
the neural stem cell marker Nestin was demonstrated in the VZ [ 38 ,  39 ,  89 ]. 
In mouse Nestin +  neural stem cells, Ryk was localized to the nucleus in only 10 % 
of cells [ 39 ]. Rat Ryk protein expression was observed in neural pregenitor cells 
(NPCs) and neurons in the forebrain (VZ and cortical plate) and embryonic spinal 
cord [ 89 ]. All neurons in primary cultures of rat cerebrum expressed Ryk, as well as 
many oligodendrocytes, O-2A progenitor cells, and type 2 astrocytes but not type 1 
astrocytes or microglia. 

 Immunofl uorescent analysis of pyramidal neurons from sensorimotor cortex 
 isolated from 0- to 3-day-old golden Syrian hamsters and cultured for 2−3 days 
before staining showed Ryk expression over entire neurons [ 90 ]. All layers of the 
mouse cortex, and callosal axons and fascicles as they cross the midline and enter 
the contralateral hemisphere, were observed to express Ryk protein at E18 [ 91 ]. 

 Analysis of Ryk on cells from adult mouse bone marrow by fl ow cytometry 
revealed expression on 23.6 % of hematopoietic stem cells, with subsequent down-
regulation during the transition to lineage-restricted multipotent progenitors [ 92 ]. 
A notable exception was the megakaryocyte progenitor population, of which 29.6 % 
maintained Ryk expression. These fi ndings are consistent with transcriptome- 
profi ling studies [ 93 ,  94 ], indicating concordance of  Ryk  mRNA and protein levels 
and their general decline as hematopoietic stem cells differentiate into lineage- 
committed progenitor cells.   

15.4.5.2     Invertebrates 

 Third instar  Drosophila  larvae expressed DRL in the muscle at glutamatergic 
 neuromuscular junctions [ 95 ]. Mesodermal precursors to  Drosophila  ventral body 
wall muscles 21−23 in embryonic abdominal hemisegments A2−A7 began to 
express DRL at 10 hpf. As they extended towards their epidermal attachment sites, 
they upregulated  drl  mRNA and protein by hour 13. During attachment site selec-
tion, DRL was enriched near the tips of muscles 21−23. Following the completion 
of attachment at 15 hpf,  drl  protein and mRNA were downregulated. Stripes of DRL 
expression 3−4 cells wide in the epidermis of abdominal hemisegments A2–A7 
were detectable at hour 6; these subsequently became restricted to cells near the 
segmental grooves. Posterior expansion of the DRL expression domain from 
the lateral aspects of the grooves at hour 9.5 generated broad patches of DRL +  
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epidermal cells that overlaid the developing progenitors of muscles 21−23. These 
patches condensed by hour 11, each segregating into two clusters located near the 
dorsal and ventral attachment sites of muscles 21–23. Further refi nement of DRL 
expression to discrete 15-cell clusters occurred by 12.5 hpf; these clusters abutted 
and partially overlapped the epidermal attachment cell clusters for muscles 21–23. 
Expression in the epidermis was undetectable by 15 hpf [ 96 ]. 

 Expression of DRL in the developing embryonic brain was observed on commis-
sural tracts close to axonal growth cones from the MB primordia [ 97 ]. Inter-
hemispheric DRL +  glial cells were found in the third instar larval brain, which 
wrapped around MB lobes [ 97 – 99 ]. At the same stage, DRL expression was also 
observed in thoracic and abdominal ganglia, the optic lobes and on afferent photo-
receptor axons [ 97 ]. 

 In the developing pupal olfactory system of  Drosophila , DRL was expressed on 
the dendrites of projection neurons (PNs) located within the neuropil of the AL and 
by glial cells found in the commissure connecting the bilateral ALs [ 20 ,  84 ,  100 ]. 
DRL-2 protein was observed on largely distinct cell populations: initially on olfac-
tory receptor neurons (ORNs) navigating towards the AL in a lateral tract and in a 
distinct region adjacent to the site of ORN exit from the dorsal AL [ 20 ]. Increasing 
numbers of ORNs in both lateral and medial axon tracts expressed DRL-2 at later 
developmental stages. DRL-2 was also present in several AL glomeruli [ 20 ].   

15.5     Insights into the Biological Roles of RYK 

15.5.1     RYK Extracellular Region 

 WIF-1 is a secreted protein that binds members of the  W ingless/i nt -1 (Wnt) family via 
an amino-terminal domain [ 52 ]. Patthy was the fi rst to report signifi cant homology 
between this region of WIF-1 and a large portion of the extracellular region of RYK 
subfamily members, dubbing the conserved sequence the WIF domain [ 10 ] (Figs.  15.1  
and  15.2 ). This observation implied that the RYK WIF domain would bind Wnt pro-
teins; a prediction resoundingly verifi ed by the landmark identifi cation of WNT5 as a 
ligand of DRL in  Drosophila  by John B. Thomas and colleagues in 2003 [ 9 ]. 

15.5.1.1     Wnt-Activated Signaling Cascades 

 Encoded by fi ve genes in  C. elegans , seven in  Drosophila , and 19 in mammals, the 
Wnts are a large family of evolutionarily ancient secreted glycoproteins acylated 
at one or two residues [ 101 ,  102 ]. Via regulatory interactions with their agonists/
antagonists [ 72 ,  102 ,  103 ] and engagement of cell surface receptors [ 104 ], Wnts 
modulate a wide variety of downstream signaling pathways in a highly context- 
dependent fashion [ 105 ] to achieve pervasive regulatory control over an astonis-
hing variety of biological processes during embryonic development and adult 
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physiology [ 106 ], as well as—when deregulated—in pathologies such as cancer, 
 neurologic and infl ammatory conditions, and disorders of endocrine function and 
bone homeostasis [ 107 – 109 ]. 

 Wnts activate two biochemically distinct classes of cell signaling pathways: those 
dependent versus those independent of β-catenin as a signaling intermediate. 
Formation of a cell surface complex between Wnt and transmembrane Frizzled 
(Fzd) and LRP5/6 chains induces conformational changes in the receptors that are 
transduced into the cell interior. Subsequent phosphorylation of the LRP cytoplas-
mic tail leads to inhibition of the activity of a large destruction complex which oth-
erwise functions to create a GSK3- and CK1α-dependent phosphodegron on nascent 
β-catenin and promote its degradation by the 26 S proteasome [ 110 ]. Consequently, 
β-catenin is transiently stabilized and can translocate to the nucleus where it governs 
context-dependent transcriptional responses via association with members of the 
TCF/LEF transcription factor family (see the Wnt homepage for Wnt target genes: 
  http://www.stanford.edu/group/nusselab/cgi-bin/wnt    ; viewed November 2014). 

 β-Catenin-independent, also referred to as noncanonical or alternative, Wnt sig-
naling pathways are more heterogeneous with respect to molecular mechanisms and 
may simultaneously inhibit β-catenin-dependent signaling [ 111 ]. In general, these 
pathways regulate tissue morphogenesis through control of cell migration and 
polarization, rather than proliferation or fate specifi cation, but there are exceptions. 
A major determinant of the specifi c signaling pathway activated and the consequent 
cellular response to a Wnt is likely conferred by cellular context with respect to fac-
tors such as the expressed repertoire of receptors and signal transducers, rather than 
by a unique property of individual or subclasses of Wnt proteins [ 102 ].  

15.5.1.2     Insights from Vertebrate Model Organisms 

 Mouse Ryk co-immunoprecipitated Wnt1 or Wnt3a when both Ryk and Wnt were 
overexpressed in HEK293T cells, and their presence in a common complex was 
dependent upon the Ryk extracellular region [ 57 ]. The mouse Ryk extracellular 
region also co-immunoprecipitated Wnt5a in a WIF domain-dependent manner 
from lysates of transfected HEK293T cells [ 91 ]. Biochemical analyses revealed that 
mouse Ryk bound directly to Wnt1 and Wnt3a with dissociation constants of 7.9 nM 
and 4.5 nM, respectively [ 88 ,  112 ], demonstrating that Ryk is a high-affi nity Wnt 
receptor. The Ryk extracellular region co-immunoprecipitated the cysteine-rich 
Wnt-binding domain of mouse Fzd8 in a Wnt1-dependent manner from lysates of 
transfected HEK293T cells, demonstrating the likely formation of a heteromeric 
receptor complex [ 57 ]. 

 Most mice transgenic for a  Ryk  siRNA died after birth [ 57 ] as observed with 
 Ryk  −/−  neonates [ 33 ]. Analysis of  Ryk  siRNA embryos at E10.5 revealed that the 
glossopharyngeal and vagus nerves were connected prematurely and that axons of 
craniofacial motor neurons were less fasciculated. Axons in ophthalmic nerves were 
also less fasciculated and strayed posteriorly in E10.5  Ryk  siRNA embryos. Dorsal 
root ganglion (DRG) explants revealed that Ryk function was required for Wnt3a- 
induced neurite outgrowth. 
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 In the visual system, images are represented by the spatial activation pattern of a 
two-dimensional sheet of retinal ganglion cells (RGCs). During development, RGCs 
project axons to the superior colliculus (SC) or its nonmammalian homolog, the 
optic tectum (OT). Each axis of the retina (dorsal–ventral, DV; temporal–nasal, TN) 
is mapped to a corresponding axis of these midbrain visual centers (medial–lateral, 
ML; anterior–posterior, AP; respectively) independently using different receptor/
guidance molecule systems expressed in gradients. The outcome is the representa-
tion of each point in the retina with a point within the target, thereby forming a reti-
nocollicular or retinotopic map [ 113 ]. Positional information is transduced by EphB 
receptors, expressed on pathfi nding RGC axons in a V > D gradient, in response to 
an attractive M > L gradient of ephrinB in the SC/OT. 

 However, these gradients are insuffi cient to account for establishment of the ML 
map, and in 2006 Yimin Zou and colleagues provided compelling evidence for 
transduction of a repulsive signal by RGC axons via a V > D gradient of Ryk 
 expression in response to a M > L Wnt3 gradient in the chick OT and mouse SC 
[ 112 ]. In support of their model, Wnt3 overexpression in the chick OT caused RGC 
axons to avoid the expression zone, while expression in chick RGCs of a dominant-
negative Ryk lacking its intracellular region caused their termination zones in the 
OT to be shifted medially, as predicted, and in a direction opposite to that of RGC 
axons in which loss of EphB function had been engineered. Thus an attractive eph-
rinB gradient and a repulsive Wnt3 gradient in the same direction function in a 
complementary fashion to pattern the ML axis of the SC/OT. 

 The mammalian spinal cord functions like an axon superhighway, with outbound 
descending projections providing motor or regulatory innervation and ascending 
inbound axons delivering sensory input to higher brain centers. Wnts provide 
important developmental pathfi nding signals to navigating axons that direct them to 
project in an anterior or posterior direction, along the longitudinal axis of the spinal 
cord. An A > P gradient of mouse Wnt4 in the fl oor plate was demonstrated to pro-
vide an attractive signal for ascending commissural axons transduced by the Fzd3 
receptor after midline crossing [ 114 ]. In contrast, Wnt1 and Wnt5a were expressed 
in the neonatal dorsal spinal cord to form an A > P concentration gradient. These 
latter parallel Wnt gradients repelled descending corticospinal tract (CST) axons, 
which entered from the brain, in a posterior direction [ 88 ]. Insensitive to Wnt due to 
a lack of Ryk expression during the initial phase of their trajectory, the CST axons 
crossed the midline, entered the dorsal funiculus of the spinal cord, and then began 
to express Ryk. Signifi cantly, intrathecal injection of a neutralizing anti-Ryk poly-
clonal antibody blocked the posterior growth of CST axons [ 88 ]. 

 In the mouse corpus callosum, a large forebrain commissure that connects the 
left and right cerebral hemispheres to facilitate communication between them, 
 Ryk  −/−  axons crossed the midline but then showed aberrant trajectories and failed to 
fasciculate upon reaching the contralateral side [ 91 ]. Wnt5a was expressed in areas 
around the corpus callosum, and Wnt5a repelled Ryk-expressing but not  Ryk  −/−  
axons growing from cortical explants in vitro [ 91 ]. It may be that Ryk activity is 
subject to fi ne temporal regulation in callosal neurons crossing the midline such that 
while on the ipsilateral side, the chemorepulsive signal it transduces is silenced. 
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Using cortical slices or dissociated cortical neurons from hamsters in vitro, Wnt5a 
induced Ryk- and Fzd-dependent repulsive turning and simultaneously increased 
Ryk-mediated axon outgrowth, revealing a potential mechanism for the directed 
propulsion of cortical axons in vivo [ 90 ,  115 ]. 

 In addition to the spinal cord and corpus callosum, a Wnt5a gradient is an 
important cue for the growth and guidance of mouse ventral midbrain (VM) dopa-
minergic (DA) neurons. Dysfunction of DA neurons, which regulate voluntary 
movement, emotion, and reward, is implicated in serious human neurological 
and psychiatric disorders, including Parkinson’s disease, schizophrenia, attention-
defi cit/hyperactivity disorder, addiction, and major depressive disorder. Wnt5a 
promoted mouse VM DA axon elongation, retraction, and repulsion in a tempo-
rally regulated manner, which could be antagonized by a neutralizing anti-Fzd3 
antibody or Wnt sink comprising the human RYK extracellular region fused to the 
hinge and Fc regions of human IgG 1  (RYK-Fc) [ 116 ]. A neutralizing anti-Ryk 
monoclonal antibody was used to demonstrate in vitro a requirement for Ryk in 
DA progenitor proliferation, differentiation, and connectivity [ 32 ]. In agreement, 
 Ryk  −/−  mice showed fewer DA neurons as a result of depleted progenitor and pre-
cursor populations, thus revealing Ryk as an important mediator of midbrain DA 
neuron development. 

 An examination of neurogenesis in  Ryk  −/−  mice revealed strong reduction in the 
expression of neuronal markers but no change in the number, proliferation, or death 
of NPCs in the embryonic forebrain [ 39 ]. Ryk was demonstrated to be necessary for 
Wnt3-mediated differentiation of NPCs into neurons in vitro and in vivo. The mode 
of signaling by Ryk involved sequential proteolysis of its extracellular and trans-
membrane regions, the latter event mediated by γ-secretase, and Wnt3-dependent 
nuclear localization of Ryk-ICF. Kamitori et al. [ 31 ] demonstrated that overexpres-
sion of Ryk in embryonic cortical slice cultures suppressed cell migration from 
the VZ to the pial surface, revealing an additional role for Ryk in cortical 
development. 

 During development of the mouse ventral telencephalon, Ryk was demonstrated 
to regulate NPC choice between the oligodendrocytic and GABAergic neuronal dif-
ferentiation pathways in ventral progenitor cells [ 34 ]. This function of Ryk was cell 
autonomous and executed via upregulation or inhibition of expression of the pivotal 
cell-fate determinants Dlx2 and Olig2, respectively Ryk mediated the Wnt3a-
induced promotion of differentiation into GABAergic neurons and inhibition of oli-
godendrocyte differentiation. The Ryk-ICF was necessary and suffi cient for this 
activity, indicating that its ability to regulate NPC fate was perhaps mediated by a 
role in modulating nuclear gene expression. 

  Ryk  –/–  mice were created by targeted insertion of a promoterless βgeo reporter 
cassette into the  Ryk  gene, creating a null allele. Knockout mice died on the day of 
birth; 88 % had a complete cleft of the secondary palate due to abnormal positioning 
of the tongue at E13.5–14.5 [ 33 ]. Initial characterization of  Ryk  −/−  postnatal day (P) 
0 mice showed growth retardation and skeletal defects, including a smaller and 
more rounded skull, shortened snout and nasal bones, reduced mandible size, fl at-
tened midface, reduced length of long bones, and laterally splayed hind limbs [ 33 ]. 
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 Planar cell polarity (PCP) refers to the polarization of cells and cell sheets in 
the plane of a tissue and, by extension, to the signaling pathways controlling it 
[ 117 ]. It is orthogonal and complementary to apico-basal cell polarity, but PCP is 
not restricted to epithelial tissues and also operates in mesenchymal cells where it 
can regulate migration and cell intercalation. Two molecular systems regulate PCP 
behavior: the core and Fat–Dachsous pathways; a central feature of both is the 
asymmetric distribution of their components [ 118 ].  Ryk  interacted genetically with 
 Vangl2 , a core PCP signaling component, to generate typical PCP phenotypes dur-
ing embryonic mouse neural tube closure, elongation of the AP body axis, growth 
of long bones in the limbs, forelimb digit development, rib/sternum and eyelid 
development, craniofacial morphogenesis, and orientation of stereociliary bundles 
in hair cells of the cochlea [ 35 ,  119 ]. Concordance of all phenotypes with those of 
 Wnt5a  −/−  embryos, with the exception of the absence of additional stereociliary hair 
cell rows and neural tube defects in  Wnt5a  −/−  embryos and differences in the severity 
of skeletal defects, plus the fi nding that the embryonic  Wnt5a  −/−  phenotype was not 
exacerbated by hetero- or homozygosity for the  Ryk  null allele, indicated that this 
ligand is the major Wnt regulating PCP via Ryk. Macheda et al. [ 119 ] presented 
evidence for genetic interaction between  Ryk  and  Wnt11  during zebrafi sh embry-
onic convergent extension (CE), demonstrated defective orientation of stereociliary 
bundles in the third outer hair cell row of the cochlea in  Ryk  −/−  embryos, and detected 
genetic interaction of  Ryk  with the hypomorphic  Looptail  allele of  Vangl2 ,  Vanlg2   Lp  , 
during neural tube closure and orientation of stereociliary bundles in hair cells of 
the cochlea. 

 In  X. laevis , Ryk was essential for normal CE movements during gastrulation 
[ 41 ]. XRyk co-immunoprecipitated Wnt5a and Wnt11, while  XRyk  knockdown 
using morpholino oligonucleotides rescued defects resulting from overexpression of 
Wnt11. In zebrafi sh, knockdown of  Ryk  produced overlapping phenotypes with 
those resulting from knockdown of  Wnt5b  and involved defective CE during exten-
sion of the AP axis and disrupted retinal development [ 40 ].  Ryk  and  Wnt5b  knock-
down morpholinos acted synergistically to perturb these gastrulation-associated CE 
movements, with Ryk functioning downstream of Wnt5b to transduce signals regu-
lating the polarity of cell projections and directional cell migration [ 40 ].  

15.5.1.3     Insights from Invertebrate Model Organisms 

 The  Drosophila  mutants  drl  and  lio  were isolated independently in separate labora-
tories performing genetic screens, but were subsequently found to be allelic [ 17 , 
 19 ]. One of the best-characterized phenotypes of the mutants is the inappropriate 
projection of interneuron axons across the midline within the VNC. In wild-type 
fl ies, axons of  drl -expressing neurons cross the midline within the AC and then turn 
anteriorly and fasciculate to form two distinct axon bundles in the longitudinal 
 connectives. In  drl  mutants, axons cross the midline inappropriately via both the AC 
and the posterior commissure (PC), and the axons subsequently fail to fasciculate 
[ 17 ,  43 ]. Axons of PC neurons ectopically overexpressing DRL were forced to cross 
the midline via the AC [ 43 ]. 
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 In a clever genetic screen for suppressors of the ability of DRL to switch axons 
to the AC when misexpressed by PC neurons,  Drosophila Wnt5  (formerly known as 
 Dwnt3 ) loss of function was identifi ed [ 9 ]. Mutation of  wg  or  Wnt4 , encoding other 
 Drosophila  Wnts active in the embryonic CNS, did not exhibit any suppression of 
DRL-mediated axon switching, demonstrating specifi city in the interaction of  drl  
with  Wnt5  [ 9 ]. Like  drl  mutant animals, the Wnt5 phenotype involved misprojec-
tion of AC axons [ 120 ], and experiments involving ectopic central nervous system 
(CNS) expression of Wnt5 specifi cally affected AC axons in a DRL-dependent 
manner [ 9 ]. Physical interaction of the DRL extracellular region with Wnt5, which 
displayed an expression domain complementary to that of DRL [ 9 ,  121 ], was also 
demonstrated [ 9 ]. 

 Several brain phenotypes have been described in  drl / lio  mutants. These include 
defects in all structures of the adult protocerebrum: the MBs, involved in olfactory 
learning and memory; the central complex, which connects the left and right 
 hemispheres and may control information transfer between them; and the optic 
lobes.  drl / lio  mutants showed disrupted 3 h memory after olfactory associative 
learning, without effects on the perception of odors or electroshock [ 18 ,  122 ]. DRL 
overexpression resulted in the loss of some or all MB lobes, while the  drl  mutant 
phenotype was rescued by expression of DRL in neurons extrinsic to the MB [ 85 , 
 97 ].  drl  mutants displayed defects in the glial transient interhemispheric fi brous 
ring, a structure present only during late larval to pupal development and that may 
serve as a scaffold for brain development [ 84 ,  98 ,  99 ,  122 ]. Alterations in activity-
dependent dendritic branching of serotonergic neurons in the CNS were pheno-
copied in  Wnt5  and  drl  mutants [ 123 ]. 

 Studies of  Drosophila  olfactory system development have revealed surprising 
diversity in the modes of signaling employed by RYK subfamily members. 
Environmental odorants activate combinations of the approximately 1,300 ORNs 
that innervate the olfactory epithelium of the antennae and the maxillary palps 
[ 124 ]. Each ORN expresses one or two of the repertoire of 50 different odorant 
receptors (ORs), and ORN axons expressing a given OR together converge onto one 
of 50 structures termed glomeruli in the AL (equivalent to the vertebrate olfactory 
bulb) of the brain. This discrete connectivity map represents odor information as a 
combination of activated glomeruli in the AL [ 125 ]. Within glomeruli, ORN axons 
synapse with local interneurons and dendrites of PNs with high specifi city. PNs then 
relay afferent olfactory information to higher brain centers, including the MB and 
protocerebrum [ 124 ]. The patterning of the mammalian olfactory system is similar 
to that of  Drosophila . 

 Antagonistic roles of WNT5 and its receptor DRL were found necessary for 
 correct formation of the glomerular map in the  Drosophila  AL [ 84 ]. A hierarchy of 
gene activity was established in which glial expression of  drl  was necessary to 
locally repress  Wnt5  activity on ingrowing ORNs mediated by a Wnt receptor that 
was unidentifi ed at the time. The DRL WIF domain was essential for this antagonis-
tic activity towards  Wnt5 , but its intracellular region was dispensable, leading the 
authors to propose a model whereby DRL mediates sequestration and/or endocyto-
sis of WNT5, which was observed to accumulate in  drl  mutants. 
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  Drl - 2  mutants, in which expression by subsets of growing ORN axons was lost, 
had mild AL glomerular defects. However, the glomerular phenotype in  drl ;  Drl - 2  
double mutants was more severe than that of  drl  mutants and more closely pheno-
copied the  Wnt5  mutant [ 20 ]. The aberrant positioning of glomeruli within the AL 
induced by overexpression of  Wnt5  in ORNs was ameliorated in a  Drl - 2  mutant 
background, identifying DRL-2 as the receptor for WNT5 on ORNs. Surprisingly, 
ectopic expression of DRL-2 in the glia of  drl  mutants rescued glomerular pheno-
types expected to result from the loss of antagonistic DRL activity towards WNT5 
[ 20 ]. Thus the closely related DRL and DRL-2 receptors can functionally substitute 
for each other in glia and perform opposing functions depending upon the cell type 
in which they are expressed. 

 DRL was also demonstrated to function in the targeting of the 50 different types 
of PN dendrites to appropriate glomeruli in the  Drosophila  AL [ 100 ]. Positional 
information provided in a dorsolateral-to-ventromedial (DL > VM) gradient of 
WNT5 secreted by AL-extrinsic dorsolateral cluster (DLC) neurons, and establish-
ment of a topographically similar gradient of DRL expression on PNs, was neces-
sary for the rotational rearrangement of dendritic arbors at 16−30 h after puparium 
formation. DRL function was cell autonomous in the PNs and its intracellular region 
essential for correct dendrite patterning, suggesting the transduction of a forward 
signal. However, DRL and WNT5 acted antagonistically to position PN dendrites, 
and a model in which the level of DRL expression is instructive for targeting PN 
dendrites in a DL > VM gradient of WNT5 and an opposing DL < VM repulsive 
gradient of SEMA-2A/B was proposed. 

 Normal neuromuscular junction (NMJ) formation in  Drosophila  larvae at  muscles 
6 and 7 requires  Wnt5  and  Drl  function [ 95 ]. Genetic rescue experiments demonstrated 
a hierarchical requirement for  Wnt5  in the motor neuron upstream of  drl , which most 
likely functioned at the muscle membrane to transduce a forward signal given the 
requirement for its WIF domain and intracellular region. Inaki et al. [ 47 ] studied deter-
minants of motor neuron target specifi city on adjacent ventral muscles 12 and 13 and 
demonstrated a chemorepulsive function for  Wnt4  expressed by muscle 13 in prevent-
ing innervation by motor neurons that normally form a NMJ on muscle 12. The activity 
of  Drl - 2 , expression of which was limited to a subset of CNS neurons, was proposed to 
account for why WNT4 was repulsive to only specifi c subsets of motor neurons. 

 RYK subfamily members also control migratory events outside the nervous 
 system during  Drosophila  development. Embryos mutant for  drl ,  dnt , or  Wnt5 —but 
not  Drl - 2 —all have defects in the guidance and attachment of a subset of lateral 
transverse muscles (numbers 21−23) to tendon cells in the epidermis, such that 
attachment sites are more ventral than in wild-type embryos [ 96 ,  126 ]. Overexpression 
of  dnt  in  drl  mutants only partially rescued the muscle attachment phenotype [ 21 ]. 
Abnormal curvature and positioning of the salivary glands were observed in  drl  
mutant embryos as a result of insensitivity of late-stage migrating gland tips to che-
morepulsive WNT5 produced by the CNS [ 25 ]. Both  dnt  and  Drl - 2  single mutants 
showed similar salivary gland positioning defects with  drl , though at lower pene-
trance, while  drl ;  Drl - 2  double heterozygotes had a similar penetrance of salivary 
gland positioning defects as embryos homozygous for  drl  or  Drl - 2 . 
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 The  drl  mutant showed a strong genetic interaction with  Neurotactin  ( Nrt ), which 
encodes a cell adhesion protein involved in neural development [ 127 ]. In  drl ;  Nrt  
embryos, severe misguidance and stalling phenotypes in both DRL +  and DRL −  
axons were observed in many segments, revealing a nonautonomous requirement 
for DRL in the latter. A genetic interaction between  lio / drl  and the  no bridge  ( nob ) 
mutant, so named on the basis of a structural defect in the protocerebral bridge of 
the central complex affecting locomotion, was described by Hitier et al. [ 98 ]. 
However, the genetic lesion responsible for the  nob  phenotype has not been 
identifi ed. 

 The  C. elegans lin - 18  mutant was originally identifi ed in a screen for develop-
mental vulval phenotypes [ 128 ], but the gene disabled by the mutation was only 
later identifi ed as a  Ryk  ortholog [ 50 ]. An epidermis-derived tube, the hermaphro-
dite  C. elegans  vulva forms during larval development to provide a conduit for the 
passage of sperm and eggs by connecting the uterus to the external environment 
[ 129 ]. In response to Notch, Ras, and Wnt signaling pathways, VPCs (P5.p, P6.p, 
and P7.p) adopt cell fates representing stereotypical lineage patterns (2°, 1°, and 2°, 
respectively) that together generate 22 progeny. Subsequent differentiation and 
morphogenetic changes generate the adult vulva, a stack of concentric cellular 
toroids surrounding a central lumen. 

 The 1° and 2° fates are distinguished by both the types of terminally differentiated 
cell types produced and their pattern of cell divisions (with respect to the number and 
axis of division). The 2° VPCs P5.p and P7.p produce identical lineages except that 
their patterns are arranged in opposite AP orientations. Genetic studies have revealed 
that two  C. elegans  Wnt receptors, LIN-17/Fzd and LIN-18/Ryk, function in parallel 
but largely undefi ned pathways to specify the division orientation of the 2° lineage 
of P7.p in response to the Wnts LIN-44 and MOM-2, respectively [ 50 ,  130 – 132 ]. 
In  lin - 17  or  lin - 18  mutants, the P7.p lineage often exhibits a reverse, P5.p-like, ori-
entation such that vulval mirror-image symmetry is lost. This reversal in polarity of 
the P7.p lineage results in a second invagination posterior to the main vulva, a phe-
notype originally termed bivulva [ 128 ,  130 ] but now known as  p osterior- r eversed 
 v ulval  l ineage (P-Rvl) to distinguish it from reversal of P5.p lineage polarity 
 ( a nterior- r eversed  v ulval  l ineage, A-Rvl) or simultaneous reversal in P5.p and P7.p 
polarity (the AP-Rvl phenotype) [ 132 ]. The  lin - 18 / Ryk  mutant also displayed 
reduced migration of anterior lateral microtubule (ALM) neurons [ 133 ]. In  lin - 18 ; 
 cfz -2  animals, the ALM neuron undermigration phenotype was suppressed, suggest-
ing activity of LIN-18/Ryk as an antagonist of CFZ-2/Fzd function during ALM 
neuron migration. 

 Investigations of diversity in the molecular and genetic control of vulva induction 
have employed  C. elegans  and the satellite model nematode  P. pacifi cus  [ 134 ]. Three 
features of vulva induction were found to distinguish  P. pacifi cus  from  C. elegans . First, 
Wnt signaling rather than EGF/RAS and Notch signaling functioned in  P. pacifi cus  
vulva induction [ 135 ]. Second, the somatic gonad and the posterior body region were 
redundantly involved in vulva induction by supplying distinct Wnts [ 135 ]. Third, 
appropriate inductive activity of a posterior source of  Ppa - EGL - 20/Wnt involved 
refi nement of its gradient by an evolutionarily novel ligand sequestration function of 
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 Ppa -LIN-17/Fzd and the acquisition of novel protein- binding motifs in  Ppa -LIN-18/
Ryk [ 136 ]. Analysis of double and triple mutants established that  Ppa - egl - 20 / Wnt , 
 Ppa - mom - 2 / Wnt , and  Ppa - lin - 18 / Ryk  functioned redundantly in vulva induction such 
that triple mutants were vulvaless [ 135 ]. Although genetic analysis indicated that  Cel -
MOM-2/Wnt and  Cel -LIN-18/Ryk form a ligand/receptor pair [ 50 ], synergism was 
detected between  Ppa - mom - 2 / Wnt  and  Ppa - lin - 18 / Wnt , suggesting that they func-
tioned in parallel pathways during  P. pacifi cus  vulva induction. A cell-autonomous 
function of  Ppa -LIN-18/Ryk in transducing the  Ppa -EGL-20/Wnt signal during vulva 
differentiation was established [ 136 ]. However,  Ppa -LIN-18 had only a minor role in 
polarization of the P7.p lineage [ 134 ,  135 ].   

15.5.2     RYK Transmembrane Helix 

 Evidence for WNT5-stabilized cell surface hetero- and homo-oligomerization 
among DRL, DRL-2, and DNT was reported by Fradkin and colleagues [ 54 ]. These 
authors demonstrated that the DRL transmembrane (TM) helix translationally fused 
to a DNA-binding domain could mediate oligomerization in the  Escherichia coli  
periplasmic membrane as monitored by activation of a reporter gene. Using the 
same experimental system to quantify the propensity for self-interaction of all 
58 human RTK TM helices, RYK was ranked tenth strongest [ 137 ]. However, trans-
genic expression of DRL T245V , bearing a substitution in the TM helix that abrogated 
oligomerization in  E. coli , was phenotypically indistinguishable from wild-type 
DRL in a  Drosophila  gain-of-function commissure-switching assay. This fi nding, 
together with the unexplored roles of other regions of DRL in promoting self- 
association, leaves the mode of Wnt-stimulated oligomerization unresolved [ 54 ].  

15.5.3     RYK Intracellular Region 

15.5.3.1     Catalytically Competent PTKs 

 RYK orthologs have been reported to interact genetically and physically with cata-
lytically competent PTKs from the Eph receptor and Src subfamilies [ 25 ,  33 ,  44 ,  54 , 
 138 ] (Figs.  15.3b  and  15.4 ). Mammalian Ryk immunoprecipitated with EphB2 and 
EphB3 from lysates of cotransfected cells or mouse E12.5–13.5 head and adult 
brain lysates [ 31 ,  33 ,  69 ]. Under these conditions, Ryk was phosphorylated on 
 tyrosine residues but not when co-expressed with a kinase-inactive EphB3 [ 33 ]. 
Furthermore, cleft palate in EphB2/EphB3-defi cient embryos [ 139 ] was pheno-
copied in  Ryk -defi cient mice, suggesting a developmental requirement for these 
interactions in vivo [ 33 ].  

 Mutations in the  Drosophila Src64B  or  Src42A  genes underlie developmental 
defects in the MB, salivary glands and AC that closely resemble those of  drl  
or  Wnt5  mutants. That Src family kinases (SFKs) operate downstream of DRL is 
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supported by experiments that demonstrated genetic interaction of  Src64B  with 
 Wnt5a  and  drl  in MB development [ 138 ], salivary gland migration [ 25 ] and com-
missural axon projection within the VNC [ 44 ]. In vitro assays demonstrated that 
SRC64B and DRL or mouse Ryk were co-immunoprecipitated; formation of a com-
plex containing DRL and SRC64B resulted in SRC64B kinase activity-dependent 
DRL phosphorylation on tyrosine residues and increased SRC64B activation [ 44 ]. 
Recruitment of SRC64B to DRL was promoted by oligomerization of the receptor 
and required the SH2 and native PTK domains of SRC64B plus the C-terminus and 
native PTK-like domain of DRL [ 54 ]. However, DRL lacking either the WIF domain 
or the intracellular region did not activate SRC64B [ 44 ].  

15.5.3.2     The Cdc37 Co-Chaperone Protein 

 A yeast two-hybrid screen using mouse Ryk-ICF as bait identifi ed binding to 
Cdc37 [ 62 ]. A large fraction of the eukaryotic kinome requires association with the 
Cdc37–Hsp90 complex for maturation and/or stabilization [ 140 ]. Specifi c recruit-
ment of protein kinases to the Hsp90 chaperone is mediated by a scaffold function 
of Cdc37. Simultaneous binding of protein kinase and Hsp90 by Cdc37 permits 
coupling of the chaperone’s ATPase cycle to conformational changes in the 
kinase [ 141 ]. The C-lobe of the mouse Ryk PTK domain (residues 367–579) medi-
ates a direct  Wnt- dependent interaction with the carboxyl-terminus of Cdc37, which 
rescues the otherwise highly labile Ryk-ICF from ubiquitylation and degradation 
by the 26 S proteasome, permitting its translocation to the cell nucleus [ 62 ]. A 
requirement of Hsp90 chaperone function for Ryk-ICF stabilization was demon-
strated by the accumulation of Ryk-ICF–polyubiquitin conjugates in the presence 
of a 20 S proteasome inhibitor or a highly specifi c inhibitor of the ATPase cycle of 
Hsp90 [ 62 ].  

15.5.3.3     Mindbomb 1 

 Among other proteins, Berndt et al. [ 69 ] identifi ed the ubiquitin E3 ligase Mindbomb 
1 (MIB1) as an interacting partner of human RYK. Although they did not defi ne the 
region of the RYK intracellular region that mediates interaction with MIB1, a region 
of MIB1 including the amino-terminal zinc fi nger was essential for coprecipitation of 
the two proteins from HEK293T cell lysates. MIB1 promoted polyubiquitylation 
of the RYK intracellular region and its subsequent degradation in lysosomes or by 
the 26 S proteasome. MIB1 mediated the internalization of RYK on Rab5-positive 
endosomes, and a complex containing the two proteins (MIB1 and RYK) was nec-
essary for events proximal to β-catenin stabilization and signaling in response to 
Wnt3a ligand. RNAi targeting  Cel - mib - 1  generated a bivulva (P-Rvl) phenotype 
resembling that of the  lin - 18 / Ryk  mutant, and the penetrance of this phenotype was 
increased in a  lin - 18 / Ryk  background by RNAi targeting  Cel - mib - 1  [ 69 ].  
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15.5.3.4     PDZ Domain-Containing Proteins 

 The PDZ domain derives its name from the three proteins in which the module was 
fi rst recognized:  P SD95,  D lg, and  Z O1. PDZ domains (80–100 amino acids in size) 
mediate interprotein interactions, typically by binding short peptide motifs at the 
extreme carboxyl-termini of target proteins and less commonly by recognizing an 
internal sequence motif in the target protein [ 142 ]. 

 The extreme carboxyl-terminus of RYK orthologs is highly conserved (Fig.  15.2 ); 
in mouse Ryk, it was demonstrated to be a ligand for the single PDZ domain of AF-6 
(also known as Afadin in mammals or Canoe in  Drosophila ) [ 33 ,  143 ]. The mouse 
Ryk carboxyl-terminus was also shown to be a ligand for the PDZ domain of the 
cytoplasmic protein Dishevelled (Dvl)-1, Dishevelled-2, and/or Dishevelled-3, dem-
onstrated by co-immunoprecipitation from HEK293T cells and mouse brain [ 57 ].  

15.5.3.5     Others 

 Berndt et al. [ 69 ] employed affi nity purifi cation of human RYK-interacting proteins 
and their subsequent identifi cation by mass spectrometry. A total of 66 proteins that 
passed stringent criteria were identifi ed; most were functionally classifi ed as participat-
ing in the cell cycle/apoptosis (e.g., DNA-PKcs), cell adhesion (e.g., β-catenin), des-
mosomes (e.g., DSG2), cell–cell signaling (e.g., GPR125), ubiquitylation/traffi cking 
(e.g., UBC), PCP (e.g., CELSR2), and actin remodeling (e.g., WASF1).  Xenopus  
β-arrestins (βarr) 1 and 2 were found to co-immunoprecipitate with Ryk from cotrans-
fected HEK293T cells and modulate Wnt-dependent endocytic traffi cking during con-
vergent extension in  Xenopus  embryos [ 41 ,  144 ]. 

 The  drl  mutant allele  linotte  ( lio ) interacted genetically with  castor , a zinc fi nger 
transcription factor involved in post-embryonic brain development [ 145 ]. In a screen 
for genes that regulated the nuclear–cytoplasmic ratio of GFP-tagged LIN-18- ICF 
expressed from a transgene,  cdc - 37 ,  mom - 2 / Wnt ,  egl - 20 / Wnt ,  cwn - 2 / Wnt ,  cam -
 1 / Ror ,  apr - 1 / APC ,  mig - 5 / Dvl ,  dsh - 2 / Dvl , and  par - 5 / 14 - 3 - 3  were identifi ed [ 51 ].    

15.6     Mechanisms of RYK Activation and Signaling 

15.6.1     The RYK Protein Tyrosine Kinase Domain 

 The pseudokinase classifi cation of RYK subfamily members primarily refl ects the 
failure to observe transphosphorylation upon clustering of the RYK intracellular 
region in the context of Wnt binding, chimeric receptor expression and clustering, and 
overexpression or immunoprecipitation–in vitro protein kinase assays. In addition, 
substrates for transphosphorylation by RYK—synthetic or cellular—have not been 
identifi ed, and the human RYK,  Drosophila  DRL, and mouse Ryk Mg 2+ -ATP- binding 
clefts are reportedly defective [ 12 ,  54 ,  55 ]. The mouse Ryk PTK domain was unable 
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to bind divalent cation, nucleotide, cation–nucleotide complex, or ATP- competitive 
inhibitor in a sensitive and robust thermal-shift assay. The mouse Ryk TFVK 232  
 (subdomain II; consensus VAIK) motif was altered to  VA VK 232  to test the hypothesis 
that the RYK subfamily-specifi c bulky phenylalanine residue at position 230 might 
occlude the adenine-binding pocket and prevent nucleotide binding. While the dual 
substitution did not result in detectable nucleotide binding, the variant was able to 
engage the promiscuous ATP-competitive inhibitor N2-[4-(aminomethyl)phenyl]-
5-fl uoro-N4-phenylpyrimidine-2,4-diamine (DAP) while wild-type Ryk did not [ 55 ]. 

 As previously discussed, the RYK PTK domain awaits defi nitive evidence to 
substantiate or disprove the prediction of its catalytic inactivity and pseudokinase 
designation. It is notable that the sequence deviations from canonical PTK subdo-
mains I (GXGXXG) and VII (DFG) are characteristic of all RYK orthologs 
(Fig.  15.2 ) and do not preclude catalytic activity per se based upon the increasingly 
well-documented capacity for structural plasticity of the PTK domain. However, in 
light of the inability of RYK subfamily members from evolutionarily divergent spe-
cies to bind ATP, it is likely that they have been correctly assigned pseudokinase 
status and that the PTK-like domain fulfi lls a catalysis-independent role as a protein 
interaction scaffold.  

15.6.2     RYK Signaling Mechanisms and Outputs 

15.6.2.1     Differential Requirement for the RYK Intracellular Region 

 Genetic studies in  Drosophila  have established that DRL can function cell- 
nonautonomously at a distance from its site of synthesis in a manner independent of 
its intracellular region. Sequestration and functional neutralization of WNT5 by the 
glial-derived DRL WIF domain was likely to be the basis for their antagonistic 
activities in patterning the glomerular map in the  Drosophila  AL [ 84 ]. DRL-2 on 
ORNs was subsequently identifi ed as the relevant receptor prevented from interac-
tion with WNT5 in a temporospatially regulated fashion by the DRL WIF domain 
to ensure normal ORN pathfi nding [ 20 ]. The fi nding that ectopic DRL-2 could sub-
stitute for the cell nonautonomous function of DRL in the glia of  drl  mutants indi-
cated a cell type-specifi c mechanism for regulation of receptor function that did not 
distinguish between the two paralogs. A cell nonautonomous function of DRL in 
axon guidance was revealed in  drl ;  Nrt  mutant embryos [ 127 ] and during larval MB 
development, where  drl  and  Wnt5  again functioned antagonistically [ 97 ]. An essen-
tial role for commissure-derived DRL in guiding WNT5-expressing MB neurons 
was identifi ed in which the intracellular region of DRL was dispensable [ 85 ,  97 ]. 
Overexpression of DRL phenocopied the  Wnt5  mutant MB defects, while WNT5 
overexpression produced a  drl -like mutant MB phenotype [ 97 ]. Context-dependent 
proteolytic cleavage and release of the DRL WIF domain is an attractive mechanism 
by which it may attenuate the activity of WNT5 and thereby execute a cell nonauto-
nomous function in specifi c developmental contexts (Fig.  15.4b ). 
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 A role for  Cel - lin - 18 / Ryk  in polarizing the 2° P7.p vulva lineage was defi ned 
in which its intracellular region was dispensable [ 50 ,  51 ]. The  lin - 18 / Ryk  and 
  lin - 17    / Fz  genes function in independent and parallel pathways to cooperatively 
determine the AP orientation of the P7.p cell lineage [ 50 ,  51 ]. While the LIN-18/
Ryk intracellular region was dispensable for normal vulval development, deletion 
of just two highly conserved WIF domain residues (ΔEL 39 ) resulted in LIN-18/Ryk 
loss of function and reversal of the orientation of the P7.p lineage such that it resem-
bled the P5.p lineage [ 50 ,  130 ]. Anchorage of the LIN-18/Ryk extracellular region 
to the membrane of the P7.p lineage by a transmembrane helix was also essential 
[ 50 ]. Genetic interaction of  mom - 2 / Wnt  with  lin - 18 / Ryk  [ 50 ], together with failure 
to detect an ICF corresponding to the product of γ-secretase activity on LIN-18 and 
rescue of the P-Rvl phenotype by expression of a γ-secretase-resistant LIN-18/Ryk 
[ 51 ], indicates that LIN-18/Ryk transduces a Wnt signal in a cell-autonomous mode 
in the P7.p lineage, without the need for the intracellular region, by an unknown 
mechanism. In contrast, the intracellular region of  Ppa -LIN-18/Ryk was necessary 
for vulva induction in response to EGL-20/Wnt, refl ecting the novel wiring of Wnt 
signaling in  P. pacifi cus  [ 136 ]. 

 In  C. elegans , overexpression of LIN-18-ICF or the intracellular juxtamembrane 
region, but not the PTK-like domain, enhanced the frequency of defective P7.p cell 
polarity (P-Rvl phenotype) in a  lin - 18  background, suggesting dominant-negative 
effects of the LIN-18 intracellular region towards other proteins regulating vulval 
cell polarity [ 51 ]. Like mammalian Ryk-ICF, LIN-18-ICF expressed from a trans-
gene could translocate to the nucleus in a PTK-like domain-dependent manner, but 
such a phenomenon may be functionally relevant only in non-vulval cell lineages.  

15.6.2.2    RYK Receptor-Proximal Phosphorylation Events 

 The downstream proteins mediating signaling via Eph receptor-dependent phos-
phorylation of the Ryk intracellular region on tyrosine residues have not been 
 elucidated. However, cross talk between unrelated axon guidance ligand/receptor 
systems in contexts such as retinotopic/retinocollicular mapping might facilitate the 
refi nement of an initial map and/or the alignment of topographic maps across sen-
sory modalities in higher vertebrates. 

 In  Drosophila , compelling genetic and biochemical evidence supports the 
involvement of SFKs in signaling downstream of DRL (Fig.  15.4a ). Using  Droso-
phila  S2 cells that expressed endogenous  fz  and  fz2  transcripts, cotransfection of 
plasmids encoding DRL and WNT5 was unable to stimulate TCF-luciferase reporter 
activity or inhibit reporter activity stimulated by Wg, indicating that DRL is unlikely 
to signal via the β-catenin pathway in this assay [ 44 ]. Similar TCF- specifi c transcrip-
tional reporter assays have often been used to quantify β-catenin signaling, but they 
signifi cantly underestimate the contribution of active nuclear β-catenin to the modu-
lation of activity of other transcription factors [ 108 ]. 
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 During salivary gland positioning,  drl ;  fz  mutants showed an additive phenotype 
compared to single mutants, suggesting that DRL and FZ were signaling via parallel 
pathways in this system [ 25 ]. Other than the cytoplasmic region of DRL, the  relevant 
substrates of SFKs downstream of DRL/WNT5 have not been identifi ed, nor have 
any binding partners of phospho-DRL been described. However, the observation 
that the normally low  Wnt5  mRNA and protein levels in AC neurons both rise 
 signifi cantly upon genetic loss of  drl  suggests that active WNT5/DRL signaling 
normally functions to repress expression of  Wnt5 a at the transcriptional level [ 120 ] 
(Fig.  15.4d ).  

15.6.2.3    β-Catenin-Dependent RYK Signaling 

 Despite the failure to observe coupling of WNT5/DRL signaling and β-catenin/TCF 
stabilization in  Drosophila , evidence of engagement of the β-catenin/TCF pathway 
by mammalian RYK and  C. elegans / P. pacifi cus  LIN-18 has been reported. A syn-
ergistic increase in TCF-luciferase reporter activity was observed in HEK293T cells 
cotransfected with Ryk and Wnt3a expression vectors versus cells transfected with 
Ryk or Wnt3a alone, while knockdown of endogenous  RYK  using siRNA abrogated 
the increase in TCF-luciferase activity induced by Wnt1 [ 57 ]. Baltimore and col-
leagues concluded from co-immunoprecipitation studies that the interaction of Ryk 
with Dvl-2 and Dvl-3 (the only Dvl proteins expressed in HEK293T cells) was the 
mechanism by which Ryk transduced assembly of a Ryk/Wnt/Fzd ternary complex 
at the cell surface into activation of the TCF pathway in HEK293T cells [ 57 ] 
(Fig.  15.4a ). 

 Using HEK293T cells, and verifi ed in U2OS and HeLa cells, Berndt et al. dem-
onstrated that MIB1 and RYK were required for events upstream of β-catenin stabi-
lization, such as LRP6 phosphorylation, in response to Wnt3a and that siRNA 
targeting endogenous  RYK  inhibited Wnt1- or Wnt3a-induced TCF transcriptional 
reporter activity [ 69 ]. Formation of a RYK/MIB1 complex with intact ubiquitin E3 
ligase activity was necessary for the activation of β-catenin-dependent Wnt signal-
ing, but further mechanisms proved elusive. Evidence for a genetic interaction 
between  Cel - mib - 1  and  lin - 18 / Ryk  in orienting the divisions of the P7.p lineage 
implied that their cooperative regulation of the β-catenin/TCF pathway might be 
conserved in vivo across diverse species (Fig.  15.4a ). 

 Three β-catenin paralogs that function in two distinct pathways are found in 
 C. elegans : SYS-1, WRM-1, and BAR-1. The Wnt/β-catenin asymmetry pathway 
employs SYS-1 and WRM-1 to control both the polarity of mother cells and distinct 
fates of daughter cells [ 146 ]. In VPCs, as in most other tissues, following an asym-
metric cell division, a complex of WRM-1 and LIT-1/Nemo-like kinase is enriched 
in the posterior cell nucleus where it recruits and phosphorylates POP-1/TCF to 
promote its export from the nucleus. SYS-1, a transcriptional coactivator of POP-1/
TCF, is similarly but independently enriched in the posterior cell nucleus. The out-
come is thus different ratios of SYS-1 to POP-1/TCF and, consequently, differential 
activation of Wnt target genes in the daughters of an asymmetric division. 

M.M. Halford et al.



719

 Deshpande et al. discovered that most VPC divisions produced sister cells 
with nuclear POP-1/TCF enriched in nuclei of the distal granddaughters of P5.p and 
P7.p (i.e., the asymmetry had opposite orientations in the two mirror-image halves 
of the vulva) [ 147 ]. LIN-17/Fz and LIN-18/Ryk were the receptors that controlled 
nuclear POP-1/TCF and SYS-1 asymmetry to invert the P7.p lineage from a default 
orientation exhibited in the anterior half of the vulva [ 132 ,  147 ]. BAR-1, a classic 
β-catenin that can also function as a transcriptional coactivator with POP-1/
TCF, played a minor role in VPC orientation. LIN-17/Fz and LIN-18/Ryk also 
 regulated the asymmetric localization of BAR-1 through differential protein 
 stabilization, with higher nuclear levels in the proximal daughters of P5.p and 
P7.p [ 132 ]. 

 Green et al. [ 132 ] proposed a model for orientation of the P5.p and P7.p lineages 
that involved three distinct cell polarity states. In the absence of Wnt signals, a 
default state was revealed in which the orientation of VPCs was randomized. 
Posterior orientation of the P5.p and P7.p lineages in the absence of  lin - 17 / fz  and 
 lin - 18 / Ryk , ground polarity, was dependent upon the instructive activity of a tail- 
derived P > A EGL-20/Wnt gradient. A state of refi ned polarity was generated by 
the subsequent activation of LIN-17/Fz and LIN-18/Ryk by centrally derived 
MOM-2/Wnt (and perhaps LIN-44/Wnt) and the resulting orientation of the P5.p 
and P7.p lineages toward the center to ensure the mirror-image symmetry required 
for a functional vulva. Although the Wnt/β-catenin asymmetry and BAR-1  pathways 
were implicated downstream of LIN-17/Fz and LIN-18/Ryk, weakly penetrant 
 loss-of-function phenotypes or discordance between transcriptional activity and 
morphological phenotypes, respectively, led to speculation that refi ned polarity may 
be dependent on signaling to the cytoskeleton, independent of the transcriptional 
machinery, via the spindle reorientation branch of the Wnt/β-catenin asymmetry 
pathway. 

 An evolutionary reconfi guration of Wnt signaling in  P. pacifi cus  for the regula-
tion of vulva induction was described in which  Ppa -LIN-17/Fz and  Ppa -LIN-18/
Ryk performed antagonistic roles that contrasted with their cooperative functions 
during  C. elegans  VPC fate patterning [ 136 ].  Ppa -LIN-17/Fz antagonized 
  Ppa - EGL - 20/Wnt activity by ligand sequestration, while  Ppa -LIN-18/Ryk trans-
duced the  Ppa -EGL-20/Wnt signal. The  Ppa - axl - 1 / Axin  gene was epistatic to 
  Ppa -lin - 18    / Ryk , and the Wnt pathway for vulva induction in  P. pacifi cus  was BAR-
1/β- catenin dependent. Transduction of an inductive  Ppa -EGL-20/Wnt signal by 
 Ppa -LIN-18/Ryk required the intracellular region in which two putative SH3 
domain-binding motifs (PIGP 268  and PPFPDLPS 559 ), both absent in  Cel -LIN-18/
Ryk, were identifi ed that functioned to suppress receptor signaling in the absence of 
ligand. 

 A caveat to these descriptions of β-catenin-dependent signaling by Wnt/Ryk is 
the failure of other investigators to observe β-catenin/TCF pathway activation in 
seemingly similar experimental systems. For example, overexpression of Ryk did 
not synergize with Wnt3- or Wnt3a-induced TCF-luciferase activity in HEK293T 
cells [ 39 ,  119 ].  
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15.6.2.4    β-Catenin-Independent Wnt Signaling by RYK 

 Recent fi ndings suggest that Ryk and Fzd may coordinately regulate downstream 
cellular responses in a context-dependent manner via the activation of β-catenin- 
independent Wnt signaling pathways. Ryk cooperated with Fzd7 to mediate Wnt11-
triggered  X. laevis  gastrulation-associated CE movements through the regulation of 
PCP signaling components [ 41 ]. Ryk and Fzd7 were required for Wnt11-stimulated 
endocytosis, a hallmark of PCP signaling. Ryk formed an endocytic complex con-
taining Fzd7, Dvl, and Rab5, recruited βarr-2 and RhoA to the plasma membrane, 
promoted hyperphosphorylation of Dvl, and induced the activation of RhoA and 
JNK. No effect of Wnt11/Ryk/Fz7 signaling on the abundance of β-catenin in ani-
mal caps was observed. In ex vivo assays of hamster cortical axon outgrowth, an 
ungraded source of Wnt5a triggered the Ryk-dependent activation of inositol 
1,4,5-trisphosphate receptors (IP3Rs) and transient receptor potential channels 
(TRPCs), both of which were necessary for the release and infl ux, respectively, of 
Ca 2+  and the promotion of axon outgrowth [ 90 ]. In contrast, a gradient of Wnt5a 
promoted axon outgrowth and repulsion, a complex growth cone response that was 
activated only after cortical axons had crossed the midline via the corpus callosum 
[ 90 ,  115 ]. Simultaneous, or perhaps cooperative, signaling by Ryk and unidentifi ed 
Fzd receptor(s) was necessary for axon repulsion and required Ca 2+  infl ux via TRPCs 
but not release from intracellular stores via IP3Rs [ 90 ]. Although the mechanisms of 
signaling remain unclear, Ca 2+ /calmodulin- dependent protein kinase II (CaMKII)-
mediated phosphorylation of Tau was found to underlie the regulation of microtu-
bule dynamics in the growth cone in response to Wnt5a [ 148 ]. Integration of Ca 2+  
and other signals by this pathway may lie downstream of Wnt5a-stimulated Ryk and 
Fzd receptors to effect simultaneous axon outgrowth and repulsion (Fig.  15.4c ). 

 Wnt5b/Ryk signaling regulated zebrafi sh gastrulation-associated CE movements 
through the negative control of cell intermingling [ 40 ]. Ryk-expressing cells were 
polarized by Wnt5b to extend lamellipodia-like protrusions in the direction of 
migration away from the ligand source. While sequential proteolysis of Ryk was not 
the basis for transduction of the chemorepulsive Wnt5b signal, internalization of 
Ryk-FL cleaved between the two disulfi de-bonded Cys residues in the WIF domain 
was critical for signal transduction. Ryk was necessary but not suffi cient for Wnt5b- 
induced Ca 2+  infl ux and/or release. Recruitment of Dvl to Wnt5b-activated Fzd, in 
contrast to Wnt5b-activated Ryk, and the free intermingling of Wnt5b-expressing 
cells with those expressing Fzd indicated that pathways activated by the two Wnt 
receptors were distinct. Wnt5b was proposed to be an instructive signal for directed 
migration when engaged by Ryk and a permissive cue via Fz and core PCP compo-
nents during zebrafi sh gastrulation. 

 Formation of a complex containing Ryk and Van Gogh-like 2 (Vangl2), a core 
PCP signaling component, was promoted by Wnt5a treatment of cotransfected 
HEK293T cells [ 35 ]. Unlike Ror2, another RTK with a pseudokinase domain that 
functions as a Wnt receptor, Ryk did not induce Vangl2 phosphorylation. Instead, 
in vitro and in vivo evidence indicated that lysosomal degradation of Vangl2 protein 
was inhibited by Wnt5a/Ryk. Macheda et al. [ 119 ] also detected coprecipitation of 
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Ryk and Vangl2, but additionally found that the Ryk PDZ-binding C-terminus was 
important for their presence in a common complex and that Ryk could activate 
RhoA [ 119 ] (Fig.  15.4c ).  

15.6.2.5    Proteolytic Cleavage and Nuclear Translocation 

 Constitutive metalloprotease-mediated shedding of mouse Ryk-NTF was observed 
to operate in cell culture [ 59 ]. This did not require cell stimulation with exogenous 
Wnt to engage the Ryk WIF domain [ 39 ,  59 ,  62 ]. A regulated component of Ryk- 
NTF shedding was revealed upon treatment of cells expressing Ryk with inhibitors 
of protein tyrosine phosphatases or calmodulin, both of which induced a rapid and 
large increase in shedding of Ryk-NTF into conditioned medium [ 59 ]. While Wnt 
ligands have not been shown to directly regulate Ryk cleavage events, they dramati-
cally enhance the stability and nuclear translocation of Ryk-ICF [ 39 ] (Fig.  15.4b ). 

 Ryk-NTF contains the WIF domain and could therefore function as a soluble 
antagonist of Wnt activity. Indeed, genetic studies in  Drosophila  indicate that WIF 
domain-dependent functional antagonism between  drl  and  Wnt5  is essential for nor-
mal AL and MB development [ 20 ,  84 ,  97 ]. These are contexts in which a shed DRL- 
NTF may function cell nonautonomously to neutralize extracellular WNT5 by 
sequestration, thus preventing its activation of cell surface receptors (Fig.  15.4b ). 

 Gamma-secretase and a γ-secretase-like activity process Ryk-CTF45 and release 
Ryk-ICF into the cytoplasm (Fig.  15.3d ) ([ 39 ]; MMH, MLM, and SAS, unpub-
lished data). Unexpectedly, Wnt stimulation was indirectly required for propagation 
of the signal initiated by Ryk ectodomain cleavage—at least in a mammalian sys-
tem—by providing additional but unidentifi ed cues that resulted in the stabilization 
and nuclear translocation of Ryk-ICF. The fi nding that an RTK with a Wnt-binding 
extracellular region relies upon Wnts for signal propagation in specifi c contexts 
only after irreversible separation of its extracellular and intracellular domains is 
counterintuitive and represents a variation on the paradigm established by Notch 
signaling (Fig.  15.4b ).    

15.7     Recombinant Protein Antagonists of RYK 

 To interrogate in vivo the postnatal role of Ryk in CST axon pathfi nding, a neutral-
izing rabbit polyclonal antibody directed to the Ryk extracellular region was devel-
oped [ 88 ]. Injection of this anti-Ryk antibody into the cervical spinal cord of 
neonatal P1 and P3 mice, with collection of tissue at P5, showed a decreased area of 
CST axons posterior to the injection site, but increased area anterior to the injection 
site [ 88 ]. These results suggested that Ryk was required for posterior growth of 
postnatal CST axons. A similar antibody was used to demonstrate a requirement for 
mouse Ryk in Wnt3a-induced GABAergic neuronal differentiation and simultane-
ous inhibition of oligodendrocyte differentiation from cultured NPCs [ 34 ]. 
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 An increasing number of studies have examined the expression of Ryk after nerve 
injury in adult rodents.  Ryk  mRNA and protein expression were induced from previ-
ously undetectable levels after spinal cord injury in rats and mice, in CST axons in 
the lesion area by 7 days post-injury [ 149 ,  150 ]. In the rat spinal cord, Ryk expression 
was detected in neurons, astrocytes, and blood vessels, but not in  oligodendrocytes, 
microglia, neuron–glial antigen 2-positive (NG2 + ) glial precursor cells, or axonal 
projections. Following moderate contusive spinal cord damage, Ryk was signifi -
cantly upregulated after 7 and 14 days and demonstrated an altered expression  pattern 
with reactive astrocytes and microglia/macrophages, NG2 +  glial precursors, fi bro-
nectin-positive cells, oligodendrocytes, and axons demonstrating injury-induced 
immunoreactivity [ 151 ].  Ryk  mRNA and protein were induced ipsilaterally in rat 
dorsal root ganglion neurons following unilateral sciatic nerve injury [ 152 ]. 

 The injection or osmotic minipump-mediated release of neutralizing anti-Ryk 
antibody in rats after spinal cord injury prevented CST axon retraction from the 
lesion several weeks after injury and caused sprouting of axons at and caudal to 
the lesion [ 149 ,  150 ]. The ectopic expression of secreted Wnt antagonists (WIF1 or 
sFRP2) by stromal cells grafted at the site of a lesion to central branch dorsal col-
umn axons following a peripheral conditioning injury also enhanced the central 
regenerative response [ 153 ]. These results demonstrate that injury-induced Ryk 
expression strongly inhibits axon growth and recovery of function after a spinal 
cord lesion. 

 A fully human inhibitory monoclonal antibody—RWD1—to the RYK WIF 
domain [ 59 ] may represent an effective therapeutic in the setting of spinal cord and/
or peripheral nerve injury. RWD1 inhibited the stimulatory activity of Wnt5a on 
progenitor proliferation, dopamine (DA) neuron differentiation, and DA axonal 
connectivity in rat E13.5 ventral midbrain explants [ 32 ] and attenuated neurite out-
growth from Wnt5a-stimulated mouse E15.5 cortical neurons [ 59 ]. 

 Expression of a dominant-negative zebrafi sh Ryk-EGFP fusion, in which the 
intracellular region was replaced with EGFP, in zebrafi sh habenular commissural 
axons caused them to reenter the midline after reaching the contralateral habenula 
[ 154 ], reminiscent of the post-crossing defect seen in mouse  Ryk  −/−  embryos [ 91 ]. 
A similar dominant-negative mouse Ryk, in which the intracellular region was 
deleted, was employed to disrupt lateral-directed interstitial axon branching from 
RGC neurons during chick retinotectal mapping [ 112 ] or inhibit Wnt3-induced 
nuclear localization of Ryk-ICF in cultured mouse NPCs [ 39 ].  

15.8     Involvement of RYK in Disease 

15.8.1     Cancer 

 The Catalogue of Somatic Mutations in Cancer (COSMIC;   http://www.sanger.
ac.uk/genetics/CGP/cosmic    ; viewed November 2014) documents 35 different non- 
synonymous alterations in human  RYK  exons (Table  15.1 ). However, the functional 
implications of each mutation—if any—are unknown. In a patient with atypical 
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chronic myeloid leukemia, a 46,XY,del(3)(q22),dup(12)(q13q22),der(21)t(3;21)
(q22;q22) karyotype was established [ 155 ]. The 3q22 breakpoint was in exon 1 of 
 RYK , which was fused with the  ATP5O  gene from 21q22 to generate der(21)t(3;21). 
DNA sequencing of RT-PCR products indicated that two  RYK – ATP5O  fusion tran-
scripts were expressed. However, due to alternative splicing and a frame shift, both 
transcripts encoded a protein predicted to contain the initial 77 residues of RYK 
followed by an ectopic 44 residues from genomic chromosome 21 sequence. The 
role of the mutation in the etiology of the leukemia—if any—is unlikely but 
unknown [ 155 ].

   Altered  RYK  expression was observed in several cancer types, including acute 
myeloid leukemia, gastrointestinal, breast, testicular, and brain cancers, neuroblas-
toma, and Wilms and primitive neuroectodermal tumors [ 2 – 6 ,  156 ,  157 ]. Normal 
ovaries and benign ovarian tumors expressed very little  RYK  mRNA; borderline 
ovarian tumors showed moderate upregulation of  RYK  mRNA in the stromal com-
partment; and malignant ovarian tumors comprising a variety of histological types 
and grades showed a variable but distinctive upregulation of  RYK  mRNA, spatially 
restricted to the epithelial compartment [ 30 ]. Strong upregulation of RYK protein 
expression was observed in borderline and malignant forms of primary human ovar-
ian tumors by immunohistochemistry. The stroma, epithelium, and blood vessels of 
clear cell and serous histological subtypes showed a higher frequency of increased 
RYK expression than did endometrioid or mucinous tumors [ 79 ]. Signifi cantly, 
reduced overall survival was associated with overexpression of RYK in blood vessels 
and malignant epithelium of patients with ovarian cancer [ 158 ]. High expression of 
RYK in tumor-associated blood vessels was also linked to signifi cantly shorter pro-
gression-free survival [ 158 ]. RYK expression was also observed in the cancer and 
stromal compartments of breast tumors [ 59 ]. 

 Anastas et al. [ 159 ] described an autocrine role for WNT5A expression in pro-
moting the growth of naïve human melanoma and found that elevated WNT5A 
expression upon treatment with a BRAF V600E/K  inhibitor was part of a characteristic 
transcriptional signature clinically correlated with therapy resistance. FZD7 and 
RYK, mRNA for the latter found to be signifi cantly upregulated in human mela-
noma samples versus normal skin, were functionally identifi ed as the relevant 
WNT5A receptors in vitro. RNAi-mediated knockdown of either strongly reduced 
the activation of AKT and caused decreased viability of both naïve and BRAF 
inhibitor-resistant melanoma cell lines. 

 Two insertional mutagenesis experiments using an oncogenic transposon have 
identifi ed mouse  Ryk  as a common insertion site. In primary but not metastatic 
medulloblastomas on a  Ptch  +/− / Math1 - SB11 /T2Onc genetic background, insertions 
into  Ryk  were monoallelic [ 160 ]. T2Onc insertion into  Ryk  in primary medullo-
blastomas demonstrated a statistically signifi cant positive association with 
 insertions in  Ipo8 ,  Daam1 ,  Ehmt1 ,  Slc2a4 ,  E2f3 ,  Ccdc86 ,  Polr2d ,  Epha1 ,  Pdia4 , 
 Ptp4a2 ,  Nsbp1 ,  Baiap2 ,  Zmynd11 ,  Arrdc3 ,  Chd4 ,  Elavl1 ,  Ski ,  Clstn1 ,  Lyst ,  Vps41 , 
and  Exoc2 . In a mouse model of nonmelanoma skin cancer, mobilization of the 
T2Onc2 transposon in the skin was also found to result in insertions in  Ryk  more 
often than by chance [ 161 ].  

15 The RYK Receptor Family
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15.8.2     Craniofacial and Skeletal Defects 

 A patient with non-syndromic cleft lip and/or palate (precise defect not specifi ed) 
was heterozygous for a  RYK  missense mutation, G1373A, which results in a Y458C 
substitution in subdomain VIa of the PTK domain. Evidence for a loss-of-function 
effect of the Y452(458)C substitution was purportedly shown by a reduced capacity 
for transformation in a NIH/3T3 colony formation assay [ 80 ]. Two larger popula-
tion studies using European subjects showed no association between non-syndromic 
cleft lip and/or palate with  RYK  polymorphisms [ 162 ,  163 ]. 

 Robinow syndrome is a condition for which the genetic basis is heterogeneous. 
An autosomal recessive form (RRS) results from homozygous or compound hetero-
zygous mutations in the  ROR2  gene [ 164 ,  165 ], while the autosomal dominant 
 variant (DRS) is caused by heterozygous mutation in the  WNT5A  gene [ 166 ]. Clini-
cal malformations common to the recessive and dominant forms are characteristic 
facial features (hypertelorism, large nasal bridge, short upturned nose, midface 
hypoplasia), orodental abnormalities, hypoplastic genitalia, and mesomelic limb 
shortening [ 167 ]. The principal discriminating features of RRS are the more severe 
phenotypes and the additional presence of cleft lip and palate, and multiple rib and 
vertebral anomalies. Umbilical hernia and supernumerary teeth are seen exclusively 
in 32 % and 10 % of patients, respectively, with DRS. 

 Mazzeu [ 168 ], motivated by observations of mouse embryos with various loss-
of- function  Ryk ;  Vangl2  genotypes and their similarities to those of age-matched 
 Wnt5a  −/−  embryos [ 35 ], screened 24 patients with a diagnosis of DRS, for which the 
genetic basis did not involve  ROR2  or  WNT5A , for mutations in exons 2–16 of  RYK . 
However, no mutations were found and Mazzeu concluded that mutations in  RYK  
do not cause DRS [ 168 ]. In response, Andre and Yang [ 169 ] emphasized that a het-
erozygous  WNT5A  mutation was established as the genetic etiology in only a small 
fraction of patients with a clinical diagnosis of DRS [ 166 ], indicative of unexplained 
genetic heterogeneity, and that exon 1 and regulatory regions of the  RYK  gene were 
not examined for mutation. Furthermore, given that  Ror2  −/−  mouse embryos exhi-
bit more severe limb phenotypes and resemble  Wnt5a  –/–  embryos more than  Ryk  –/–  
embryos, human  RYK  mutations are perhaps more likely to be associated with RRS 
than DRS. Screening Robinow syndrome patients homozygous for wild- type  ROR2  
and  WNT5A  alleles for mutations in  RYK  will be required to test this hypothesis. 

 Activity of the anti-osteoporotic agent strontium ranelate (SrRan) was found to 
depend upon nuclear translocation of the nuclear factor of activated T cells (NFATc) 
in mouse osteoblasts, resulting in their increased proliferation and differentiation 
[ 170 ].  Wnt3a  and  Wnt5a  were upregulated in SrRan-treated osteoblasts and partici-
pated in an autocrine signaling loop involving Ryk that was necessary for the biologi-
cal effects of this therapeutic agent. In contrast, the human immunode fi ciency virus 
(HIV) protease inhibitor ritonavir is known to accelerate the HIV- promoted loss of 
bone mineral density. Enhanced osteoclast differentiation from mouse and human 
monocytic precursors, and their subsequent resorption of bone, was found to be the 
cellular basis for this observation [ 171 ]. Ritonavir induced Wnt5a and Wnt5b expres-
sion in osteoclast precursors, and Ryk expression was  necessary for their subsequent 
differentiation into mature osteoclasts.  
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15.8.3     Other Conditions 

 WNT5A signaling in human airway smooth muscle cells was activated by TGF-β 
and proved necessary for induction of extracellular matrix (ECM) production [ 172 ]. 
RYK and FZD8 transduced β-catenin-independent WNT5A signals to induce ECM 
expression as part of the smooth muscle response to TGF-β. Patients with asthma 
demonstrated twofold higher WNT5A expression in airway smooth muscle, which 
may be a signifi cant contributor to the fi brotic pathology characteristic of this dis-
ease [ 172 ]. Activation of rat hepatic stellate cells, a central feature of liver fi brosis, 
was reported to involve upregulation of mRNAs for  Wnts ,  Fzd  receptors and  Ryk  
[ 173 ]. 

 Mouse Ryk was expressed with atypical protein kinase C in normal adult moto-
neurons and oligodendrocytes, but not in astrocytes. In a transgenic mouse SOD1 G93A  
model of amyotrophic lateral sclerosis, Ryk expression was increased in motor neu-
rons and the ventral white matter of the lumbar spinal cord. Colocalization of Ryk 
with SOD1 G93A  protein was restricted to choline acetyltransferase-positive motor 
neurons in the gray matter and axons in the ventral white matter of the lumbar spinal 
cord [ 174 ]. 

 In transgenic animal models of Huntington’s disease expressing polyglutamine- 
expanded Huntingtin (Htt), expression of Ryk was increased during the presymp-
tomatic but pathogenic phase during which neuronal homeostasis is fi rst perturbed 
[ 63 ]. Dysfunction induced by the expression of polyglutamine- expanded Htt was 
prevented in touch receptor and PLM neurons of the  C. elegans lin - 18 / Ryk  mutant 
and in mouse striatal cells transfected in vitro with siRNA targeting  Ryk . In a poly-
glutamine-expanded Htt context, a protein complex scaffolded by BAR-1/β-catenin 
facilitated the repression of DAF-16/Foxo3a transcriptional and neuroprotective 
activities by recruitment of increased quantities of the nuclear LIN- 18/Ryk-ICF.   

15.9     Concluding Remarks 

 A combination of unique properties—poor immunogenicity, a Wnt-binding extra-
cellular WIF domain, context-dependent Notch-like proteolytic processing and 
 signaling, and pseudokinase status (Table “Receptor at a Glance”)—has conspired 
to make progress toward a comprehensive understanding of the molecular, cellular, 
developmental, and pathological roles of RYK subfamily members challenging. 
However, a powerful mix of genetically tractable model organisms, new techno-
logies, and devoted investigators has recently generated unexpected and exciting 
insights into fundamental biological phenomena regulated, at least in part, by the 
activity of RYK subfamily proteins (Fig.  15.5 ). Although our current understanding 
of how cellular context infl uences the coupling of RYK to alternative effector path-
ways (Fig.  15.4 ) is limiting, an emergent feature of function is the transduction of 
positional information provided by Wnt gradients.  

15 The RYK Receptor Family
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 Uncovering the diverse pathways and mechanisms by which a Wnt gradient 
evokes—for example—a repulsive response in navigating growth cones, the orien-
tation of asymmetric cell divisions during organogenesis, or the choice of cell fate 
in embryonic NPCs will depend in large part on our capacity to develop an inte-
grated model of context-dependent Wnt receptor activity. From a biomedical per-
spective, this is a formidable task given that the currently recognized human WNT 
(co)receptors number 17 (ten FZD receptors, LRP5, LRP6, ROR1 and ROR2, RYK, 
PTK7, and MuSK) [ 104 ] and the known complexity in number and activity of extra-
cellular Wnt agonists/antagonists [ 103 ]. However,  C. elegans  vulva development 
provides an inspiring example of how long-term focused interrogation of a well-
characterized model system can yield a highly sophisticated molecular understand-
ing of Wnt/receptor-regulated cell behavior [ 50 ,  128 ,  130 ,  132 ]. 

 Other important contributions to the understanding of RYK function will emerge 
from diverse but equally important areas of study. Structural and biochemical stud-
ies that address the basis for, or misclassifi cation of, RYK subfamily members as 
pseudokinases (e.g., [ 55 ]) are eagerly anticipated. Conditional mammalian models 
of Ryk function that circumvent the perinatal lethality of  Ryk  loss of function will 
provide long-awaited information regarding the roles of Ryk in juvenile, adolescent, 
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and adult physiology and pathological states when interrogated in appropriate 
 contexts. Potential anti-WNT/RYK therapeutics have been developed, and the 
results of testing these in appropriate animal models [ 59 ] and ongoing clinical trials 
[ 175 ] are of great interest. 

 The range of identifi ed and potential pathological contexts for evaluating the use-
fulness of anti-RYK therapeutics in human conditions is particularly diverse. Cancer 
is an attractive condition for the development of anti-RYK reagents given the estab-
lished effi cacy of small molecule RTK inhibitors and anti-growth factor approaches, 
but the pseudokinase status of RYK clearly signifi es a different but no less relevant 
class of target. Although speculative, other diverse human conditions—depression, 
addiction, schizophrenia, spinal cord and peripheral nerve  injuries, ADHD, Parkinson’s 
and Huntington’s diseases, and disorders of bone metabolism—together represent 
even greater potential for benefi t from targeting Wnt/RYK signaling. While basic 
research into the fundamental biological roles of RYK subfamily members will 
undoubtedly continue to surprise, brave investment in targeting Wnt/RYK signaling 
has great potential to alleviate human suffering.      

            RYK  receptor at a glance   

 Human a   Mouse b  

 Gene location  3q22  9D1 
 Gene size (bp)  93,609  ≈73 kb 
 Intron/exon numbers  14/15  14/15 
 mRNA size (5′, ORF, 3′)  2,942 bp  3,267 bp 
 Amino acid residues  610 (isoform 1 precursor), 

607 (isoform 2 precursor), 
273 (isoform 3 precursor) 

 594 (isoform 1 precursor), 591 
(isoform 2 precursor), 475 (isoform 
3 precursor) 

 Mature protein 
(predicted; kDa) 

 68 (isoform 1 precursor)  66 (isoform 1 precursor) 

 Posttranslational 
modifi cations 

  N -linked glycosylation, 
5 (N139, N174, N178, 
N182, N209, N291) 
 Phosphorylation 
 Polyubiquitylation 
 Proteolytic cleavages 

  N -linked glycosylation, 5 (N123, 
N158, N162, N166, N193) 
 Phosphorylation 
 Polyubiquitylation 
 Proteolytic cleavages 

 Domains  WIF (66–194) 
 Transmembrane helix 
(228–255) 
 Protein tyrosine kinase 
(333–606) 

 WIF (50–178) 
 Transmembrane helix (212–239) 
 Protein tyrosine kinase (317–590) 

 Extracellular ligands  Wnts  Wnts 
 Known dimerizing 
partners 

 Self  EphB2 
 EphB3 
 Fzd8 

(continued)
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 Human a   Mouse b  

 Pathways activated  Wnt/β-catenin 
 Wnt/calcium dependent 
 Wnt/planar cell polarity 
 AKT 

 Wnt/β-catenin 
 Wnt/calcium dependent 
 Wnt/planar cell polarity 

 Tissues expressed 
(mRNA) 

 Adipose, adrenal gland, 
blood cells, brain, breast, 
cerebellum, colon 
 Colorectal 
adenocarcinoma 
 Endothelial cells, 
fallopian tube, heart, 
kidney, liver, lung, lymph 
node, ovary 
 Ovarian carcinoma, 
pancreas 
 Placenta, prefrontal cortex 
 Prostate, retina, salivary 
gland, skeletal muscle 
 Skin, small intestine, 
smooth muscle, spleen, 
spinal cord 
 Testis, thymus, thyroid 
 Tongue, tonsil, thyroid, 
uterus 

 Adipose, adrenal gland, bladder, 
bone, bone marrow 
 Brain, cerebellum, colon 
 Embryo, whole 
 Embryo, heart, brain, spinal cord, 
small intestine, eye, hair follicle 
 Hematopoietic stem cells 
 Hippocampus, kidney, liver 
 Lung, lymph node, mammary 
gland, ovary, pancreas 
 Placenta, prostate, retina 
 Salivary gland, skeletal muscle 
 Skin, small intestine, spleen 
 Stomach, striatum, testis, tongue, 
thymus, uterus 

 Human diseases  Cleft lip/palate, cancer 
(melanoma) 

 Cancer (medulloblastoma, 
non-melanoma skin) 

 Knockout mouse 
phenotype 

 –  Neonatal death on day of birth 
 Cleft of the secondary palate 
 Growth retardation 
 Craniofacial defects 
 Reduced long bone length 
 Defective callosal axon guidance 
 Reduced neuron differentiation and 
increased oligodendrocyte 
differentiation in forebrain 
 Open neural tube 
(craniorachischisis; interaction with 
 Vangl2 ) 
 Open ventral body wall (interaction 
with  Vangl2 ) 
 Defective forelimb digit formation 
(interaction with  Vangl2 ) 
 Sternum and rib defects (interaction 
with  Vangl2 ) 
 Defective polarity of hair cells in 
cochlea (interaction with  Vangl2 ) 
 Additional row of hair cells in 
middle cochlea (interaction with 
 Vangl2 ) 
 Eyelid closure defects (interaction 
with  Vangl2 ) 

   a Human RYK protein numbering is based on the isoform 1 precursor (NCBI reference sequence 
NP_001005861.1) 
  b Mouse Ryk protein numbering is based on the isoform 1 precursor (NCBI reference sequence 
NP_038677.3) 
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    Chapter 16   
 The TIE Receptor Family 

             Pipsa     Saharinen    ,     Michael   Jeltsch    ,     Mayte M.   Santoyo    , 
    Veli-Matti   Leppänen    , and     Kari   Alitalo    

16.1             Introduction to the TIE Receptor Tyrosine 
Kinase Family 

 TIE1 and TIE2 receptor tyrosine kinases (RTK) were isolated in the beginning 
of the 1990s [ 1 – 4 ]. They constitute a distinct RTK subfamily with a unique 
extra cellular structure consisting of epidermal growth factor, immunoglobulin, 
and  fi bronectin type III domains (Fig.  16.1 , Table  16.1 ). Angiopoietin growth 
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  Fig. 16.1    Schematic presentation of the angiopoietin-induced TIE1 and TIE2 receptor signal-
ing complexes. Angiopoietin growth factors bind to the TIE2 receptor tyrosine kinase with 
similar affi nity, inducing TIE receptor clustering. The activating ANG1 ligand induces phos-
phorylation of TIE2, and to some extent also TIE1 in cell–matrix ( top, right ) and cell–cell 

 



745

Fig. 16.1 (continued) ( top, left ) contacts. In cell–cell contacts, the activated TIE2 receptor 
signals to stabilize the endothelium after angiogenic processes, and improve the endothelial 
barrier function, while in cell–matrix contacts, TIE2 stimulates endothe lial migration. 
Pericellular matrix - α5β1-integrin interaction has been reported to promote ANG1-TIE2 sig-
naling for cell survival and cell motility. Vascular sprouting may also involve ANG1 interac-
tions with integrins on non- endothelial cells, such as astrocytes. ANG2 is a weak TIE2 
agonist/antagonist, which can counteract ANG1 signaling in cell junctions ( bottom, left ), 
especially when its expression is increased, for example, in sepsis. High ANG2 levels also 
activate β1-integrin, which induces further destabilization of endothelial cell junctions, pro-
moting vascular permeability (bottom , right ). In endothelial tip cells, which express ANG2 
but low levels of TIE2, ANG2 signals via integrins to promote vascular sprouting. In the 
tumor vasculature, and in stressed endothelial cells which are exposed to low levels of ANG1 
signaling, ANG2 may provide cell survival signals. Deletion of the ligand-less TIE1 receptor 
inhibits atherosclerosis and tumor angiogenesis, and results in reduced TIE2 phosphorylation 
in  Tie1   gene- targeted mice. The  colors  of the TIE receptor domains refer to the corresponding 
exon colors in Fig.  16.3        

factors (ANGPT1, ANGPT2, ANGPT4, also called ANG1, ANG2, ANG4 in 
humans) are ligands for TIE2 [ 5 – 7 ], while TIE1 is an orphan receptor. Besides 
the vascular endothelial growth factors (VEGFs) and their receptors, the angio-
poietins and TIE receptors defi ne the second endothelial specifi c RTK signaling 
pathway. The ANG-TIE system is important for cardiac, blood vascular, and 
lymphatic vessel development and for the homeostasis of the mature vascula-
ture. The ANG-TIE system also regulates tumor angiogenesis, lymphangiogen-
esis, and metastasis as well as pathological endothelial infl ammation and 
vascular leak in numerous diseases (reviewed in [ 8 ,  9 ]).       

16.2     The Role of the TIE Receptor Tyrosine Kinase Family 
in Vascular Development 

 After the initial assembly of the primary vascular plexus, which requires VEGF-
dependent signals, the ANG-TIE system is necessary for cardiac development and 
for the remodeling of both the blood and lymphatic vasculatures after mid-gestation 
[ 8 ]. Gene-targeted mouse models have revealed a unique function for the ANG1-
TIE2 pathway during cardiac development and for TIE1 and TIE2 during later stages 
of angiogenic capillary growth. Furthermore, TIE1, ANG2 and ANG1 regulate post-
natal growth of the retinal vasculature [ 10 – 13 ]. The TIE receptors and their angiopoi-
etin ligands are also required for lymphatic development via effects on vessel 
remodeling, maturation and valve morphogenesis [ 14 – 17 ]. 

16.2.1     Ang1 and Tie2 in Cardiac and Vascular Development 

  Tie2  gene-targeted mouse embryos show severely impaired cardiac development, 
reduced numbers of endothelial cells, and hemorrhages, resulting in embryonic 
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   Table 16.1    Summary of the TIE1 and TIE2 receptors   

 TIE1 ( T yrosine kinase receptor 
with  I mmunoglobulin and  E GF 
homology domain 1), also Tie 

 TIE2, also TEK ( T unica interna 
 E ndothelial cell  K inase) 

 Chromosome 
location, human 

 1p34–p33  9p21 

 Gene size (kb), 
human 

 22,1  121 

 Exons (productive, 
longest transcript), 
human 

 23  23 

 mRNA size (5′ UTR, 
ORF, 3′ UTR), human 

 3882 (79, 3417, 386)  4760 (442, 3375, 943) 

 Amino acid residues, 
human 

 1,138  1,124 

 Molecular weights 
(kDa), human 

 125 (without glycosylation), 
~135 kDa apparent size on 
PAGE 

 126 (without glycosylation), 
~150 apparent size on 
PAGE 

 Posttranslational 
modifi cations 

 Glycosylation  Glycosylation 

 Extracellular domains  3 Ig-like (I set), 3 EGF-like, 
3 fi bronectin type III 

 3 Ig-like (I set), 3 EGF-like, 
3 fi bronectin type III 

 Ligands  Unknown  ANGPT1, ANGPT2, ANGPT4 
(mouse ANGPT4 was previously 
termed ANG3) 

 Known interaction 
partners 

 TIE2  TIE1, TIE2, VE-PTP 

 Signal transduction 
pathways activated 

 PI3-K/Akt (cell–cell contacts), 
ERK, DokR (cell–matrix 
contacts), GRB2, ABIN-2, 
Rac1/ IQGAP1, STAT 

 Tissues expressed  Endothelial cells, 
hematopoietic cells (stem cells, 
some myeloid cells, such as 
megakaryoblasts) 

 Endothelial cells, hematopoietic 
stem cells, megakaryoblasts, 
TEMs (Tie2-expressing 
macrophages) 

 Human diseases  Somatic mutations in cancer 
and angiosarcoma, implicated 
in a variety of other diseases 

 Vascular malformations 
(germ-line and somatic 
mutations), implicated in cancer 
and diabetic retinopathy 

 Knockout mouse 
phenotype 

 Impaired endothelial integrity, 
hemorrhages, lymphatic vessel 
defects, edema, death starting 
at E13.5, reduced 
atherosclerosis and reduced 
tumor growth and 
angiogenesis. 

 Impaired cardiac development, 
reduced numbers of endothelial 
cells, hemorrhages, death by 
E10.5, lymphatic vessel defects 
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lethality by E10.5 [ 18 ]. Gene-targeted embryos defi cient of the Tie2 ligand Ang1 
die by E12.5 [ 5 ]. They have a very similar phenotype, including impaired cardiac 
development and less complex vascular structures. In addition, the endothelial cells 
in the  Ang1   −/−   embryos are rounded and poorly associated with basement mem-
branes [ 5 ]. Myocardial Ang1 expression appears to stimulate coronary vein forma-
tion, by promoting the proliferation, migration, and differentiation of immature 
endothelial cells derived from the sinus venosus [ 19 ]. Interestingly, cardiac-specifi c 
 Ang1  deletion during embryogenesis largely phenocopied the ubiquitous loss of 
Ang1. The deletion of  Ang1  after E13.5 was compatible with life; however, postna-
tal retinal angiogenesis was defective [ 11 ,  12 ]. Ang1 does not appear to be required 
for normal homeostasis in the adult vasculature, but it is required to limit pathological 
angiogenic responses and fi brosis after injury or during microvascular stress [ 11 ,  12 ].  

16.2.2     Tie1 Regulates Vascular and Lymphatic Development 

 Endothelial integrity is impaired in the  Tie1  gene-targeted mouse embryos, resulting 
in hemorrhages and lethality at E13.5 [ 20 ]. Tie1 is required for endothelial cell sur-
vival and for capillary growth during late phases of embryonic angiogenesis, espe-
cially in the developing kidney and the brain [ 21 ]. The deletion of both  Tie1  and  Tie2  
causes more severe defects in vascular integrity than single gene deletions, and mosaic 
analysis has demonstrated that both Tie1 and Tie2 are required in endothelial cells 
during late phases of embryonic development and in adult tissues [ 22 ]. Postnatal con-
ditional deletion of  Tie1  decreased angiogenic sprouting in the developing retinal vas-
culature, but had little effect on mature vessels in adult tissues [ 13 ]. 

 Tie1 is also critical for lymphatic vascular development. Conditionally targeted 
 Tie1  embryos showed severe edema and abnormal formation of jugular lymph sacs 
at E13.5–14.5 [ 14 ,  15 ]. A genetic  Tie1  mouse model, with conditionally targeted  Tie1  
endodomain, demonstrated abnormal lymphatic collecting vessels and defective 
lymphatic valve formation between E15.5 and E18.5, and during postnatal life [ 16 ].  

16.2.3     Ang2/Ang1-Tie2 Pathway Is Critical for Lymphatic 
Vascular Remodeling 

  Ang2 -defi cient mice die postnatally or survive until adulthood, depending on the 
genetic background [ 10 ]. Newborn  Ang2 -deleted mice suffer from generalized lym-
phatic dysfunction, including subcutaneous edema and chylous ascites [ 10 ]. Their 
collecting lymphatic vessels fail to undergo proper postnatal maturation and have 
abnormal smooth muscle cell coating, whereas the lymphatic capillaries are hypo-
plastic and disorganized [ 10 ,  23 ]. 

 Ang2 is indispensable for lymphatic remodeling; genetic deletion or administra-
tion of blocking ANG2 antibodies at different stages during embryonic develop-
ment prevented the maturation of zipper-like junctions to button-like junctions of 
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the lymphatic capillary endothelium and inhibited the phosphorylation of 
VE-cadherin at Tyr685, whereas in the collecting lymphatic vessels the adherens 
junctions were disrupted, resulting in compromised lymph drainage [ 24 ]. Embryonic 
Ang2-blockade suppressed also the formation and maturation of the lymphatic 
valves [ 24 ]. 

 When expressed in the  Ang2  genetic locus, Ang1 was able to complement the 
lymphatic defects of  Ang2  gene-targeted mice, indicating that Ang2 and Ang1 func-
tion similarly in the lymphatic vasculature, likely as Tie2 agonists [ 10 ]. 

 Conditional deletion of  Ang1  and  Ang2  in double knockout mice demonstrated 
lack of Schlemm’s canal and lymphatic capillaries in the corneal limbus, leading to a 
dramatic increase in intraocular pressure and glaucoma [ 25 ]. The lymphatic defects in 
the  Ang1  and  Ang2  double knockout mice were more severe than in the  Ang2  single 
knockout mice, suggesting that both Ang1 and Ang2 contribute to the formation of the 
lymphatic vasculature in the eye [ 25 ]. Furthermore, deletion of both  Ang1  and  Ang2  
at E12.5, but not  Ang2  alone, resulted in subcutaneous edema in the embryos. The 
lymphatic phenotypes of  Ang1  and  Ang2  double knockout mice resembled those 
observed upon conditional  Tie2  deletion, suggesting that compensatory mechanisms 
regulate lymphatic development via Tie2 [ 25 ]. 

 Ectopic overexpression of Ang2 in developing mouse embryos resulted in blood 
vascular defects similar to those in  Ang1 -  and Tie2- defi cient embryos, which ini-
tially suggested that ANG2 acts as a TIE2 antagonist in the vascular endothelium 
[ 6 ]. However, the blood vascular defects of  Ang2   −/−   mice were limited to the devel-
opment of the postnatal ocular vasculature, where Ang2 was required for the regres-
sion of the hyaloid vessels and for sprouting of the retinal vasculature [ 10 ]. These 
results suggest that ANG2 may present its context-dependent antagonistic function 
during development of the eye vasculature, where it functions to destabilize the 
existing hyaloid blood vessels.   

16.3     The Role of the TIE Receptor Tyrosine Kinase Family 
in Physiology and Disease 

 The ANG-TIE system regulates vascular homeostasis and it is also implicated in 
numerous vascular diseases. Therefore, the ANG-TIE system has become a target 
of  investigational vascular therapies [ 26 ]. ANG1 mediates vascular protection via 
TIE2 activation, and recombinant or viral vector delivery of ANG1 protein has 
been considered as a potential means for alleviating vascular complications of 
diabetes and sepsis, which may result in acute lung and kidney injury [ 27 ]. The 
potential of ANG1 to induce organized neovascularization with non-leaky vessels 
has stimulated research on ANG1 as a therapy for ischemic diseases [ 28 – 30 ]. 
Reduced TIE receptor expression has been associated with susceptibility to vas-
cular complications caused by hemorrhagic Ebola virus infection, whereas acti-
vating TIE2 mutations contribute to the development of cutaneomucosal venous 
malformations [ 31 ,  32 ]. In contrast, inhibition of ANG2 has shown benefi cial 
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effects in reducing vascular leakage, alleviating e.g. sepsis-induced lung injury 
and harmful infl ammation associated with cardiac transplant rejection [ 33 ,  34 ]. 
Inhibition of ANG2 [ 35 ] and TIE1 may provide protection from atherosclerosis, 
and inhibition of both ANG2 and TIE1 has been demonstrated to decrease tumor 
angiogenesis and growth [ 13 ,  36 – 39 ]. 

16.3.1     TIE2 Mutations in Vascular Malformations 

 Vascular anomalies are developmental vascular defects and consist of a variety of 
hereditary and sporadic disorders. Germline  TIE2  mutations (most common is the 
point mutation R849W) cause the inherited cutaneomucosal venous malformation 
(VMCM) syndrome, which is characterized by multifocal small bluish cutaneous 
and mucosal lesions, composed of enlarged, tortuous venous channels [ 40 ]. The 
patients are also affected by somatic ‘second hit’ mutations causing loss of function 
of the second  TIE2  allele [ 31 ]. 

 Somatic  TIE2  mutations cause a more common, sporadic form of venous malfor-
mation (VM), characterized by extensive unifocal lesions and enlarged venous 
channels with patchy smooth-muscle cell layers and a thin, continuous TIE2-
positive endothelial cell layer [ 31 ,  41 ]. When ectopically expressed in cultured 
endothelial cells, the VM-associated mutant TIE2 proteins, including the R849W 
mutant, were hyperphosphorylated. However, the level of hyperphosphorylation did 
not correlate with the clinical phenotype of the patients [ 31 ]. Some of the TIE2 
mutations, for example, L914F, affected the subcellular localization of TIE2, result-
ing in impaired receptor localization on the cell surface, increased Akt and STAT1 
phosphorylation, and decreased platelet-derived growth factor B expression, which 
may contribute to the weak pericyte–endothelial cell association observed in the 
VM lesions [ 31 ,  42 ].  

16.3.2     ANG-TIE System in Cancer 

 Circulating ANG2 levels have been identifi ed as an independent factor predicting 
poor prognosis in many human cancers, including metastatic melanoma, colorectal 
cancer (CRC), and chronic lymphocytic leukemia [ 26 ]. Several approaches to target 
the ANG- TIE system are in clinical development for the treatment of human cancer, 
some of these have advanced into phase III trials [ 43 ]. In contrast to VEGF, which 
is highly expressed by many tumor cells, tumor cell lines express very little ANG2 
[ 8 ]. Instead, ANG2 mRNA expression was detected in cells of the tumor stroma in 
patients with metastatic CRC [ 44 ], in line with preclinical data from mouse tumor 
models [ 45 ]. Interestingly, low pre-therapeutic circulating ANG2 levels were asso-
ciated with a better response to bevacizumab in CRC patients, suggesting that 
circulating ANG2 may provide a biomarker for anti- angiogenic therapies in CRC, 
where bevacizumab is used in combination with chemotherapy [ 44 ]. 
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 In preclinical models, blocking of the ANG-TIE interaction has been demonstrated 
to inhibit tumor angiogenesis and lymphangiogenesis. These studies used different 
ANG2 and ANG1/ANG2 blocking agents in various mouse tumor or xenograft mod-
els, either as monotherapy or in combination with VEGF signaling inhibitors, which 
showed synergistic effects (reviewed in [ 9 ]). Mechanistically, the function of ANG2 in 
tumor angiogenesis is not well known. ANG2 expression has been detected as one of 
the fi rst markers of the activated endothelium of co-opted tumor blood vessels. ANG2  
is thought to cause endothelial destabilization, leading to vessel regression, hypoxia, 
and increased expression of both ANG2 and VEGF, which together induce robust 
angiogenesis in the tumor (angiogenic switch) [ 45 ]. However, ANG2 has been also 
proposed to act as a TIE2 agonist in tumors, promoting endothelial cell survival in the 
tumor vasculature, where the ANG2/ANG1 ratio is elevated [ 46 ]. 

 In addition, ANG2 appears to contribute to the vascular phenotype of tumors by 
inducing pericyte detachment and endothelial cell sprouting [ 47 ,  48 ], while block-
ing ANG2 results in the normalization of tumor vessels with increased levels of 
adhesion  molecules at endothelial cell-cell junctions, increased pericyte coverage, 
reduced endothelial cell sprouting, and vascular remodeling, producing smaller, 
more uniform vessels [ 36 ]. Some of the vascular normalization effects of ANG2 
blocking therapies may be mediated by ANG1 [ 36 ]. A chimeric cartilage oligo-
meric matrix protein-angiopoietin-1 (COMP- ANG1) induced vessel normalization 
and improved vessel perfusion, potentiating chemotherapy in a syngeneic mouse 
tumor model [ 49 ,  50 ]. 

 Anti-angiogenic therapies have been suggested to enhance invasive tumor growth 
[ 51 ,  52 ], while ANG2 blocking inhibits tumor lymphan giogenesis and decreases 
lymph node and distant metastasis [ 37 ,  39 ]. Anti- ANG2 antibodies inhibited tumor 
cell extravasation and lung metastasis by improving endothelial cell–cell junctions of 
tumor-associated pulmonary capillaries [ 39 ]. Mech anis tically, the ANG2 blocking 
antibody not only inhibited ANG2 binding to TIE2, but also induced the internaliza-
tion of the ANG2-TIE2 complexes [ 39 ]. Blocking ANG2 was also reported to modu-
late the functions of TIE2-expressing macrophages (TEMs), which form a 
subpopulation of tumor-associated proangiogenic myeloid cells [ 37 ]. Furthermore, 
ANG2 neutralization effectively reduced the growth of pancreatic RIP1-Tag2 tumors, 
which developed evasive resistance to VEGFR-2 inhibitors partly via increased 
ANG2/TIE2 expression [ 53 ].  

16.3.3     Tie1 in Cancer and Cardiovascular Disease 

  TIE1  is expressed in the endothelium of tumor vessels [ 54 ]. Recent results demon-
strated reduced tumor growth and postnatal angiogenesis in mice with endothelial 
 Tie1  deletion [ 13 ]. Endothelial cell apoptosis was increased in tumors grown in 
 Tie1 -defi cient mice, whereas the normal vasculature was not affected [ 13 ]. In addition, 
 Tie1  deletion reduced tumor growth and angiogenesis to a similar extent as VEGF 
signaling inhibitors. Interestingly, additive tumor growth inhibition was obtained 
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with the soluble Tie2 ectodomain capable of neutralizing ANG ligands, but not with 
VEGF inhibitors when used in the  Tie1 -defi cient mouse background [ 13 ]. 

 Furthermore,  Tie1  deletion appears to protect mice from atherosclerosis.  Tie1  is 
induced at sites of turbulent vascular fl ow in arteries, and the deletion of  Tie1  pro-
vided a benefi t for  Apoe   −/−   mice on regular diet, by decreasing the number of ath-
erosclerosis plaques [ 38 ].  

16.3.4     ANG-TIE System in Vascular Leak 
and Therapeutic Angiogenesis 

 Circulating ANG2 levels are signifi cantly elevated in diseases characterized by 
endothelial destabilization and vascular leak, such as sepsis, acute lung and kidney 
injury and acute respiratory distress syndrome (ARDS) [ 55 ]. Ang2 appears to con-
tribute to endothelial barrier disruption in sepsis- associated lung injury, but excess 
systemic Ang2 has been also reported to provoke pulmonary  vascular leak and con-
gestion in otherwise healthy adult mice [ 56 ]. 

 Mice heterozygous for  Ang2  were protected from sepsis-induced kidney and lung 
injury, demonstrating less tissue infl ammation and vascular leakage compared to wild-
type mice, whereas  Tie2  heterozygous mice were more susceptible to endotoxin- induced 
lung injury [ 27 ,  57 ]. In addition, ANG2 blocking antibodies reduced hemodynamic 
alterations and mortality rate in mice with lipopolysaccharide (LPS)-induced sepsis 
[ 33 ]. Furthermore, siRNA silencing of  Ang2  in the pulmonary endothelium improved 
the survival of mice following cecal ligation and puncture, both as a pretreatment and as 
a rescue intervention [ 58 ]. On the other hand, ectopically provided ANG1 alleviated 
sepsis-induced lung injury [ 27 ]. These results suggest that ANG2 promotes, whereas 
ANG1-TIE2 signaling protects from the drastic consequences of sepsis. The vascular 
protective signals emanating from ANG1-TIE2 receptor complexes are well studied, 
whereas ANG2 signaling mechanisms in vascular pathologies are less well understood. 
However, ANG2 can increase vascular leak induced by many infl ammatory cytokines 
[ 59 ]. Decreased Tie2 levels have been reported in the vasculature during septic shock; 
these may further aggravate the disease [ 27 ]. Reduced Tie2 expression was also associ-
ated with susceptibility to fatal vascular complications induced by hemorrhagic Ebola 
virus infection in mice [ 32 ]. A recent study demonstrated that when TIE2 levels are 
reduced or when ANG2 levels are increased, ANG2 can  signal via β1-integrin to induce 
endothelial retraction and destabilization of endothelial cell junctions, a mechanism that 
may be in place in conditions with increased vascular leak [ 60 ] (Fig.  16.2 ). 

 ANG2 is also a pro-infl ammatory molecule: ANG2 sensitizes endothelial cells to 
TNF-α signaling to induce expression of endothelial cell adhesion molecules [ 61 ]. In 
a mouse model of chronic airway infl ammation, ANG2 blocking agents decreased 
the remodeling of mucosal capillaries into venules, the amount of leukocyte recruit-
ment, and disease severity [ 62 ]. Ang2 is also highly upregulated in the retinas of 
diabetic rats. Reduced  Ang2  gene dosage inhibited diabetes-induced pericyte loss 
and the formation of acellular capillary segments, suggesting a critical function for 
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ANG2 in diabetic retinopathy [ 63 ]. ANG2-induced pericyte apoptosis seems to occur 
under high glucose via an integrin-dependent pathway [ 64 ]. 

 In contrast to ANG2, ANG1 is anti-infl ammatory, stimulates endothelial cell 
 survival, and inhibits vascular permeability via multiple mechanisms including 
direct effects on the endothelial cell glycocalyx [ 65 ]. The potential of ANG1 to 
promote vascular stability and barrier function as well as to stimulate organized 
vascular  remodeling resulting in non-leaky vessels makes ANG1 a potential thera-
peutic agent in numerous diseases [ 28 ,  30 ]. For example, ANG1 can improve the 
integrity of lymphatic vessels in infl amed skin after UVB irradiation by modulat-
ing expression of tight junction molecules [ 66 ]. The recombinant-soluble ANG1 

  Fig. 16.2    ANG2-β1-integrin signaling promotes endothelial destabilization. In shScramble 
(shScr) transfected control cells, β1-integrin promotes cell-cell adhesion and cortical actin cyto-
skeleton in the cell periphery via focal adhesions. In TIE2 silenced (shTIE2) endothelial cells, and 
in the endothelium of ANG2 transgenic mice [ 60 ] β1-integrin is localized in elongated matrix 
adhesions that connect to actin stress fi bres and reduce the integrity of vascular endothelial-
cadherin-containing cell–cell junctions. ANG2 was found to signal via β1-integrin when ANG2 
levels were elevated or when TIE2 levels were decreased, leading to endothelial β1-integrin activa-
tion and cellular tension, which should contribute to reduced barrier function in diseased condi-
tions, such as sepsis [ 60 ]. Image provided by Laura Hakanpää       
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protein, COMP-ANG1, promoted angiogenesis and suppressed infl ammation in 
sciatic nerves of diabetic ( ob/ob ) mice, suggesting that COMP-ANG1 could improve 
the morphologic and molecular changes associated with diabetic neuropathy [ 67 ]. 
Adenoviral delivery of COMP-ANG1 also promoted diabetic wound healing by 
enhancing angiogenesis, lymphangiogenesis, and blood fl ow [ 68 ]. The genetic dele-
tion of  Ang1  in adult mice demonstrated that Ang1 limits pathological tissue fi brosis 
during wound healing and protects from microvascular disease in streptozotocin-
induced diabetes [ 11 ]. In preclinical mouse models, endothelial dysfunction during 
hypertension was reduced by expression of the COMP-ANG1 protein. The treat-
ment reduced the hypertension-associated cardiovascular and renal damage and pre-
vented further elevation of blood pressure [ 69 ]. 

 Ischemia followed by reperfusion occurs as a consequence of organ transplan-
tation, treatment of hypotension, and major surgeries and may induce microvas-
cular endothelial cell injury, leading to deregulation of vascular tone, tissue 
perfusion, permeability, and infl ammation. In a renal ischemia–reperfusion model, 
COMP-ANG1 reduced vascular defects, vascular permeability and interstitial 
fi brosis, and preserved tissue perfusion, thereby improving renal function [ 70 ]. 
Similar benefi cial effects were observed in a renal artery clamping model when 
rats were treated with simvastatin, a HMG-CoA reductase inhibitor, which inhib-
its hypoxia-induced release of ANG2 from endothelial Weibel-Palade bodies 
[ 71 ]. During cardiac transplantation, ischemia–reperfusion injury can trigger 
innate and adaptive immune responses that may lead to rejection, myocardial 
injury, and death, a series of events associated with increased ANG2 levels [ 34 ]. 
Interestingly, a single  ex vivo  intracoronary injection of ANG2 blocking antibod-
ies reduced vascular permeability, myocardial injury, and associated infl amma-
tion by preventing leukocyte infi ltration and expression of endothelial cell 
adhesion molecules, eventually leading to prolonged allograft survival [ 34 ]. 

 Use of ANG1 for therapeutic neovascularization of ischemic tissues has gained 
interest because initial attempts to sustain neovascularization with VEGF family 
growth factors resulted in serious side effects. A recombinant protein made by 
fusion of the receptor-binding domains of VEGF and ANG1 growth factors, the 
VA1 chimera, was shown to be a potent angiogenic factor that triggers a novel mode 
of VEGFR-2 activation,  promoting less vessel leakiness, less tissue infl ammation, 
and better perfusion in ischemic muscle than VEGF [ 29 ]. In contrast, transgenic 
expression of ANG2 was shown to inhibit collateral artery growth and smooth 
muscle cell recruitment after arterial occlusion, thereby impairing perfusion and 
increasing necrosis in the ischemic limb [ 72 ].   

16.4     TIE1 and TIE2 Genes 

 The  TIE1  and  TIE2  genes are conserved in numerous species, and their orthologues 
are present in chordates, but not e.g. in  C. elegans  or  D. melanogaster . TIE1 and 
TIE2 are expressed mainly in the endothelial cells, with some expression in certain 
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hematopoietic cell lineages, including TIE2-positive hematopoietic stem cells and a 
subpopulation of proangiogenic TIE2-positive macrophages [ 73 – 77 ].  Tie1  expres-
sion is induced during vascular remodeling, in tumors, and by disturbed fl ow in 
vascular bifurcations and branching points of arteries, whereas TIE1 expression is 
reduced by shear stress [ 54 ,  78 ,  79 ].  TIE1, ANGPT2 , and  TIE2  mRNAs are strongly 
expressed also in cells of Kaposi’s sarcoma tumor cells, and in cutaneous angiosar-
comas [ 80 ]. 

16.4.1     TIE1 

 The human  TIE1  gene, located in chromosome 1p34-p33, is expressed in an 
 endothelial cell-specifi c manner [ 73 ]. High expression of  Tie1  is found in adult lung, 
heart, and placenta. Moderate levels are present in the kidney, while skeletal muscle, 
brain, liver, and pancreas have less prominent expression.  Tie1  expression starts at 
about E8.5 during mouse embryonic development [ 78 ].  Tie1  mRNA is detected in 
differentiating angioblasts of the head mesenchyme, in the splanchnopleura and dor-
sal aorta, as well as in migrating endothelial cells of the developing heart, in the 
heart endocardium, and in endothelial cells forming the lung vasculature [ 78 ]. 

 A  TATA- or CAAT-box  is absent from the  TIE1  promoter. Critical promoter/
enhancer  elements that determine endothelial expression are located within several 
hundred nucleotides upstream of the major transcription initiation site. These 
elements include several binding sites for members of the Ets transcription factor 
family (NERF-2, ELF-1, and ETS2) and an octamer transcription factor binding site 
[ 81 ]. This part of the promoter is conserved between mice and humans [ 73 ], and it 
contains most of the promoter specifi city determining sequences [ 82 ]. Hence, it has 
been frequently utilized to drive endothelial cell-specifi c expression of transgenes 
[ 82 ,  83 ]. 

  TIE1  is also expressed in cultured endothelial cells, some hematopoietic 
 progenitor cells, and some myeloid leukemia cell lines having erythroid and mega-
karyoblastoid characteristics [ 76 ] and in adult acute myelogenous leukemia [ 84 ].  

16.4.2     TIE2 

 The  TIE2  gene ( TEK ) is very similar to the  TIE1  gene (Fig.  16.3 ). It features also 
23 exons, although they span a much larger genomic region than  TIE1  exons 
(121 kb on chromosome 9p21 in comparison with 22 kb for the  TIE1  gene). 
Endothelial specifi c expression is controlled by transcription factor binding sites in 
the fi rst intron of the  Tie2  gene [ 83 ,  85 ,  86 ]. In addition, TIE2 is expressed in sev-
eral hematopoietic cells, most notably in hematopoietic stem cells (HSCs), where 
ANG1-induced signals regulate HSC niche regeneration and vascular leakiness 
[ 74 ,  77 ]. TIE2 is also expressed in a subpopulation of type M2 monocytes (TEMs), 
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  Fig. 16.3    The exon/intron structures of the human and mouse  TIE1  and  TIE2  genes. Exons are 
shown as  solid boxes  and introns as  brown lines . Exons are colored according to the domain struc-
ture:  red , signal peptide/SP;  green , immunoglobulin-like domain/Ig;  magenta , epidermal growth 
factor-like domain/EGF;  orange , fi bronectin type 3 domain/FN3;  cyan , transmembrane domain/
TM;  blue , tyrosine kinase domain/TK;  black , not assigned to any domain. The  black  numbers 
above the exons indicate the exon length. The numbers for the fi rst and last exons are split into the 
coding ( black ) and untranslated sequences ( gray ). The  brown numbers  under the larger introns 
indicate the intron length. The  colored numbers  under the exons refer to the corresponding amino 
acid residues. The total number of amino acid residues in the receptors is shown in  black . *1,123 
amino acid residues as deduced from the mouse genome project and one cDNA, and 1,122 amino 
acid residues according to the UniProtKB/Swiss-Prot database as deduced from three cDNAs. The 
assignment of the domain structure is according to the SMART protein domain research tool, 
except for the Ig-like and EGF-like domains, which are according to the TIE2 crystal structure 
determined by Barton et al. [ 103 ]       

with tumor and angiogenesis-promoting properties [ 75 ] and in the muscle satellite 
cells, located among skeletal myofi bers and associated with the microvasculature 
[ 87 ]. Ang1 derived from the quiescent satellite cells or fi broblasts in the muscle 
microenvironment promotes satellite cell quiescence for long-term self-renewal of 
adult muscle stem cells [ 87 ].   

16.4.3     Alternative Splicing and Conservation 

 The exon–intron structure is highly conserved between  TIE1  and  TIE2  and also 
between the mouse and human  TIE  genes. Many alternative splice variants of  TIE1  
and  TIE2  have been cloned or are found among EST sequences (see Alternative 
Splicing Database or Ensemble). Most but not all of the putative proteins resulting 
from such splice variants are likely not produced due to the lack of a functional 
signal peptide and thus their signifi cance is unknown [ 88 ] .   
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16.4.4     Gene Variants, Polymorphisms, and Somatic Mutations 

 No variants of the human  TIE1  gene have been reported. However, somatic muta-
tions affecting the extracellular and tyrosine kinase domains have been identifi ed in 
cancer, including angiosarcoma [ 89 ,  90 ]. In contrast, mouse TIE1 features several 
sequence variants, which may be polymorphisms [ 4 ,  91 ,  92 ]. 

 Multiple missense point mutations have been described in the human  TIE2  gene. 
Most of them are located in sequences encoding the tyrosine kinase domain. They 
result in increased ligand-independent autophosphorylation and kinase activation 
and are linked to VMs [ 31 ,  39 ,  93 ,  94 ]. The mouse sequences for TIE2 similarly 
feature plenty of single amino acid variants, some of which correspond to human 
disease variants (for example, mouse R913G and human R915H). Notable is also a 
single valine insertion after position 786 of mouse TIE2, which is present in some 
cDNA sequences [ 29 ], but absent from others [ 2 ,  3 ,  34 ,  66 ]. This results from alter-
native splicing at the intron 14–15 splice donor site. Larger variations involving 
stretches of 7 to 17 amino acid residues likely represent sequencing artifacts since 
they represent frameshifted versions of the wild-type sequence with junctions at 
sites of repeated calls of individual bases [ 70 ]. Given the critical location of many 
of these sequence confl icts, the origin, verifi cation, and documentation of TIE 
sequences used for experimental research are paramount.  

16.4.5     Regulation of Transcription 

 Increased TIE2 expression has been reported in hypoxia in both endothelial cells 
and TEMs [ 95 ,  96 ]. The response is at least partially mediated by transcriptional 
activation, presumably involving the HIF-2 transcription factor [ 97 ]. However, there 
seems to be signifi cant heterogeneity in the hypoxic response depending on 
the  origin of the endothelial cells. Also, infl ammatory cytokines such as TNFα and 
IL-1β upregulate TIE2 [ 95 ]. 

  TIE1  expression is increased during wound healing, in proliferating ovarian capil-
laries during hormone-induced superovulation, and in tumor blood vessels [ 54 ,  78 ]. 
 Tie1  is downregulated by shear stress [ 98 ], but induced by disturbed fl ow in vascular 
bifurcations and branching points of arteries [ 79 ].  TIE1 , along with  ANGPT2  and  TEK  
mRNAs, is strongly expressed in cells of Kaposi’s sarcoma tumor cells, and in cutane-
ous angiosarcomas [ 80 ].  

16.4.6     TIE Genes in Different Species 

 The  TIE  family has been considered not only metazoan specifi c, but also chordate 
specifi c as no  TIE  orthologues have been found in  C. elegans  or  D. melanogaster  
[ 86 ,  99 ]. Receptor tyrosine kinase genes resembling the  TIE  gene (MBRTK1/
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RTKB5 and others) have been identifi ed in the unicellular choanofl agellate 
 Monosiga brevicollis . However, the weak similarity with the chordate Tie family 
might be due to convergent evolution [ 100 ,  101 ]. 

  tie1  and  tie2  orthologues are found in zebrafi sh, but they appear to have different 
functions than their mouse counterparts. In contrast to the phenotype of the  Tie2   −/−   
mouse,  tie2   −/−   mutant fi sh are viable and have no vascular or heart phenotype. 
However, knockdown of zebrafi sh  tie1  in the  tie2  mutant background results in 
phenotypes similar to those of the  Tie2   −/−   mouse [ 102 ]. This suggests for functional 
redundancy between the fi sh tie2 and tie1 proteins. Furthermore, study of  tie1  
knockdown in fi sh suggests that  tie1  but not  tie2  is required for early stages of heart 
development. However, both  tie1  and  tie2  are indispensable in the later develop-
mental stages for the maintenance of endocardial–myocardial interaction, a pheno-
type similar to that seen in  Tie2   −/−   mice, where poor association between endothelial 
cells and the myocardium is evident.   

16.5     TIE1 and TIE2 Proteins 

 The TIE RTKs are characterized by a unique extracellular domain (ECD) for ligand 
binding, a single-pass transmembrane domain, and a cytoplasmic protein tyrosine 
kinase (TK) domain. The TIE ECDs consist of immunoglobulin, epidermal growth 
factor-like, and fi bronectin type III repeats. Crystal structures of the angiopoietin–
TIE2 complexes demonstrate that ANG1 and ANG2 bind to the same sites in TIE2 
in a largely similar manner [ 103 ]. The mechanism of TIE2 activation remains 
 elusive, although the oligomerization of angiopoietin ligands suggests that TIE2 
activation requires its oligomerization [ 104 – 106 ]. Similar to other RTKs, the TIE2 
oligomerization is likely to involve interactions between the ECDs and TIE2/TIE1 
heterodimerization is mediated by interactions between their ECDs. Activation of 
the intracellular TIE tyrosine kinase domains is associated with phosphorylation of 
multiple tyrosine residues in the kinase domains and the C-terminal tail, which 
 couples the TIE receptors to downstream signaling events [ 107 ]. 

16.5.1     Domain Structure and Posttranslational Modifi cations 

 The ECD of the TIE receptors is unique and consists of two immunoglobulin (Ig)-
like domains, followed by three N-terminal epidermal growth factor (EGF)-like 
motifs, a third immunoglobulin (Ig)-like domain, and three fi bronectin type III 
(FNIII) domains [ 1 ,  3 ]. The presence of the second Ig-like domain was revealed by 
the determination of the crystal structure of the TIE2 ligand-binding domain (LBD, 
residues 23–445) in complex with the ANG2 fi brinogen-like domain [ 103 ]. The 
crystal structure (Fig.  16.4 ) revealed a compact, arrowhead-shaped molecule con-
taining the Ig-like domains (Ig1–Ig3) and the EGF-like domains (EGF1–EGF3). 
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The surface loops of Ig2 are at the tip of the TIE2 arrowhead and alone comprise the 
ANG2 binding site [ 103 ]. Recently, a TIE2 structure including the fi rst FNIII 
domain (FNIII-1) was solved in complex with the ANG1 fi brinogen-like domain 
[ 108 ]. The infl exible associations between Ig3 and FNIII-1 and the orientation of 
FNIII-1 to the opposite direction of the ligand-binding site suggest a rigid and elon-
gated molecular architecture for the TIE2 ECD.  

 The TIE1 and TIE2 ECDs have an amino acid identity of 31 % and homology 
modeling of TIE1 revealed similar conserved overall folds and hydrophobic sur-
faces [ 109 ]. However, comparison of the surface electrostatic potentials revealed 
that TIE2 ECD has a slight negative overall charge, whereas TIE1 ECD has a posi-
tive overall charge, suggesting that patches of oppositely charged molecular sur-
faces in TIE1 and TIE2 may be involved in TIE1–TIE2 heterodimerization [ 109 ]. 

  Fig. 16.4    Crystal structures of the ANG2/TIE2 complex and the TIE2 kinase domain. ( a ) ANG2 
fi brinogen-like domain in complex with TIE2 ligand-binding domain. TIE2 ligand-binding domain 
and ANG2 are colored in  light blue  and in  light orange , respectively. TIE2 asparagine-linked car-
bohydrate groups are colored in  red  and shown as sticks. ( b ) Close-up view of the ANG2/TIE2 
interface in ( a ). TIE2 Ig2 domain interacts with ANG2 P-domain. Hydrophobic residues, includ-
ing Phe469 and Tyr475 from ANG2 and Phe161 from TIE2, dominate the interface. TIE2 Arg167 
and ANG2 Asp448 mediate a salt-bridge. ( c ) TIE2 kinase domain. The N-terminal domain is col-
ored green, C-terminal tail in  light blue  and the kinase insert domain (KID) in  blue . The activation 
loop (A-loop) is highlighted in  red        
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 The intracellular domains of the TIE receptors are similar to those of VEGFR 
and PDGFR family members. Overall amino acid sequence identity between TIE1 
and TIE2 intracellular domains is 76 %, which is much higher than for their extra-
cellular domains. The kinase domain of human TIE2, residues 808–1124, folds into 
two domains, with catalysis occurring in a cleft between the two [ 110 ]. The struc-
ture contains an N-terminal domain (residues 808–904) responsible for ligating 
ATP and a C-terminal domain (residues 905–1,124) having the catalytic core. 
A short kinase insert domain (KID) comprised of two α-helical segments pack 
against the C-terminal tail. The overall fold of the TIE2 kinase domain is similar to 
that observed in other serine/threonine and tyrosine kinase structures. However, the 
 activation loop (A-loop), the nucleotide-binding loop, and the C-terminal tail in the 
TIE2 kinase domain structure adopt self-inhibitory conformations [ 110 ]. The acti-
vation loop in TIE2, residues 982–1,008, contains a single tyrosine at position 992 
and adopts an “activated-like” conformation. The nucleotide-binding loop contains 
residues responsible for binding of the ATP phosphate groups. In the TIE2 kinase 
domain, this loop, residues 831–836, occupies the ATP binding site. The C-terminal 
tail adopts an extended conformation to the active site and may inhibit substrate 
binding. Conformational changes needed for kinase domain activation may repre-
sent additional steps in the regulation of TIE2 activity. 

 TIE1 and TIE2 receptors contain multiple potential N-glycosylation sites. The 
structure of the TIE2 ligand binding domain revealed N-glycosylation in four of 
these sites, in Asn140 and Asn158 in Ig2 as well as in Asn399 and Asn438 in Ig3 
[ 103 ]. Of these, only Asn158 (Asn161) is conserved in TIE1. The human TIE2 
sequence contains additional, potential N-glycosylation sites in Asn464, Asn560, 
Asn596, Asn649, and Asn691. On the other hand, the human TIE1 sequence con-
tains additional, potential N-glycosylation sites in Asn83, Asn503, Asn596, and 
Asn709. The crystal structure of the TIE2 ligand-binding domain revealed also 
fourteen disulfi de bonds apparently stabilizing the structures of the individual TIE2 
domains: one in both Ig1 and Ig3, and four in each of the EGF repeats.  

16.5.2     Phosphorylation Sites and Primary Signaling 
Molecules 

 A characteristic feature of RTKs, such as VEGFRs, is their dimerization induced by 
the binding of a dimeric ligand, followed by autophosphorylation of the intracellu-
lar kinase domains. TIE receptor function is also regulated by ligand binding to the 
extracellular domain of the receptor. However, at least a trimeric ligand is required 
for TIE2 activation in endothelial cells, suggesting that the active TIE2 receptor 
complex is composed of more than two receptor subunits [ 104 ]. 

 Following binding of the activating ANG1 ligand, TIE2 is autophosphorylated 
and intracellular signaling pathways are activated [ 111 ]. The C-terminal tail of TIE2 
contains three tyrosine residues. Using a yeast two-hybrid system, it was demon-
strated that fi ve molecules, GRB2, GRB7, GRB14, the non-receptor-type protein 
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tyrosine phosphatase 11 (PTPN11), and the p85 subunit of phospha tidylinositol 
3-kinase (PI3K), interact with TIE2 in a phosphotyrosine- dependent manner [ 112 ]. 
Mapping of the binding sites of these molecules on TIE2 revealed a multisubstrate-
docking site around Tyr1100 (mouse numbering) and a mutation of this site abol-
ished GRB2 and GRB7 binding to TIE2. The p85 subunit of the PI3K has been 
shown also to associate with TIE2 Tyr1100 (cited Tyr1101 in [ 110 ]). This associa-
tion results in PI3K activation [ 113 ]. Targeted mutation of the Tyr1100 in Tie2 
showed impaired cardiac development as well as defective development of hemato-
poietic and endothelial cells in the mutant mice, but unlike the Tie2 knockout mice, 
the perivascular cells were normally associated with the blood vessels [ 114 ]. Site-
directed mutagenesis of Tyr1100 reduced the association of GRB2, as expected, but 
PTPN11 association remained intact [ 115 ]. Conversely, the Y1111F (cited Y1112F 
in [ 110 ]) mutation did not affect GRB2 association but decreased association of 
PTPN11, indicating that PTPN11 is a phospho-Tyr1111-specifi c signaling molecule. 
On the other hand, Tyr1106 of mouse Tie2 (1,108 in human) was identifi ed as an 
ANG1-dependent autophosphorylation site that is required for the binding and 
phosphorylation of the docking protein Dok-R [ 116 ]. Notably, phosphorylation of 
this Tie2 residue was reduced in  Tie1 -defi cient mice [ 13 ]. No tyrosine residue 
equivalent to Tyr1106 is present in TIE1.   

16.6     Ligands of the Tie Receptor Family 

 Angiopoietin growth factors (ANG1/ANGPT1, ANGPT2, and ANGPT4) are ligands 
for the TIE2 receptor, whereas TIE1 is an orphan receptor [ 117 ]. Yet, ANG1 activates 
TIE1, likely via an interaction with TIE2 [ 118 ,  119 ]. Angiopoietins have a unique 
structure, with a C-terminal TIE2 binding fi brinogen-like domain and N-terminal 
coiled-coil and superclustering domains that mediate angiopoietin oligomerization 
into dimers, trimers, and higher-order oligomers [ 105 ]. ANG1 is a strong activating 
ligand, whereas ANG2 is a weak ligand, despite homologous receptor-binding mech-
anisms [ 6 ]. Angiopoietin oligomerization is required for effi cient TIE2 activation and 
clustering. The degree of angiopoietin oligomerization varies, and the possible regula-
tion of various angiopoietin forms in vivo remains to be determined. 

16.6.1     Angiopoietin Structure and Receptor Binding 

 The angiopoietin growth factors (ANGPT1, ANGPT2, and ANGPT4) consist of an 
N-terminal region lacking homology to any other structures, a coiled-coil domain 
(ANG1; residues 79–263) similar to structures found in proteins that induce multi-
merization, and a C-terminal fi brinogen-like region (ANG1, residues 284–498), 
which contains the TIE2-binding portion [ 6 ,  117 ,  120 ]. Indeed, crystal structure of 
the ANG2 fi brinogen-like region revealed a fi brinogen fold with a unique C-terminal 
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P domain [ 121 ]. Furthermore, conservation analysis and structure-based mutagen-
esis identifi ed a groove on the P domain surface that mediates TIE2 recognition and 
binding. The mechanism of ligand binding to TIE2 was confi rmed by the determi-
nation of the crystal structures of the ANG1/TIE2 ECD and ANG2/TIE2 ECD com-
plexes [ 103 ,  108 ]. Both ANG1 and ANG2 interact exclusively with the Ig2 domain 
of TIE2 via their C-terminal P domains. 

 Comparison of the free and receptor-bound ANG1 and ANG2 structures indi-
cates that both ANG1 and ANG2 undergo only minor structural changes upon TIE2 
binding and that the ANG1/TIE2 interface is very similar to the ANG2/TIE2 inter-
face [ 108 ]. The TIE2 ligand-binding interface of about 1,300 Å 2  is dominated by 
van der Waals interactions between non-polar side chains. In addition, several 
hydrogen bonds and salt bridges are also involved in stabilizing the ANG1/TIE2 and 
ANG2/TIE2 complexes. Structure-based mutagenesis of TIE2 abolished both 
ANG1 and ANG2 binding to TIE2 [ 103 ]. 

 The angiopoietin fi brinogen-like domains are responsible for receptor recogni-
tion and binding, and it has been suggested that the coiled-coil motif mediates 
homo- or heterodimerization of angiopoietin monomers [ 104 ,  122 ,  123 ]. Mass 
spectroscopic analysis of fragments generated proteolytically from native ANG1 
demonstrated that Cys265 in the coiled-coil domain is involved in covalent homodi-
merization by an intermolecular disulfi de bridge [ 104 ]. ANG1 and ANG2 were 
observed as trimers and dimers, and especially ANG1 is further clustered to form 
higher-order oligomers, such as tetramers and hexamers, and even higher multi-
meric forms, in solution [ 104 ,  105 ,  123 ]. It is thought that the N-terminal region 
serves as a superclustering region assembling the angiopoietin coiled-coil dimers 
into higher-order oligomers. The angiopoietin fi brinogen-like domain has been 
found to bind TIE2 in a 1:1 stoichiometry [ 104 ,  121 ]. Because of the dimeric, tri-
meric, or multimeric structures of angiopoietins, the expected stoichiometry of the 
angiopoietin-receptor complex in vivo would be thus 2:2 or higher. 

 The angiopoietin fi brinogen-like regions contain also two other surface patches 
of particularly conserved residues, suggesting that these might be also involved in 
biologically important interactions [ 121 ]. However, mutations within these con-
served surface regions in the fi brinogen-like A and B domains did not affect TIE2 
binding [ 122 ].  

16.6.2     Tie Receptor Specifi city 

 All three angiopoietins bind to TIE2 [ 6 ,  117 ,  120 ]. Interestingly, ANG1 and ANG4 
are TIE2 agonists, while ANG2 induces only weak TIE2 phosphorylation and can 
inhibit ANG1-induced TIE2 activation. The oligomeric structure of angiopoietins 
suggests that ANG1 and ANG4 activate TIE2 by bridging receptor molecules. 
However, simply bridging receptor molecules appears to be insuffi cient for TIE2 acti-
vation, because ANG2 activates TIE2 only poorly [ 106 ]. Also, ANG1 and ANG2 
bind in a very similar manner to TIE2, indicating that altered ligand presentation is not 
suffi cient to explain the differences in angiopoietin biological activities [ 108 ]. 
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 ANG1 oligomerization has been associated with enhanced TIE2 activity [ 49 , 
 104 ,  105 ]. Monomeric and dimeric ANG1 proteins lacking the coiled-coil and 
superclustering domains or the superclustering domain alone were able to bind to 
but not activate TIE2 [ 104 ]. An ANG1 variant, ANG1-F1-Fc-F1, with four fi brino-
gen domains could phosphorylate TIE2 with a similar effi ciency as native ANG1 
[ 104 ]. To improve protein solubility, additional dimeric, trimeric, and pentameric 
ANG1 fusion proteins lacking the superclustering and coiled-coiled domains have 
been designed [ 49 ]. The pentameric ANG1 chimeric protein, COMP-Ang1, showed 
enhanced activity in comparison to native ANG1 [ 49 ]. The dimeric GCN4 fusion 
failed to activate the TIE2/Akt pathway, whereas the trimeric Matrilin fusion pro-
tein, Mat-ANG1, induced TIE2/Akt phosphorylation similarly as native ANG1. The 
Mat-ANG1 activity suggests that TIE2 could be activated already by trimeric ANG1 
variants. The angiopoietin oligomerization state has been found to regulate subcel-
lular traffi cking of Tie2-ANG2 and TIE2-ANG1 complexes and ANG2-mediated 
cell-matrix interactions [ 106 ,  124 ]. Importantly, it is still not understood which 
oligomerization state of ANG1 is optimal for TIE2 activation, which ANG1 forms 
predominate in vivo, or whether the different forms have different signaling 
functions. 

 Despite extensive efforts to identify TIE1 ligands, TIE1 is still considered an 
orphan receptor. However, it has been shown that both native ANG1 and COMP- 
Ang1 stimulate TIE1 phosphorylation in primary endothelial cells expressing also 
TIE2 [ 119 ]. TIE1 phosphorylation occurs with same kinetics and doses of the stimu-
lating angiopoietins as TIE2 phosphorylation, but is clearly weaker in intensity [ 119 ]. 
Also, TIE1 has been suggested to differentially modulate the binding of ANG1 and 
ANG2 to TIE2 [ 109 ,  125 ]. These data suggest the possibility that TIE1 is unable to 
bind a ligand in an independent manner, but acts as a co-receptor with TIE2.   

16.7     TIE-1 and TIE-2 Activation and Signaling 

 ANG1 stimulates endothelial cell survival and migration, and promotes endothelial 
barrier function via TIE2 [ 112 ,  113 ,  126 ]. ANG1 activates the TIE receptors via a 
unique mechanism, which is not used by other growth factor receptors and which is 
dependent on the cellular microenvironment [ 106 ,  127 ]. In contacting cells, ANG1 
stimulates TIE receptor complexes, which form in  trans  across the cell–cell junc-
tions promoting cell–cell adhesion and cell survival (Fig.  16.1 ). In isolated cells, 
matrix-bound ANG1 promotes cell–matrix adhesion via the TIE receptor com-
plexes, which accumulate at the rear of migrating cells [ 106 ,  127 ]. The vascular 
endothelial protein tyrosine phosphatase, VE-PTP, dephosphorylates TIE2 at cell–
cell junctions, and VE-PTP inhibitors have shown promise in alleviating pathologi-
cal retinal  vascularization via vessel stabilization [ 128 ,  129 ]. The junctional TIE2 
complexes contain also TIE1 and are induced not only by ANG1 but also by ANG2 
[ 106 ]. ANG2 can inhibit ANG1-induced TIE2 activation, but its downstream 
signaling cascades are incompletely understood. Integrins, which regulate endothe-
lial cell–cell and cell–matrix interactions, have been implicated in angiopoietin 
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signaling, and likely regulate the context-dependent vascular functions of the angio-
poietin growth factors during vascular destabilization and sprouting [ 60 ,  130 – 133 ]. 

16.7.1     Context-Dependent ANG-TIE Signaling 

 The binding of angiopoietins to TIE2 results in receptor activation via a unique 
mechanism, which is not used by other soluble growth factor ligands [ 106 ,  127 ]. 
When contacting endothelial cells are stimulated with angiopoietin ligands, TIE 
RTKs are rapidly translocated to cell-cell junctions. ANG1-TIE2 complexes reach 
in  trans  across the endothelial cell-cell junction and preferentially activate the PI3K–
Akt pathway to promote cell  survival, endothelial monolayer stability and barrier func-
tion [ 106 ,  127 ]. In mobile endothelial cells, matrix-bound ANG1 activates TIE2 in 
endothelial cell–matrix contacts to induce matrix adhesion and cell migration via acti-
vation of the extracellular-regulated kinases (ERK) [ 127 ] and the adaptor protein 
DokR [ 106 ]. 

 The ANG1-activated Akt pathway, downstream of PI3K activation, enhances 
cell survival via phosphorylation and inhibition of the transcription factor forkhead 
box O1 (FOXO1) function [ 134 ]. FOXO1 induces the expression of genes associ-
ated with vascular destabilization and remodeling, such as ANG2, and inhibits the 
expression of, e.g., survivin, an apoptosis inhibitor [ 135 ]. ANG1 also induces the 
interaction of TIE2 with ABIN-2 (A20 binding inhibitor of NF-kappaB activa-
tion-2) which may promote cell survival and infl ammatory signals [ 136 ]. 

 In the stalk cells of sprouting vessels, ANG1 may engage TIE2 at cell-cell junc-
tions to mediate vascular stabilization. ANG2 stimulation results also in TIE2 trans-
location to endothelial cell junctions, but while ANG1 induces TIE2 activation, 
ANG2 induces only weak TIE2 tyrosine phosphorylation, and may act as an antago-
nist to inhibit ANG1-induced TIE2 activation [ 106 ]. ANG2 is stored in the endothe-
lial Weibel–Palade bodies from where it can be secreted in response to e.g. 
infl ammatory stimuli [ 137 ]. Increased ANG2 levels promote endothelial destabili-
zation, whereas in concert with VEGF, ANG2 induces angiogenesis [ 45 ]. However, 
ANG2 has been also suggested to function as an endothelial cell survival factor in 
stressed cells, where ANG1-stimulated Akt activation is low. In this setting, ANG2 
would be induced, via the transcription factor FOXO1 to function as a TIE2 agonist, 
augmenting Akt activity to provide negative feedback to FOXO1-regulated tran-
scription and apoptosis [ 138 ]. 

 Multiple signaling mechanisms have been reported to mediate the barrier pro-
moting functions of ANG1. ANG1 stabilizes the cortical actin cytoskeleton, via the 
IQ domain GTPase- activating protein 1 (IQGAP1) and Rac1 [ 139 ]. ANG1 also 
induces the expression of Kruppel-like factor 2, a transcription factor involved in 
vascular quiescence [ 140 ], upregulation of the tight junction protein zonula 
occludens protein-2 (ZO-2) [ 141 ], and activation of sphingosine kinase-1 (SK-1) 
[ 142 ]. ANG1 counteracts VEGF- induced permeability and VE-cadherin internal-
ization by inhibiting VEGF-activated Src via mDia [ 143 ]. Another study shows that 
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ANG1 inhibits VEGF-induced nitric oxide (NO) increase and permeability via acti-
vation of the atypical protein kinase C-ζ (PKC- ζ (zeta)), which phosphorylates the 
inhibitory Thr497 residue in endothelial nitric oxide synthetase (eNOS) [ 144 ], 
while in some studies ANG1 has been shown to induce phosphorylation of the acti-
vating Ser1177 in eNOS and NO production [ 145 ]. These results highlight the com-
plexity of ANG1- mediated improvement of endothelial barrier function in response 
to various permeability increasing agents.  

16.7.2     Negative Regulation of ANG-TIE Signaling 

 VE-PTP (also known as HPTPβ, PTPRB, RPTPβ) is an endothelial cell-specifi c 
protein tyrosine phosphatase, and a negative regulator of TIE2. VE-PTP is indis-
pensable during mouse vascular development, and it has an important function in 
promoting endothelial barrier function in part by associating with VE-cadherin 
[ 146 – 149 ]. Furthermore, the localization of VE-PTP in cell–cell junctions is pro-
moted by ANG1 [ 106 ]. Inhibition of VE-PTP using function-blocking antibodies 
resulted in enlarged vascular structures in the developing embryonic allantoic 
membrane [ 128 ], as well as in experimental tumors [ 150 ]. In addition, a small 
molecule inhibitor of VE-PTP increased Tie2 activity and suppressed neovascu-
larization in a mouse model of neovascular age-related macular degeneration by 
stabilizing retinal and choroidal blood vessels [ 129 ]. As the TIE receptors undergo 
signifi cantly less  ubiquitinylation following ligand binding than the VEGFRs and 
are less effi ciently internalized and degraded [ 29 ], transmembrane phosphatase-
mediated dephosphorylation of TIE2 may be a signifi cant mechanism of TIE2 
regulation.  

16.7.3     Mechanisms of ANG2/TIE1 Signaling 

 ANG2 signaling mechanisms are not well understood. Although ANG2 can 
inhibit the ANG1-induced TIE2 activation, it may, depending on the context, such 
as incubation time and ligand concentration, also act as an agonist. ANG2 has 
been suggested to support endothelial cell migration and cell survival under 
stressed conditions, in the absence of ANG1 and in the tumor vasculature [ 46 , 
 138 ,  151 ], and to induce actin stress fi ber formation and endothelial gap formation 
via myosin light chain (MLC) phosphorylation [ 55 ]. Furthermore, genetic mouse 
models have revealed that Ang2 functions as a Tie2 agonist in the lymphatic vas-
culature [ 10 ,  25 ]. In addition, ANG2 has been found to signal via integrins, inde-
pendently of Tie2, promoting endothelial monolayer destabilization and cell 
migration  (see  16.7.4 ). 

 The signaling mechanisms of TIE1 have remained poorly characterized. 
TIE1 can interact with TIE2 [ 109 ,  118 ,  119 ], and it is phosphorylated in an 
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ANG1- dependent manner [ 119 ,  152 ]. TIE1 has been proposed to function as an 
inhibitor of TIE2 activation [ 109 ]; however, the results from a  Tie1  genetic mouse 
model did not support this possibility [ 13 ]. Furthermore, it has been reported that a 
chimeric c-fms-TIE1 receptor with the TIE1 intracellular domain can activate the 
PI3K-Akt pathway [ 153 ]. 

 TIE1 is regulated by proteolytic cleavages, and these cleavages are enhanced by 
phorbol 12-myristate 13-acetate (PMA) and VEGF [ 154 ]. The fi rst cleavage occurs 
close to the plasma membrane and requires a metalloprotease, resulting in the 
release of the TIE1 ectodomain. The second, γ-secretase-dependent cleavage, 
releases the membrane-bound endodomain [ 155 ]. TIE2 has been also reported to 
undergo ectodomain cleavage, but with different kinetics than TIE1, affecting the 
relative levels of TIE1 and TIE2 and thereby possibly contributing to the ANG1 
ligand responsiveness of endothelial cells [ 156 ,  157 ].  

16.7.4      ANG-TIE System and Integrins 

    Multiple integrin heterodimers, which regulate cell–cell and cell–matrix interac-
tions, are expressed in endothelial cells and are known to cross talk with the ANG-
TIE signaling system. Angiopoietins have been reported to signal directly via the 
integrins or via TIE receptor-integrin complexes. Integrin α5β1 was found to co-
immunoprecipitate with TIE2, sensitizing TIE2 to ANG1 signals, when cells 
adhered on fi bronectin [ 130 ]. On the other hand, ANG2 was reported to induce 
interaction of TIE2 with the αvβ3 integrin, stimulating the proteosomal degradation 
of αvβ3, an event that may be linked to endothelial destabilization [ 131 ]. 

 In addition, both ANG1 and ANG2 have been shown to directly interact with 
different integrin subunits, also in the absence of TIE2. In the tip cells of vascular 
sprouts, which express  ANG2, but less TIE2, ANG2 is expected to stimulate 
sprouting via integrins [ 132 ]. Recently, clues to the binding of ANG2 to α5β1 
have been elucidated. ANG2 is able to bind α5β1 integrin in the absence of 
TIE2, and the molecular mechanism seems to require both integrin α and β sub-
units. ANG2 was found to interact with the tailpiece of the α5 subunit via a region 
around Gln362 in the C-terminal ANG2 fi brinogen-like domain [ 133 ]. In another 
study, the ANG2 N-terminal domain, but not that of ANG1, was found to induce 
α5β1-integrin activation [ 60 ]. In high glucose environments, such as those 
observed in diabetic  retinopathy, ANG2 stimulated pericyte apoptosis in a pro-
cess that required the α3β1-integrin, but not TIE2 [ 64 ]. ANG1 regulates postna-
tal retinal angiogenesis; these signals appear to be mediated via astrocyte 
expressed αvβ5 integrin [ 12 ]. During vascular sprouting, the retinal astrocytes 
secrete fi bronectin, a matrix molecule that guides endothelial tip cell migration. 
Intravitreal ANG1 injection resulted in increased fi bronectin deposition, astrocyte 
distribution, and FAK activation in astrocytes in an αvβ5 integrin- dependent 
manner, guiding directional sprouting into the avascular region of the retina [ 12 ]. 
In endothelial monolayers silenced for Tie2, and in aortic endothelium of Ang2 
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transgenic mice, ANG2 activation of β1-integrin resulted in altered endothelial 
cell-matrix adhesion and the formation of actin stress fi bers that promote endothe-
lial retraction and junction destabilization. This alternative Ang2-β1-integrin sig-
nalling pathway is likely activated in diseases with increased vascular leak, where 
Ang2 levels are elevated and Tie2 levels reduced [ 60 ]. The integrin dependent 
functions of angiopoietins should be considered when blocking reagents targeting 
Ang2 are developed for the treatment of cancer and other human diseases charac-
terized with pathological vascular leakage.   

16.8     Conclusions 

 The ANG-TIE system is an important regulator of endothelial cell functions. 
It provides critical signals for embryonic and postnatal cardiovascular and lym-
phatic development. Due to the vascular stabilization and vessel remodeling signals 
induced by the ANG1-TIE2 pathway, ways to reinforce this signaling axis are being 
investigated, including recombinant ANG1 proteins and small molecule inhibitors 
of the TIE2 inactivating phosphatase, VE-PTP, for alleviating pathological vascu-
larization and endothelial destabilization, as well as stimulating neovascularization 
of ischemic tissues. In contrast, approaches to neutralize increased ANG2 levels are 
being developed to counteract its increased activity during infl ammation and injury, 
and in tumors. Furthermore, TIE1 may provide a target for inhibition of atheroscle-
rosis and tumor angiogenesis. However, future work is required to better understand 
the signaling mechanisms of the TIE1 receptor. In addition, increased understand-
ing of the interplay of the ANG–TIE system with integrins may open up novel ways 
to better exploit the ANG-TIE system as a therapeutic target.     
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    Chapter 17   
 The TrK Receptor Family 

             Hubert     Hondermarck     ,     Yohann     Demont     , and     Ralph     A.     Bradshaw    

17.1             Introduction to the Trk Receptor Tyrosine 
Kinase Family 

17.1.1     Trk Discovery 

 The Trk family of receptors is named for the oncogene, which was fi rst isolated 
from a colon carcinoma, that is made up of the fi rst 7 of 8 exons of non-muscle 
tropomyosin joined to the transmembrane and cytoplasmic domains of a kinase that 
was unknown at the time; consequently, it was named tropomyosin-related kinase 
or Trk [ 1    ]. There are three principal members of the family with several isoforms of 
each. In the early 1990s, the neurotrophins, a family of four factors, of which nerve 
growth factor (NGF) is the prototype, were shown to be the ligands of the Trk recep-
tors; NGF was identifi ed as the ligand of TrkA [ 2 – 4 ], BDNF and neurotrophin 4/5 
(NT-4/5) were identifi ed as ligands of TrkB [ 5 – 7 ] and neurotrophin 3 (NT-3) was 
identifi ed as the ligand of TrkC [ 4 ,  8 ]. The discovery of the Trk family resolved a 
controversy that had been generated by previous descriptions of NGF receptors of 
lower molecular weight (~75 kDa), which did not possess obvious intracellular 
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signaling domains, and confi rmed several previous reports that NGF did utilize, at 
least in part, a higher molecular weight entity [ 9 ]. It is now established that the neu-
rotrophins (and their unprocessed pro-forms) use two principal receptor types: 
the Trks and a pan-neurotrophin receptor generally designated p75 NTR . These can 
function independently or in concert and can involve additional membrane-bound 
proteins in some activities.  

17.1.2     Interaction with Neurotrophins 

 NGF basically binds to TrkA, BDNF to TrkB, and NT-3 to TrkC. Under certain 
conditions (see below), NT-4/5 can bind to TrkB and NT-3 to TrkA and TrkB 
(Fig.  17.1 ). By itself, TrkA binds NGF with low affi nity (10 −9  M), but a high affi nity 
site is created (10 −11  M) when p75 NTR  is also expressed [ 10 ]. During this association, 
the neurotrophins may bind fi rst to p75 NTR , which may then present them to the vari-
ous Trks [ 11 ,  12 ]. Furthermore, in the presence of p75 NTR , the activation of TrkA 
and TrkB by NT-3 and the activation of TrkB by NT-4/5 are diminished. Thus, it 
appears that p75 NTR  increases the specifi city of TrkA and TrkB for their primary 
ligands [ 13 – 17 ].    

17.2     The Role of the Trk Receptor Tyrosine Kinase Family 
in Embryonic Development and Adult Physiology 

 Trk receptors have essential functions during the development of both the central 
and peripheral nervous system. Trk expression in developing neurons, and the con-
comitant release of neurotrophins by organ targets of innervation, constitutes the 
basis for the control of neuronal precursor cell survival and differentiation, includ-
ing the outgrowth of dendrites and axons. These Trk-driven neurotrophic activities 
[ 18 ] result in the progressive establishment of the neuronal circuitry throughout all 
organs and tissues, but they are not the ultimate function of Trk receptors in the 
nervous system. Indeed, the assembly and maintenance of synapses also requires 

  Fig. 17.1    Neurotrophin-binding specifi city for the Trk receptors. TrkA is the principal receptor 
for NGF, TrkB for BDNF, and TrkC for NT-3 ( black arrows ). If there is an insert in the extracel-
lular part of the receptor, NT-3 can also bind to TrkA and TrkB, and NT-4/5 can bind to TrkB 
( grey arrows )       
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Trk receptors as demonstrated in several populations of neurons [ 19 ]. NGF was fi rst 
identifi ed by its activity on sympathetic and select sensory neurons that were a man-
ifestation of its interaction with TrkA [ 2 – 4 ], but it was eventually shown to be pres-
ent in and active on select cholinergic neurons [ 20 ]. In contrast, TrkB and TrkC are 
not widely found in the peripheral nervous system, and their activities are generally 
more related to the central nervous system. In the adult, the Trks are mediators of 
pain sensation [ 21 ]. All of the Trks and p75 NTR  are expressed on sensory neurons 
and transduce pain signals to the central nervous system via various signaling path-
ways including phosphoinositide-3-kinase (PI3K) and the activation of the mem-
brane ion channel TRPV1 [ 22 ]. In addition, there are a number of nonnervous 
system tissues, including the blood cells, lungs, bones, prostate, and pancreas, that 
also express the Trks [ 23 ].  

17.3     The Role of the Trk Receptor Tyrosine Kinase Family 
in Human Disease 

17.3.1     Cancer 

 Historically, NGF was fi rst identifi ed as a factor secreted by two murine sarcomas 
that stimulated the growth of nerve fi bers, and the earliest attempts to purify it were 
done with these tissues until far richer sources were identifi ed [ 24 ]. Since that time, 
the expression of both neurotrophins and their receptors in a wide variety of neopla-
sias has been reported. It most cases they appear to be involved in one or another 
responses of the tumor cells. The most extensive characterization of Trk in neoplastic 
tissues is with breast tumors [ 25 ], which is likely representative of its involvement 
with other transformed cells. 

17.3.1.1     Breast Cancer 

 In breast cancer, an autocrine loop involving NGF stimulates cancerous epithelial 
mammary cell growth; it has no effect on normal breast cells, which do, however, 
express both TrkA and p75 NTR  [ 26 ,  27 ]. The pro-tumoral effect that NGF exerts on 
breast cancer cells is twofold: tumor cell proliferation is mediated by TrkA and 
MAPKs, and their survival depends on p75 NTR  and NFκB [ 28 – 30 ]. The other neuro-
trophins (BDNF, NT-3, and NT-4/5) also enable resistance to cancer cell apoptosis 
via p75 NTR , but they have no effect on proliferation [ 31 ]. 

 Clinicopathologically, the amounts of TrkA and p75 NTR  mRNA in homogenates 
of tumoral resections are correlated with a good prognosis [ 32 ]. On the other hand, 
the active form of TrkA that has been phosphorylated on select tyrosine residues is 
associated with aggressive tumors; it is found more frequently in effusions and local 
regional recurrences compared to primary tumors [ 33 ]. p75 NTR  is also correlated 
with tumors presenting less effusion and invasion of the lymph nodes. It is  especially 
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expressed in normal myoepithelial cells and has been suggested as a possible marker 
to exclude invasive cancers, except in good prognosis basal type of tumors [ 34 ,  35 ]. 
Finally, compared to the normal epithelium, NGF is overexpressed in almost all 
mammary tumors [ 36 ] and the activation of TrkA is frequently observed [ 37 ]. 

 From a therapeutic point of view, it has been shown that targeting HER2 of the 
EGF receptor family that is overexpressed in 20 % of cancers prevents NGF from 
promoting the growth of cancer cells [ 38 ], suggesting a crosstalk between the two 
receptors. Similarly, tamoxifen, an antiestrogenic drug commonly used in breast 
cancer treatment, inhibits the mitogenic effect of NGF [ 39 ] and the use of antibodies 
that neutralize NGF, anti-NGF siRNA, or a pharmacological TrkA inhibitor induces 
a great reduction in tumor growth in xenograft models [ 36 ,  37 ]. 

 A subgroup of rare invasive ductal carcinomas—secretory cancers—are often 
(in 90 % of cases) characterized by an ETV6-NTRK3 genetic rearrangement resulting 
in a fusion protein. This translocation, where the N-terminus of the transcription 
factor Ets (variant 6) is fused with the kinase domain of TrkC, is the source of an 
oncogene, which is able to transform normal mammary cells [ 40 ].  

17.3.1.2     Other Cancers 

 There have also been a number of observations concerning the involvement of Trks 
in other cancers. In some cases a role is implied from the expression of, or response 
to, one or more of the neurotrophins (or their proforms). In many cases, p75 NTR  
expression and activation has also been observed. These studies include melanoma 
[ 41 ,  42 ], lymphoma [ 43 ,  44 ], and leukemia [ 45 ] as well as cancers of the stomach 
[ 46 ,  47 ], liver [ 48 ,  49 ], pancreas (   [ 285 ,  50 ]), prostate [ 51 ,  52 ], thyroid [ 53 – 56 ], lung 
[ 57 ,  58 ], and ovary [ 59 ,  60 ]. There have also been extensive descriptions of Trk 
expression and activation in neuroblastoma ([ 61 – 69 ];    [ 286 ]), and cultured cell lines 
from this cancer have provided useful models for studying NGF action.   

17.3.2     Trks in Other Pathologies 

 Early studies have shown severe sensory neuropathies in mice carrying a disrupted 
 TRK  gene [ 70 ].  TRK  loss-of-function mutations have been described in hereditary 
sensory and autonomic neuropathies [ 71 ] and can result in a wide variety of effects 
including energy imbalance, loss of appetite control and obesity, and memory 
impairment [ 72 ]. In addition, Trk receptors are noticeably involved in both acute 
and chronic pain [ 287 ]. Both local and systemic administration of neurotrophins 
have been shown to elicit pain [ 73 ], and targeting them, or Trks, with blocking anti-
bodies or small inhibitors has been developed as a pain treatment [ 21 ]. The effect is 
broadly analgesic and these are in clinical trials (phase II and III) for the treatment 
of acute and chronic pain [ 74 ]. Humanized blocking antibodies for NGF have been 
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developed for commercial purposes, the most advanced being Tanezumab from 
Pfi zer and Eli Lilly in phase III clinical trials, but other companies, such as Johnson 
& Johnson and Abbott, have developed their own inhibitory molecules [ 75 ,  76 ]. It is 
noteworthy that anti-neurotrophin drugs could also be of interest for the treatment 
of cancer pain, a frequently reported symptom in clinical oncology [ 77 ]. 

 Aside from pain, Trk receptors have been implicated in various neurodegenera-
tive disorders such as Alzheimer’s disease [ 78 ] and spongiform encephalopathy 
where proNGF expression is increased [ 79 ]. This suggests that in addition to appear-
ing as biomarkers of these pathologies, pro-neurotrophins could play a biological 
role. In this respect, proNGF isolated in the brain of patients suffering from 
Alzheimer’s disease induces the death of PC12 cells (the paradigm of choice for 
studying the effects and signaling of both pro-neurotrophins and their mature forms; 
see below), whereas NGF enables their survival and differentiation [ 80 ]. Beside 
these effects on cells in culture, it has been shown that proNGF is responsible for 
neuronal death in various models of nervous system conditions in vivo. Thus, mice 
or rats with a nervous system lesion show an increase in secreted proNGF, which 
induces neuronal death [ 81 – 84 ]. Importantly, proNGF can induce neuronal death 
despite trophic NGF stimulation, suggesting that the signal from pro-neurotrophins 
may potentially override the signal from the corresponding neurotrophins [ 85 ].   

17.4     Trk Receptors 

17.4.1     Trk Genes 

 Phylogenetic studies of receptor tyrosine kinases show that the genes ( NTRK , 
 neurotrophin receptor kinase) for the Trk receptors have probably been formed from 
just one ancestral gene, which gave rise, via duplication in agnathans, to TrkB and 
the ancestor of TrkA/TrkC; TrkA and TrkC then split in chondrichthyans [ 86 ]. 
Table  17.1  presents the characteristics of the Trk receptor genes.

 Gene name  Location  Exons 

 mRNA 

 NCBI no. 

   NTRK1      1q21–q22  19    NM_002529.3     
   NTRK2      9q22.1  24    NM_006180.3     
   NTRK3      15q25  21    NM_002530.2     

  The genes for TrkA, TrkB, and TrkC; their chromosomal location; 
and the number of exons they have. NCBI accession numbers for the 
major transcript of each gene is given  

   Table 17.1    Genetic characteristics of human Trk tyrosine kinases   
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17.4.1.1       Promoter Structure 

 TrkA promoter sequences are GC rich, lack genuine TATA or CAAT boxes, and are 
contained within a CpG island, which extends over the entire fi rst coding exon [ 87 ]. 
The TrkA transcription start site is located upstream to the AUG translation initia-
tion codon, with a 150 bp long DNA segment, immediately upstream to the start 
site. Loss of promoter methylation in frequently found in glioma [ 88 ] childhood 
neuroblastoma [ 89 ]. All TRKs have been shown to be hypomethylated in various 
cancers including hepatocellular carcinomas then contributing to their overexpres-
sion [ 90 ].  

17.4.1.2     Transcriptional Regulation 

 The TrkA promoter binds to the Sp1 transcription factor [ 87 ]. TrkA is transcription-
ally induced by IL-13 [ 91 ]. The transcriptional downregulation of TrkA by mutant 
TATA binding protein (TBP) contributes to spinocerebellar ataxia type 17 patho-
genesis [ 92 ]. The transcription factor Brn3a plays an important role as an enhancer 
of TrkA transcription during development [ 93 ]. DeltaNp73, a truncated form of the 
p53 family of proteins, directly binds to the TrkA promoter and transcriptionally 
represses TrkA expression, which in turn attenuates the NGF-mediated MAPK 
pathway [ 94 ]. 

 TrkB expression has been shown to be Ca 2+  dependent [ 95 ]. The cAMP/CREB 
pathways [ 96 ,  97 ] and hypoxia-inducible factor-1 (HIF-1) [ 98 ] are transcriptional 
activators of TrkB. Furthermore, the histone deacetylase 1 (HDAC1) and HDAC2 are 
recruited by DeltaNp73 to the TrkA promoter and act as corepressors to suppress 
TrkA expression [ 96 ]. In addition, thyroid hormone (T3) downregulates the expres-
sion of the TrkB gene through the active repression of a negative response element 
located downstream of its transcription initiation site during the development of the 
brain [ 99 ]. TrkC was shown to be transcriptionally repressed by Runx3, a Runt 
domain transcription factor [ 100 ].   

17.4.2     Trk Proteins 

17.4.2.1     General Organization 

 Trk receptors share the same overall structure. They are transmembrane, 
N-glycosylated type I proteins composed of around 800 amino acids (Fig.  17.2 ). 
Their extracellular domains (~400 amino acids) contain two cystine-rich regions 
surrounding a leucine-rich domain, followed in the external juxtamembrane region 
by two immunoglobulin domains (Ig-C1 and Ig-C2) and an insert segment, which 
may or may not be present, modifying the receptor’s specifi city for its ligands. 
The various regions of the extracellular domain of the Trk receptors control 
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ligand-independent dimerization. Deletion of the domains Ig-C1 and/or Ig-C2 
 reinforce auto-dimerization and the spontaneous activation of Trk receptors, sug-
gesting that these domains could inhibit dimerization in the absence of a ligand. 
Conversely, the leucine-rich domain seems to promote these auto-associations [ 101 ]. 
Similarly, in addition to enabling membrane targeting, Trk receptor glycosylation 
seems to prevent spontaneous activation in the absence of a ligand [ 102 ].   
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  Fig. 17.2    Organization of Trk receptors. Trk receptors are composed of an extracellular domain, 
formed by a leucine-rich domain surrounded by two cystine-rich regions, followed by two immu-
noglobin domains (Ig-C1 and Ig-C2) and an insert involved in the specifi city for their primary 
ligands. In the intracellular domain, Trk receptors have a tyrosine kinase domain, which is respon-
sible for their trans-autophosphorylation, a juxtamembrane region, and a C-terminal extension. For 
TrkA, the tyrosines, following phosphorylation, involved in trans-autophosphorylation are the 
Y670, Y674, and Y675, whereas recruitment of the adaptor/scaffold proteins Shc and FRS-2 
occurs at Y490 and the recruitment of PLCγ is at Y785       
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17.4.2.2     Trk Sequences and Transient PTMs 

 Sequence alignments of the main forms of human TrkA, TrkB, and TrkC are pre-
sented in Fig.  17.3 . The three sequences differ in length and gaps have been inserted 
by the Align program (Uniprot) to compensate for these insertions/deletions.  

SP|P04629|NTRK1_HUMAN MLRGGRRGQLGWHSWAAGPGSLLAWLI-------LA-SAGAAPCPDACCPHGSSGLRCTR 52
SP|Q16620|NTRK2_HUMAN --------MSSWIRWH-GPAMARLWGFCW---LVVGFWRAAFACPTSCK-CSASRIWCSD 47
SP|Q16288|NTRK3_HUMAN --------MD---VSL-CPAKCSFWRIFLLGSVWLDYVGSVLACPANCV-CSKTEINCRR 47

SP|P04629|NTRK1_HUMAN DG--AL----------------DSLHHLPGAENLTELYIENQQHLQHLELRDLRGLGELR 94
SP|Q16620|NTRK2_HUMAN PSPGIVAFPRLEPNSV-------------DPENITEIFIANQKRLEIINEDDVEAYVGLR 94
SP|Q16288|NTRK3_HUMAN PDDGNL-FPLLEGQDSGNSNGNASINITDISRNITSIHIENWRSLHTLNAVDMELYTGLQ 106

SP|P04629|NTRK1_HUMAN NLTIVKSGLRFVAPDAFHFTPRLSRLNLSFNALESLSWKTVQGLSLQELVLSGNPLHCSC 154
SP|Q16620|NTRK2_HUMAN NLTIVDSGLKFVAHKAFLKNSNLQHINFTRNKLTSLSRKHFRHLDLSELILVGNPFTCSC 154
SP|Q16288|NTRK3_HUMAN KLTIKNSGLRSIQPRAFAKNPHLRYINLSSNRLTTLSWQLFQTLSLRELQLEQNFFNCSC 166

SP|P04629|NTRK1_HUMAN ALRWLQRWEEEGLGGVPEQKLQCHG----QGPLAHMPNASCGVPTLKVQVPNASVDVGDD 210
SP|Q16620|NTRK2_HUMAN DIMWIKTLQEAK-SSPDTQDLYCLNESSKNIPLANLQIPNCGLPSANLAAPNLTVEEGKS 213
SP|Q16288|NTRK3_HUMAN DIRWMQLWQEQGEAKLNSQNLYCINADGSQLPLFRMNISQCDLPEISVSHVNLTVREGDN 226

SP|P04629|NTRK1_HUMAN VLLRCQVEGRGLEQAGWILTELEQSATV---MKSGGLPSLGLTLANVTSDLNRKNVTCWA 267
SP|Q16620|NTRK2_HUMAN ITLSCSVAGDPVPNMYWDVGNLVSKHMNET-----SHTQGSLRITNISSDDSGKQISCVA 268
SP|Q16288|NTRK3_HUMAN AVITCNGSGSPLPDVDWIVTGLQSINTHQTNLNWTNVHAINLTLVNVTSEDNGFTLTCIA 286

SP|P04629|NTRK1_HUMAN ENDVGRAEVSVQVNVSFPASVQ-LHTAVEMHHWCIPFSVDGQPAPSLRWLFNGSVLNETS 326
SP|Q16620|NTRK2_HUMAN ENLVGEDQDSVNLTVHFAPTITFLESPTSDHHWCIPFTVKGNPKPALQWFYNGAILNESK 328
SP|Q16288|NTRK3_HUMAN ENVVGMSNASVALTVYYPPRVVSLEEPELRLEHCIEFVVRGNPPPTLHWLHNGQPLRESK 346

SP|P04629|NTRK1_HUMAN FIFTEFLEPAANETVRHGCLRLNQPTHVNNGNYTLLAANPFGQASASIMAAFMDNPFEFN 386
SP|Q16620|NTRK2_HUMAN YICTKIHVT--NHTEYHGCLQLDNPTHMNNGDYTLIAKNEYGKDEKQISAHFMGWPGIDD 386
SP|Q16288|NTRK3_HUMAN IIHVEYYQ---EGEISEGCLLFNKPTHYNNGNYTLIAKNPLGTANQTINGHFLKEPFPES 403

SP|P04629|NTRK1_HUMAN PEDPIP--VSFSPVD-------------TNSTSGDPVEKKDETPFGVSVAVGLAVFACLF 431
SP|Q16620|NTRK2_HUMAN GANPNYPDVIYEDYGTAANDIGDTTNRSNEIPSTDVTDKTGREHLSVYAVVVIASVVG-F 445
SP|Q16288|NTRK3_HUMAN TDNF----ILFDEV--------------SPTPPITVTHKPEEDTFGVSIAVGLAAFACVL 445

SP|P04629|NTRK1_HUMAN LSTLLLVLNKCGRRNKFGINRPAVLA-PEDGLAMSLHFMTLGGSSLSPTEGKGSG----- 485
SP|Q16620|NTRK2_HUMAN CLLVMLFLLKLARHSKFGMKGPASVISNDDDSASPLHHISNGSNTPSSSEGGPDAVIIGM 505
SP|Q16288|NTRK3_HUMAN LVVLFVMINKYGRRSKFGMKGPVAVISGEEDSASPLHHINHGITTPSSLDAGPDTVVIGM 505

SP|P04629|NTRK1_HUMAN LQGHIIENPQYFS--------DACVHHIKRRDIVLKWELGEGAFGKVFLAECHNLLPEQD 537
SP|Q16620|NTRK2_HUMAN TKIPVIENPQYFGITNSQLKPDTFVQHIKRHNIVLKRELGEGAFGKVFLAECYNLCPEQD 565
SP|Q16288|NTRK3_HUMAN TRIPVIENPQYFRQGHNCHKPDTYVQHIKRRDIVLKRELGEGAFGKVFLAECYNLSPTKD 565

SP|P04629|NTRK1_HUMAN KMLVAVKALKEASESARQDFQREAELLTMLQHQHIVRFFGVCTEGRPLLMVFEYMRHGDL 597
SP|Q16620|NTRK2_HUMAN KILVAVKTLKDASDNARKDFHREAELLTNLQHEHIVKFYGVCVEGDPLIMVFEYMKHGDL 625
SP|Q16288|NTRK3_HUMAN KMLVAVKALKDPTLAARKDFQREAELLTNLQHEHIVKFYGVCGDGDPLIMVFEYMKHGDL 625

SP|P04629|NTRK1_HUMAN NRFLRSHGPDAKLLAGGE-DVAPGPLGLGQLLAVASQVAAGMVYLAGLHFVHRDLATRNC 656
SP|Q16620|NTRK2_HUMAN NKFLRAHGPDAVLMAEGNPPT---ELTQSQMLHIAQQIAAGMVYLASQHFVHRDLATRNC 682
SP|Q16288|NTRK3_HUMAN NKFLRAHGPDAMILVDGQPRQAKGELGLSQMLHIASQIASGMVYLASQHFVHRDLATRNC 685

SP|P04629|NTRK1_HUMAN LVGQGLVVKIGDFGMSRDIYSTDYYR--------------VGGRTMLPIRWMPPESILYR 702
SP|Q16620|NTRK2_HUMAN LVGENLLVKIGDFGMSRDVYSTDYYR--------------VGGHTMLPIRWMPPESIMYR 728
SP|Q16288|NTRK3_HUMAN LVGANLLVKIGDFGMSRDVYSTDYYRLFNPSGNDFCIWCEVGGHTMLPIRWMPPESIMYR 745

SP|P04629|NTRK1_HUMAN KFTTESDVWSFGVVLWEIFTYGKQPWYQLSNTEAIDCITQGRELERPRACPPEVYAIMRG 762
SP|Q16620|NTRK2_HUMAN KFTTESDVWSLGVVLWEIFTYGKQPWYQLSNNEVIECITQGRVLQRPRTCPQEVYELMLG 788
SP|Q16288|NTRK3_HUMAN KFTTESDVWSFGVILWEIFTYGKQPWFQLSNTEVIECITQGRVLERPRVCPKEVYDVMLG 805

SP|P04629|NTRK1_HUMAN CWQREPQQRHSIKDVHARLQALAQAPPVYLDVLG 796
SP|Q16620|NTRK2_HUMAN CWQREPHMRKNIKGIHTLLQNLAKASPVYLDILG 822
SP|Q16288|NTRK3_HUMAN CWQREPQQRLNIKEIYKILHALGKATPIYLDILG 839

  Fig. 17.3    Alignment of the sequences of the human TrkA, TrkB, and TrkC proteins. The alignment 
was generated using the Align program of Uniprot       
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 The intracellular domains, which are highly conserved in the various Trks, contain 
a number of tyrosines that are subject to phosphorylation. (Nb. The numbering 
of the amino acids in the Trk sequences varies by both species and isoform; the 
numbering in Fig.  17.2 , which gives the most commonly used identifi cations of the 
fi ve most important tyrosines involved in signaling, differs slightly from the human 
alignments shown in Fig.  17.3 ). In human TrkA (and in the other human Trks in 
slightly different positions) (Fig.  17.3 ), there are three tyrosines at positions 676, 
680, and 681 in the activation loop that are presumably responsible for stabilizing 
the active form of the receptor. They may also provide docking sites. Y496, in the 
juxtamembrane domain, forms a binding site for the adaptor/scaffold proteins 
Shc and FRS-2 in its modifi ed state and the C-terminal extension contains Y791, 
which, when phosphorylated, recruits and activates PLCγ (see below). There are 
two other tyrosines at Y701 and Y757 that have also been reported to be signaling 
sites. When Y701 is replaced by aspartate or phenylalanine, receptor internalization 
decreases due to a reduction in the association of TrkA with clathrin supporting the 
view that the Tyr-Arg-Lys-Phe sequence at residues 701–704 is a motif in the lyso-
somal targeting of TrkA receptors [ 103 ]. The Y757 is found in a PI3K binding motif 
and evidence has been presented that it can participate in the activation of this effec-
tor [ 104 – 106 ]. It may also be involved in the activation of Nck [ 107 ] (see below). 
However, evidence for NGF-directed phosphorylation of either of these two sites 
is lacking. 

 Both TrkA and B have been shown to be ubiquinated, and these modifi cations are 
apparently mainly involved in receptor turnover [ 108 – 112 ]. The presence of p75 NTR  
appears to attenuate this modifi cation for both TrkA and B and thus prolong the lifetime 
of the Trks [ 108 ]. The sites of the ubiquitin modifi cations have not been reported.  

17.4.2.3     Trk Isoforms 

 Each of the Trk family members can be expressed as isoforms that differ in length 
and sequence from the parent structure. These have various properties and their 
physiological roles and importance are not fully understood. Some of these appear 
to be especially important in cancer tissues. 

   TrkA 

 There are two isoforms very close to TrkA called TrkA-I and TrkA-II (Table  17.2 ). 
TrkA-I (originally cloned as TrkA) is ubiquitously expressed in nonneuronal  tissues, 
whereas TrkA-II is found preferentially in neuronal tissues and in small amounts in 
the kidneys and lungs [ 113 ]. A new isoform of TrkA, namely, TrkA-III, was identi-
fi ed more recently in neuroblastomas and in the thymus [ 65 ,  114 ]. It is also expressed 
in pluripotent neural stem and neural crest progenitors.

   TrkA-I and TrkA-II differ only by 18 bp in the alternative splicing of exon 11 
(Fig.  17.4 ). TrkA-II, which contains the sequence coded by exon 11, has a 6-amino 
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acid insert in its extracellular domain. This insert does not affect the affi nity of TrkA 
for NGF or its signal transduction properties [ 113 ]. However, it may affect the 
selectivity of TrkA for NT-3, since NT-3 preferentially activates the form of TrkA 
with this insert. [ 16 ] The isoform TrkA-III, induced in conditions of hypoxia, was 
only recently discovered. This isoform may contribute to the aggressiveness of neu-
roblastomas [ 65 ] and may be involved in the development of thymocytes [ 114 ].   

   TrkB 

 There are three major isoforms of TrkB in humans, which are described in 
Table  17.3  and stem from alternative splicing of the mRNA of the gene NTRK2 
(Fig.  17.5 ). They lead to the formation of full-length TrkB (TrkB-FL), TrkB-T1, 
and TrkB-T-shc.

    Table 17.2    Characteristics of the isoforms of TrkA   

 Isoforms 

 mRNA 

 Exons  Size 

 Protein 

 Size  NCBI no.  Uniprot no. 

 TrkA-I    NM_001012331.1      16  2647    P04629-2      790 
 TrkA-II    NM_002529.3      17  2663    P04629-1      796 
 TrkA-III  [ 65 ]  14  698 

  The three isoforms of TrkA with the NCBI transcript accession number, the number of exons they 
have and their size in bp, as well as the Uniprot accession number for the proteins that they code 
and their size in amino acids  

1 192 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 185’ utr 3’ utr

1 192 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 3’ utr

1 192 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 3’ utr

TrkA-I

TrkA-II

TrkA-III
CRD CRDLR Ig-C� JM JMTM TK

5’ utr

5’ utr

  Fig. 17.4    Isoforms of TrkA. The  squares  represent the 19 exons of the gene for TrkA; the  rectangles  
represent the 5′ and 3′ utr (untranslated region). TrkA-II is the longest isoform, TrkA-I is spliced at 
exon 9 and TrkA-III is devoid of exons 8, 9, and 11. The  arrow  pointing  right  indicates the translation 
initiation point, while the  arrow  pointing  down  marks its end. The various  colors  are a diagrammatic 
representation of the part of the protein coded by the exon.  CRD  cystine-rich domain,  Ig-C2  immu-
noglobulin-C2 domain,  JM  juxtamembrane,  LR  leucine-rich domain,  TK  tyrosine kinase domain, 
 TM  transmembrane domain       
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    The isoform TrkB-T1 has been described in humans and is conserved in evolution 
since rats and mice share the intracellular region [ 115 ]. It is expressed ubiquitously, 
being present predominantly in the bone marrow [ 116 ], brain, heart, skeletal muscles, 
lungs, kidneys, and pancreas [ 117 ]. TrkB-T1 is missing almost all of its intracellular 
part, but its extracellular domain remains intact [ 118 ]. The role played by TrkB-T1 
is not clear; it may enable astrocytes to regulate the level of BDNF in the neuronal 
microenvironment by sequestering and internalizing it [ 288 ]; it may be a dominant 
negative protein, inhibiting the autophosphorylation of TrkB-FL [ 119 ]; and/or it 
may mediate particular cell signaling despite the small size of its intracellular frag-
ment [ 120 ]. 

 Like TrKB-T1, the cytoplasmic portion of TrkB-T-shc does not have the kinase 
domain, but, contrary to TrKB-T1, this isoform still possesses the binding site 
for the protein Shc. The protein produced is a membrane-bound protein, located 
exclusively in the brain [ 117 ]. Its expression varies in the same way as TrkB-FL and 
its biological activity is yet to be investigated [ 121 ].  

    Table 17.3    Characteristics of the isoforms of TrkB   

 Isoform 

 mRNA 

 Exons  Size 

 Protein 

 Size  NCBI no.  Uniprot no. 

 TrkB-FL    NM_006180.3      21  5,560    Q16620-1      838 
 TrkB-T1    NM_001007097.1      13  7,111    Q16620-2      477 
 TrkB-T-shc    NM_001018066.2      14  8,292    Q16620-3      537 

  The three isoforms of TrkB with their NCBI transcript accession numbers, the number of exons 
and their size in bp, as well as the Uniprot accession number of the proteins that they code and their 
size in amino acids  

4 5 6 7 8 9 10 11 12 13 15 1916 18 20 21 22 23 241 2 3 14 17

194 5 6 7 8 9 10 11 12 13 14 15 16 18 3’ utr

3’ utr

20 21 22 23 241 25’ utr

5’ utr

3 17

194 5 6 7 8 9 10 11 12 13 15 16 18 20 21 22 23 24171 2 3 14

TrkB-FL

TrkB-T�

TrkB-Shc
CRD CRDLR Ig-

C�
JM JMTM TK

5’ utr 3’ utr

  Fig. 17.5    Isoforms of TrkB. The  squares  represent the 24 exons of the gene for TrkB; the  rect-
angles  represent the 5′ and 3′ utr. TrkB-FL is the longest isoform, while TrkB-T1 is the shortest, 
being devoid of a large part of its intracellular domain (kinase domain and interaction sites with 
Shc and FRS-2 and with PLCγ). TrkB-Shc is of intermediate size and still has its binding site for 
the signaling proteins Shc and FRS-2. The  arrow  pointing  right  indicates the translation initiation 
point, while the  arrow  pointing  down  marks the end.  CRD  cystine-rich domain,  Ig-C2  immuno-
globulin- C2 domain,  JM  juxtamembrane,  LR  leucine-rich domain,  TK  tyrosine kinase domain,  TM  
transmembrane domain       
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   TrkC 

 As with the two other Trk receptors, TrkC has several isoforms, the characteristics 
of which are summarized in Table  17.4 .

   The human TrkC transcript is subject to various alternative-splicing events 
leading to four isoforms (Fig.  17.6 ). One of these isoforms, TrkC-A, compared to 
the isoform of normal TrkC (TrkC-C), has a 14-amino acid insert located in the 
kinase domain, inhibiting the recruitment of the proteins Shc and PLCγ [ 122 ,  123 ]. 
Another isoform, TrkC-D, also has this 14-amino acid insert, but loses nine residues 

    Table 17.4    Characteristics of the isoforms of TrkC   

 Isoform 

 mRNA 

 Exons  Size 

 Protein 

 Size  NCBI no.  Uniprot no. 

 TrkC-A    NM_001012338.1      19  2860    Q16288-1      839 
 TrkC-B    NM_001007156.1      15  3997    Q16288-2      612 
 TrkC-C    NM_002530.2      18  2818    Q16288-3      825 
 TrkC-D  [ 115 ]  18    Q16288-4      830 

  The three isoforms of TrkC with their NCBI transcript accession numbers, the number of exons 
and their size in bp, as well as the Uniprot accession number for the proteins that they code and 
their size in amino acids  

1 2 4 5 6 7 8 9 10 11 12 13 155’ utr 3 14 1916 18 2017 3’ utr21

1 192 4 5 6 7 8 9 10 11 12 13 15 16 18 20 213 14 17

1 2 4 5 6 7 8 9 10 11 12 135’ utr

5’ utr

3 1514 1916 18 20 2117

1 2 4 5 6 7 8 9 10 11 12 13 153 14 1916 18 2017 21

3’ utr

3’ utr

3’ utr5’ utr

  Fig. 17.6    The isoforms of TrkC. The  squares  represent the 21 exons of the gene for TrkC; the 
 rectangles  represent the 5′ and 3′ utr. TrkC-C is the isoform of normal TrkC. TrkC-A and TrkC-D 
have a 14-amino acid insert coded by exon 20 in their kinase domain, preventing Shc, FRS-2, and 
PLCγ recruitment. Compared to TrkC-D, TrkC-A has a 9-amino acid insert coded by exon 10, 
responsible for greater affi nity for NT-3. TrkC-B is the shortest form, being devoid of its kinase 
domain and its interaction site with PLCγ. The  arrow  pointing  right  indicates the translation initia-
tion point, while the  arrow  pointing  down  marks its end.  CRD  cystine-rich domain,  Ig-C2  immu-
noglobulin- C2 domain,  JM  juxtamembrane,  LR  leucine-rich domain,  TK  tyrosine kinase domain, 
 TM  transmembrane domain       
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from its juxtamembrane extracellular domain at the exact location of the insert 
described for TrkA [ 115 ]. Finally, a non-catalytic form of TrkC, TrkC-B, has been 
described; it is devoid of the tyrosine kinase domain but has an alternative 83-amino 
acid intracellular domain instead [ 115 ]. Mice under-expressing this truncated receptor 
show a loss of sensory neurons and display cardiac defects similar to those observed 
in NT-3 knockout mice, suggesting that this receptor has a dominant negative-type 
inhibitory activity [ 124 ]. Moreover, this inhibitory effect is found in neuroblastoma 
cells where the normal TrkC receptor is expressed in differentiated cancerous cells 
and the truncated isoform is correlated with more aggressive cancers [ 69 ].    

17.4.2.4     Trks at a Glance 

 See Tables “Receptor at a glance : TrkA—NTRK1 ”, “Receptor at a glance : TrkB—
NTRK2 ”, “Receptor at a glance : TrkC—NTRK3” .   

17.4.3     Trk Ligands (Neurotrophins) 

 NGF, the fi rst growth factor to be described and the eponym of this class of regulators, 
was identifi ed in the early 1950s [ 24 ] and subsequently characterized, primarily 
from material isolated from the mouse submandibular gland [ 125 ], including 
sequence analysis (   Angeletti and Bradshaw 1971) and three-dimensional structure 
[ 126 ] The other members of the neurotrophin family were discovered subsequently; 
BDNF was purifi ed in 1982 from pig brain tissue [ 127 ], and NT-3 [ 128 – 131 ] and 
4/5 [ 132 – 134 ] were subsequently identifi ed by cloning techniques. Although it was 
known that pro-forms of each neurotrophin existed from their gene structures, it was 
not until the early 2000s that the pro-neurotrophins were “rediscovered” as entities 
with functions other than simply being precursors of the mature forms. Lee and his 
colleagues demonstrated that pro-neurotrophins induced apoptosis, while neuro-
trophins interacted with p75 NTR  and Trks to promote survival and neuronal differen-
tiation [ 135 ]. In 2004, sortilin was identifi ed as a third receptor that participated in 
neurotrophin/pro-neurotrophin activities [ 136 ] (see below). 

 The neurotrophin gene family probably stems from the duplication of just one 
ancestral gene (   [ 289 , [ 86 ]) that has formed the four modern genes that in humans 
are now distributed on chromosomes 1, 11, 12, and 19 for the NGF, BDNF, NT-3, 
and NT-4/5 gene, respectively. All four neurotrophin gene products are  translated 
from just one coding exon, into similar sized precursors with high sequence identity 
(Table  17.5 ).

17.4.3.1       Gene Products 

 The gene products of the neurotrophin family are synthesized as pre-pro- neurotrophins 
that undergo similar proteolytic processing (Fig.  17.7 ). As exported proteins, they are 
separated from their signal peptide (pre-peptide) in the endoplasmic reticulum by 
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signal peptidase. The pro-neurotrophins can then be cleaved at a dibasic amino acid site 
by intracellular proteases such as furin or proconvertases ([    290 ,  291 ]) or, after secretion, 
by extracellular proteases such as plasmin and some metalloproteases (MMP-3 and 
MMP-7) resulting in the corresponding mature neurotrophins [ 135 ,  138 ].   

17.4.3.2     Pro-neurotrophin Structure 

 The neurotrophins all share the same main chain folding as NGF. Each neurotrophin 
monomer is composed of three variable loops (V1–V3), four ß-sheets (β1–β4), and 
six conserved half-cystines that are paired in the same fashion. These disulfi de bridges 
constitute a “cystine knot,” which, along with the ß-sheets, makes them rigid and with 
an elongated shape [ 126 ]. The neurotrophins are members of a super family of cystine 
knot proteins that includes the transforming growth factor-β (TGFβ) family, the 
platelet-derived growth factor (PDGF) family and the human chorionic gonadotropin 
[ 139 ,  140 ]. Although these are all ligands for membrane- bound receptors, except for 
the PDGF family, they have evolved to utilize different receptor classes than the receptor 

NT -4/5N-term C-term

NT-3N-term C-term

BDNFN-term C-term

NGF

1 25 81 210

1 19 139 257

1 19 129 247

1 19 122 241
N-term C-term

69 119 137

121

131

76

PS

PS

PS

PS

Propeptide

Propeptide

Propeptide

Propeptide

  Fig. 17.7    Schematic representation of the pre-pro-neurotrophin family. After transcription and 
translation, pro-neurotrophin genes produce pre-pro-neurotrophins possessing a signal peptide 
(PS,  gray ), a pro-peptide ( purple ), and the mature protein ( blue ). The signal peptide (18–24 amino 
acids) is cleaved after protein sequestration in the ER/Golgi. The neurotrophin is obtained after 
the pro-peptide is cleaved by specifi c enzymes (furin, convertase, plasmin, and metalloproteases). 
The  Y  symbols represent potential N-glycosylation sites on pro-neurotrophins produced in large 
quantities during its exogenous expression [ 137 ]. They have also been observed in the media of 
certain cancer cells       

   Table 17.5    Characteristics of pro-neurotrophins and their genes   

 Gene 
name  Location  Exon(s) 

 mRNA 

 Exon(s) 

 Protein 

 Size  Homology  NCBI no.  Uniprot no. 

    NGF       1p13, 1  3    NM_002506.2      3    P01138      241  84 
    BDNF       11p13  11    NM_170735.5      1    P23560      247  83 
    NTF3       12p13  2    NM_002527.4      1    P20783      257  91 
    NTF4/5       19q13, 3  2    NM_006179.4      2    P34130      210  82 

  NGF, BDNF, NT3, and NT4/5 genes, their chromosomal location, and the number of exons they 
have. NCBI accession number for the major transcript with the number of exons. Uniprot acces-
sion number of the pre-pro-neurotrophin that it codes followed by its size in amino acids and its 
family peptide sequence homology percentage  
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tyrosine kinases. In solution, neurotrophins exist as homodimers bound together 
non-covalently, where two protomers are mirror images of each other [ 126 ]. When 
isolated, the released pro-peptide is monomeric in solution; it therefore does not 
appear to contribute to dimerization; rather it is the contacts between the β-sheets 
of the mature neurotrophins that form and stabilize the dimer interface [ 141 ,  142 ]. 
Pro-neurotrophin heterodimerization was shown to be possible in vitro [ 143 ,  144 ], 
but these synthetic isoforms are less stable and readily revert to their respective 
homodimers [ 145 ]. Moreover, the biological role of pro-neurotrophin heterodimers 
in vivo and, in fact, their very existence remain uncertain. 

 Although it does not appear to contribute to dimerization directly, the pro- peptide 
does play a crucial role in the acquisition of pro-neurotrophin conformation. The 
pro-peptide of proNGF facilitates the establishment of disulfi de bridges [ 146 – 148 ] 
but lacks a stable conformation alone in solution; however, when associated with 
NGF, it adopts a more stable conformation [ 141 ]. Thus, the pro-peptide and mature 
NGF stabilize each other. This interaction within proNGF involves the residues 
W19 to A40 of the pro-peptide and the tryptophan at position 21 of NGF (or posi-
tion 142 of proNGF); the pro-peptide masks this tryptophan, which is involved in 
the interaction of NGF with TrkA, and may indicate why proNGF is a poor ligand 
for TrkA [ 142 ,  149 ]. 

 Although modeling does not provide an explanation for why pro-neurotrophins 
bind with more affi nity to p75 NTR  than neurotrophins do, it may be that the pro- 
peptide causes a structural change to the mature portion of the molecule, increasing 
its affi nity for this receptor. Moreover, this hypothesis is in line with the observations 
made by Nykjaer and his colleagues, who showed that the pro-peptide of NGF does 
not bind to p75 NTR  itself. [ 136 ] In contrast, sortilin binds pro-neurotrophins by their 
pro-peptide [ 136 ,  150 ]. It thus appears that pro-neurotrophins and neurotrophins 
have unique conformations, which allow them to interact differently with Trk, 
p75 NTR , and sortilin. 

 The secretion of pro-neurotrophins as physiologically relevant entities has long 
been the subject of debate [ 151 ]. Nonetheless, it appears that proNGF is the NGF gene 
product form primarily found in numerous organs [ 152 ] Furthermore, proNGF is 
secreted by numerous cells such as cortical neurons [ 153 ], sympathetic neurons [ 154 ], 
microglial cells, [ 155 ] and astrocytes [ 156 ]; its in vivo secretion has also been demon-
strated [ 82 ]. Similarly, proBDNF is secreted by B lymphocytes [ 157 ] and cortical 
neurons [ 158 ] and in vivo in the brain [ 138 ]. It is not well understood under what 
conditions the precursor is extensively if not completely processed to the mature form 
and under what conditions the pro-form becomes the dominant species.  

17.4.3.3    Receptor Interactions with Neurotrophins and Their Precursors 

 Chimeric constructions of the Trk receptors have shown that the immunoglobulin- like 
juxtamembrane domain (Ig-C2) is vital to ligand binding ([    292 ,  293 ]), although the 
Ig-C1 domain is also important [ 101 ]. Structural analyses of these domains from the 
various Trks and of their ligands [ 126 ,  137 ,  159 ,  160 ], as well as the structure of 
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NGF associated with TrkA binding domains [ 12 ,  161 ] have identifi ed the amino 
acids involved in complex formation. A “conserved patch” is found in the C-terminus 
of the Trk Ig-C2 domains and in the central zone of the neurotrophins. This “con-
served patch” contains 8 of 15 identical residues in the three Trk receptors and 14 of 
23 identical residues in the four neurotrophins (among these 14 residues, W21 is 
vital to the specifi c binding between TrkA and proNGF). The second region, or 
“specifi city patch,” is located in the N-terminus of the neurotrophins; it is character-
istic to each of the neurotrophins and constitutes the main determining element of 
binding specifi city. NT-4/5 and BDNF share 5 of the 7 residues of the specifi city 
patch, explaining their affi nity for the same receptor (TrkB). 

 In addition to the “specifi city patch,” it has been shown that a small insert in the 
juxtamembrane region of the extracellular domain of the Trks is also responsible for 
the specifi city of the various receptors for their ligands. Thus, the isoform TrkA-II, 
which has only nine residues more than TrkA-1, can bind to NT-3 in addition to NGF. 
[ 16 ,  162 ] Similarly, an isoform of TrkB without such an insert only binds to BDNF, 
whereas if it has this insert, it can also bind to NT-4/5 and NT-3 [ 163 ,  164 ]. 

 Binding of the pro-neurotrophins to the Trk receptors is somewhat controversial. 
It has been shown that proNGF induces the death of sympathetic neurons in the supe-
rior cervical ganglion (SCG), does not activate TrkA, and does not induce neurite 
outgrowth in PC12 cells, the opposite effect of NGF in every case [ 135 ]. In contrast, 
Fahnestock et al. [ 165 ] demonstrated that proNGF is co- immunoprecipitated with 
TrkA and that it does induce neuritogenesis of SCG (sympathetic) neurons, although 
less effectively than mature NGF. Furthermore, Nykjaer et al. showed that TrkA 
binds to proNGF but with ten times less affi nity than NGF ( K  d  of 20 nM for proNGF, 
compared to 2 nM for NGF) [ 136 ]. Nonetheless, the same authors observed that 
proNGF leads to apoptosis, whereas NGF increases survival of neuronal SCG cells. 
In breast cancer cells, proNGF has been shown to activate TrkA phosphorylation via 
interaction with sortilin [ 166 ]. 

 Some clarifi cation of these confl icting results was provided by the work of 
Al-Shawi et al. [ 167 ], who showed that SCG neurons from young mice respond to 
proNGF by increased survival and neuritogenesis but that SCG neurons from elderly 
mice die by apoptosis when they are similarly treated. In contrast, NGF promotes 
their survival. Furthermore, it was observed that sortilin expression is increased 
in the elderly population compared to the neurons from young individuals, although 
the amount of p75 NTR  does not vary. Similarly Masoudi and his colleagues [ 168 ] 
showed that proNGF can induce phosphorylation of TrkA and underlying MAPKs, 
leading to survival and differentiation of PC12 cells, although to a lesser extent than 
NGF. However, they also noted that in a PC12 subpopulation, namely, unprimed 
PC12 cells (which die by apoptosis when the serum is removed from their culture 
medium), proNGF induces apoptosis whereas NGF rescues them. It was reported 
that the p75 NTR /TrkA ratio is increased for unprimed PC12 cells compared to the 
other PC12 cells. Finally, advances in the structural characterization of the pro- 
neurotrophins indicated that the pro-peptide of proNGF reduces its association 
with TrkA compared to NGF. In particular, the pro-peptide masks the tryptophan in 
position 142 on proNGF (or in position 21 on mature NGF), which is part of the 
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“conserved patch” (see above) enabling the interaction between the neurotrophins 
and the Trk receptors [ 142 ,  149 ,  161 ]. 

 In summary, proNGF is a weak ligand for TrkA, and the level of expression of 
the various receptors (TrkA, p75 NTR  and sortilin; see below) directs the cells to the 
same pathway as NGF (survival and neuritogenesis) when TrkA is abundant, but 
less effectively, or even to an opposing pathway (apoptosis) when p75 NTR  and/or 
sortilin dominate. These observations could therefore explain why pro- neurotrophins 
are reported to be neurotrophic or neurotoxic, depending on the study.   

17.4.4     Trk Activation and Signaling 

17.4.4.1    Dimerization and Activation 

 It is well established that RTKs as a class are activated as the result of the phosphory-
lation of a varying number of tyrosine residues occurring in the receptor endodo-
main. Furthermore, it is generally accepted that these modifi cations result from 
autocatalytic events carried out in trans by the kinases of the receptor protomers. The 
initial hypothesis, put forward by Ullrich and Schlessinger [ 169 ], called for the 
dimerization of receptor monomers, induced by the germane ligand binding, which 
brought the kinase domains into appropriate juxtaposition to carry out these reac-
tions. The phosphorylations involved tyrosines in the activation loop as well as other 
locations on the kinase and in the fl anking sequences. These latter sites then became 
docking sites for various effector, scaffold, or adaptor proteins [ 170 ] that in turn were 
modifi ed in the course of transmitting and amplifying the induced signals. Subsequent 
observations have suggested that not all of the modifi cations are necessarily auto-
catalytic, i.e., some may be caused by soluble kinases like Src, and the activation 
loop tyrosines may act in some cases as docking sites. A greater challenge to this 
model was suggested initially by Gadella and Jovin [ 171 ], who hypothesized that 
dimerization was constitutive, i.e., preformed, and that ligand activation was induced 
by a rotational (or other) conformational change that effectively released the kinase 
domains of the receptor from an inactive or inhibited state. This is usually explained 
by a movement of the activation loop from its closed conformation to an open one, 
followed by the phosphorylation of the activation loop tyrosines, an event that effec-
tively freezes them in this form. Support for this concept came from a number of 
biophysical measurements and from observations from other receptor systems, such 
as cytokine and G-protein receptors, that supported the view that the existence of 
pre-existing oligomers was a widespread phenomenon [ 172 ]. Evidence has mounted 
in support of both models and it has not been defi nitively resolved. In the case of the 
Trks, evidence to support the constitutive model has been reported [ 173 – 175 ], and it 
seems clear that at least a portion of the Trk receptors do exist in the absence of 
ligand in a dimerized state. However, it has also been argued that the very tight 
association of the neurotrophin (or pro-neurotrophin) dimer would certainly facilitate 
receptor dimerization [ 176 ].  
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17.4.4.2    Downstream Pathways 

 The principal docking sites on the endodomain of TrkA are Y490 and Y785 
(Fig.  17.2 ). Mutation of these two sites to phenylalanines eliminates essentially all 
of the neurite proliferation activity as measured with PDGFR/TrkA chimeras stably 
transfected into PC12 cells [ 177 ], a rat pheochromocytoma cell line [ 178 ]. Most 
signaling studies with TrkA have been conducted with this cell line. Downstream 
phosphoproteomic analyses of TrkA in PC12 cells 20 min after stimulation docu-
mented over 4,000 sites of phosphorylation on serine and threonine residues [ 179 ]. 
When derivatives containing Y490F and Y490/785 F were analyzed at the same 
time point, several classes of responses were observed, the most interesting of which 
were phosphorylations that were not affected by eliminating both Y490 and Y785 
[ 107 ]. The most prominent entity identifi ed in this group of proteins was Nck. It has 
been reported that overexpression of Nck in PC12 cells caused continued prolifera-
tion even in the presence of NGF and inhibited neurite outgrowth [ 180 ] suggesting 
its involvement in signaling. Both Nck and a related molecule Nck2 has been 
reported to be activated by TrkB [ 181 ]. The site(s) of these activations has not been 
identifi ed; both the activation loop tyrosines and Y751 have been implicated. 

 Among the signaling pathways activated by the Trk receptors in response to 
neurotrophins, the MAPK, PI3K, and PLCγ-PKC pathways have been the most 
extensively described (Fig.  17.8 ) [ 182 ]. The signaling of the various Trk receptors 
has mostly been extrapolated from that of TrkA [ 183 ].  

   Mitogen-Activated Protein Kinases 

 The activation of mitogen-activated protein kinases (MAPKs) by TrkA can be either 
of a transitory or prolonged nature, and the physiological consequences are signifi -
cantly different. In PC12 cells, transitory activation of RTKs will not produce sus-
tained neurite outgrowth; the EGF receptor that is endogenously expressed in these 
cells will rapidly activate the MAPKs but does not lead to neurite growth because 
the activation is not sustained unless it, or its expression, has been modifi ed [ 184 ]. 

 Transitory activation of MAPKs depends on the activation of the GTPase Ras 
[ 185 ]. The fi rst proof that Ras was involved in this pathway appeared in 1986. 
Hagag and his colleagues showed that microinjections of antibodies directed against 
Ras into PC12 cells caused delay in neurite growth [ 186 ]. Ras switches between an 
active state, where it is bound to GTP, and an inactive state, where it is bound to 
GDP; this switch is facilitated by guanine nucleotide exchange factors (GEFs) and 
guanosine triphosphatases activating proteins (GAPs). 

 Phosphorylated Y490 is recognized by the phosphotyrosine-binding (PTB) 
domain of the protein Src homology 2 domain-containing-transforming protein C1 
(Shc) [ 187 ], which enables recruitment of the protein growth factor receptor-bound 
protein 2 (Grb2) [ 188 ]. As Grb2 is complexed to the GEF son of sevenless (SOS), 
its recruitment to TrkA results in the activation of Ras via GTP binding [ 189 ]. 
Activation of proteins from the Raf family (Raf-1 and B-Raf) results from the 
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  Fig. 17.8    Diagrammatic representation of signaling pathways activated by Trk receptors. 
Activation of Trk receptors leads to activation of MAPKs, PI3K, and PLCγ-PKC signaling pathways, 
resulting in neuron survival, proliferation, and differentiation.  ARMS  ankyrin repeat-rich mem-
brane spanning,  Bad  BCL2 antagonist of cell death,  C3G  Crk SH3-domain-binding guanine- 
nucleotide releasing factor,  CAMK  Ca 2+ -calmodulin-regulated kinase,  CREB  cAMP response ele-
ment binding,  DAG  diacyl glycerol,  Erk5  extracellular signal-regulated kinase 5,  FRKH  forkhead, 
 FRS2  FGF receptor substrate 2,  Gab1  Grb2-associated binding protein 1,  Grb2  growth factor 
receptor-bound protein 2,  IP3  inositol 1,4,5-trisphosphate,  IκB  inhibitor of κB,  MAPK  mitogen- 
activated protein kinases,  MEF2D  MADS box transcription enhancer factor 2 polypeptide D, 
 MSK1  mitogen- and stress-activated protein kinase-1,  Neurofi b  neurofi bromin,  NF-κB  nuclear fac-
tor κappa B,  NOMA-GAP  neurite outgrowth multi-adaptor guanosine triphosphatases activating 
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tidylinositol 4,5 bisphosphate/Akt,  PKC  protein kinase C,  PLCγ  phospholipase C γ,  Rsk  ribosomal 
protein S6 kinase,  Shc  Src homology 2 domain-containing-transforming protein C1,  SHP2  Src 
homology 2-containing tyrosine phosphatase 2,  Sos  son of sevenless       
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activation of Ras and leads to the activation of MAPKs [ 190 ,  191 ]. The protein 
neurofi bromin, the GAP of Ras, appears to be involved in inhibiting this pathway 
[ 192 ]. Furthermore, negative feedback from the pathway itself has also been shown, 
since MAPK activation leads to the phosphorylation of the GEF SOS, which dis-
sociates the Grb2-SOS complex. [ 193 ] Activated MAPKs lead to the recruitment of 
the effector kinases ribosomal protein S6 kinase (Rsk) and mitogen- and stress- 
activated protein kinase-1 (MSK1), which then phosphorylate the transcription 
factor cAMP response element binding (CREB) [ 194 ,  195 ]. CREB then stimulates 
the transcription of genes involved in neuronal growth and differentiation [ 196 ]. 
It has also been shown that neurotrophin receptor homolog 2 (NRH2) is vital to the 
activation of Shc and to the MAPKs [ 197 ]. 

 Prolonged MAPK activation by neurotrophins involves Crk adaptors, the GEF 
Crk SH3-domain-binding guanine-nucleotide releasing factor (C3G), and the small 
GTPases Rap-1 and B-Raf. Activation of TrkA by NGF leads to activation of C3G 
by Crk, which then activates Rap-1. Activated Rap-1 then forms a complex 
with B-Raf, which results in prolonged MAPK activation    [ 198 ]. This pathway 
requires TrkA endocytosis [ 199 ,  200 ]. The inaugural phenomenon leading to the 
activation of Crk remains unclear [ 201 ]. It has been suggested that recruitment of 
the adaptor Crk to the receptor takes place via the scaffold protein FGF receptor 
substrate-2 (FRS-2) [ 193 ], whereas others believe that prolonged MAPK activation 
may not involve FRS-2 [ 199 ,  202 ]. However, the protein ankyrin repeat- rich mem-
brane spanning (ARMS) apparently plays a vital role since it binds to Trk receptors 
by transmembrane interactions [ 203 ], it is phosphorylated for hours in response to 
neurotrophin treatment [ 204 ], and, when it is phosphorylated on its tyrosine Y1096, 
it recruits Crk [ 109 ,  110 ]. Thus, ARMS may enable Crk to be recruited to TrkA. The 
protein tyrosine phosphatase Src homology 2-containing tyrosine phosphatase 2 
(SHP2) also seems to be essential for prolonged MAPK activation [ 205 ]. It is 
recruited to the receptor via the adaptor NOMA-GAP and enables long-term 
extracellular signal-regulated kinase 5 (ERK5) activation after receptor endocy-
tosis [ 206 ]. Activation of ERK5 in turn activates the transcription factor MADS 
box transcription enhancer factor 2 polypeptide D (MEF2D), leading to expres-
sion of the antiapoptotic protein bcl-w, which enables neuron survival [ 207 ].  

   Phosphoinositide-3-Kinase 

 Neurotrophins play an important role in the survival of numerous types of neurons, 
and the PI3K pathway is essential to this function. The Shc/Grb2 complex, in addi-
tion to activating MAPKs, can also lead to the activation of PI3K. In this pathway, 
Gab1 is recruited by Grb2, and it has been shown that the association of the protein 
Gab1 and PI3K is vital since the expression of Gab1 with a mutation in its PI3K 
binding site reduces the NGF survival effect [ 208 ]. However, PI3K can also be acti-
vated at the alternative site, Y751, although how this relates to the activation at 
Y490 is not really known. 
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 The effectors of the survival effect mediated by PI3K have been identifi ed as the 
protein Bad, and the transcription factors forkhead and NFκB. Direct phosphorylation 
of Bad by PI3K causes phosphorylation by other kinases, leading to its sequestra-
tion by 14-3-3 proteins and inhibiting its proapoptotic action [ 209 ]. Similarly, fork-
head, phosphorylated by PI3K, leaves the nucleus and is sequestrated in the 
cytoplasm by 14-3-3 proteins, preventing it from activating the transcription of 
proapoptotic proteins [ 210 – 212 ]. Conversely, NFkB is translocated in the nucleus 
following phosphorylation of IκB by PI3K; it can then activate the transcription of 
various antiapoptotic factors [ 213 ].  

   Phospholipase C γ-Protein Kinase C (PLCγ-PKC) 

 Even before NGF had been identifi ed as the ligand of TrkA, it had already been 
shown that this later activates the phosphorylation of PLCγ [ 214 ]. PLCγ, bound 
and activated by complexation with Y785 [ 104 ,  105 ], then hydrolyzes phosphati-
dylinositol 4,5-bisphosphate (PIP 2 ) into diacylglycerol (DAG) and inositol 
1,4,5- trisphosphate (IP 3 ). IP 3  mediates the release of internal calcium stores in the 
cytoplasm, which stimulate the isoforms of PKC that are regulated by Ca 2+  and 
activate Ca 2+ -calmodulin-regulated kinases (CAMK); DAG binds and activates iso-
forms of the C protein kinases. In PC12 cells stimulated by NGF, PKC activates Raf 
and then MAPKs, which results in neurite growth [ 215 ]. High levels of phosphory-
lated PLCγ are found in the brain of patients suffering from Alzheimer’s disease 
[ 216 ]. More recently, Matrone et al. have shown that following long-lasting NGF 
depletion, TrkA autophosphorylates by means of an as yet unknown mechanism 
that leads to the phosphorylation of PLCγ, concomitant to the inactivation of Akt, 
to the segregation of Aβ peptides (molecular markers of Alzheimer’s disease) with 
the receptor, and to neuronal death [ 217 ]. As the absence of NGF signaling is con-
sidered to be one of the possible causes of Alzheimer’s disease [ 218 ], it has been 
suggested that this abnormal phosphorylation of PLCγ via TrkA refl ects a major 
molecular event in this disease.     

17.5     Other Neurotrophin Receptors 

17.5.1     p75 NTR  Receptor 

17.5.1.1    Discovery/Properties 

 Early studies on peripheral neurons in primary culture and on PC12 cells showed 
that NGF bound to both low-affi nity (10 −9  M) and high-affi nity (10 −11  M) sites [ 219 ]. 
When the pan-neurotrophin receptor, p75 NTR , was independently cloned [ 220 ,  221 ], 
transfection experiments identifi ed it as being the low-affi nity receptor [ 222 ]. When 
the other members of the neurotrophin family were subsequently identifi ed, it was 
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shown that they all bound to p75 NTR  with the same affi nity [ 7 ,  223 ,  224 ]. It was not 
until 2001 that p75 NTR  was identifi ed as a receptor for pro-neurotrophins with an 
affi nity fi ve times greater (2 × 10 −10  M) than that of the mature neurotrophins [ 135 ]. 

 The human gene for p75 NTR  is comprised of 6 exons located on chromosome 
17 in the region q12–q22 and covers around 23 kb. This gene is transcribed into a 
3.4 kb mRNA with a short noncoding region (≈100 nucleotides) at the 5′-end and a 
longer noncoding region at the 3′-end (≈2,000 nucleotides), which contains a single 
consensus signal sequence for polyadenylation [ 222 ]. The NGFR promoter sequence 
is very similar in rats, mice, and humans [ 225 ]. It does not have any TATA or CAAT 
consensus sequences, but conserved sequences rich in GC near to the transcription 
initiation site, which form a response element for Sp1 transcription factor [ 226 ,  227 ]. 
Several E-boxes are also present in the NGFR promoter and may bind to the repressor 
transcription factor ME1 [ 228 ] or the activator transcription factor NeuroD [ 225 ]. 
Retinoic acid enables neuronal differentiation by activating NGFR transcription 
directly because of response elements in the p75 NTR  promoter and indirectly due to 
retinoic acid activation of NeuroD synthesis ([ 229 ,        294 ]). 

 p75 NTR  is a type I transmembrane receptor composed of 399 amino acids with 
three domains: extracellular (222 amino acids), transmembrane (22 amino acids), 
and intracellular (155 amino acids) (Fig.  17.9 ). It also has a signal peptide (28 amino 
acids). The extracellular domain has an N-glycosylation site on N31 and is also 
O-glycosylated in its juxtamembrane domain, increasing its molecular mass some-
what [ 231 ]. However, its designation suggesting a mass of 75 kDa does not repre-
sent its true mass but rather its apparent size as observed on SDS-gel electrophoresis. 
It appears that p75 NTR  glycosylation plays an important role in its conformation, its 
membrane targeting [ 232 ], and its ligand binding [ 233 ]. The p75 NTR  extracellular 
region also contains four cystine-rich domains (CRDs) that places it in the super-
family of tumor necrosis factor (TNF) receptors [ 234 – 236 ]. These CRDs (num-
bered from 1 to 4 from the N-terminus) give the receptor an elongated conformation 
due to three disulfi de bridges in each CRD [ 11 ,  237 ]. The transmembrane domain is 
formed of a single 22-amino acid transmembrane helix in which the C257 is well; it 
plays a key role in signal transduction [ 238 ]. Finally, the intracellular domain does 
not contain any obvious effector domain, comparable to the kinase domains of the 
Trks. It has a palmitoylation site at C279 [ 239 ], which seems to play a role in the 
regulation of p75 NTR  cleavage [ 240 ,  241 ]. The receptor is also phosphorylated on 
serine and threonine residues [ 242 ,  243 ], which may contribute to its aggregation 
and its location in the lipid rafts [ 242 ,  244 ]. The function of these posttranslational 
modifi cations has not been fully clarifi ed; they could also play a role in protein– 
protein interactions, endocytosis, vesicular transportation, and preferential signaling 
in certain cell compartments [ 241 ,  242 ,  245 ,  246 ].  

 One of the main characteristics of the intracellular domain of p75 NTR  is, as with 
the other members of the TNF receptor family, the presence of a death domain (DD) 
[ 234 ] (Fig.  17.9 ). Based on sequence analyses, this DD is classifi ed as a type II DD 
protein [ 230 ]. The DD is a compact globular structure made up of around 80 amino 
acids, containing two perpendicular bundles each with three α helices, and enabling 
the interaction with the adaptor proteins responsible for activating the caspase 
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pathway and inducing apoptosis. The p75 NTR  DD may be phosphorylated on two 
tyrosine residues, Y337 and Y366, after binding to its ligands. The phosphorylated 
receptor may then regulate the activity of the GTPase Rho A (Ras homolog gene 
family, member A) and play a role in neurite growth [ 247 ,  248 ]. p75 NTR  also pos-
sesses a small 29 amino acid domain, located in its intracellular juxtamembrane 
region called “Chopper” (for a famous Australian criminal) because it was shown to 
be necessary and suffi cient to initiate neuronal death. The Chopper domain is not 
conserved in the other members of the TNFR family [ 249 ]. Lastly, the tripeptide 
Ser-Pro-Val, which is a consensus binding site for proteins with PDZ (postsynaptic 
disc-large zona) domains [ 250 ], is located at the C-terminus. 

 Via both alternative splicing and proteolysis, the p75 NTR  receptor can exhibit 
different isoforms. Alternative splicing of exon 3 of the p75 NTR  gene can generate an 
isoform without CRDs 2, 3, or 4 in its ectodomain, which is unable to bind to any 
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known ligand [ 251 ]. The intracellular and transmembrane domains nevertheless 
remain intact and functional, although the biological function of this truncated 
p75 NTR  remains unknown. The full-length p75 NTR  receptor can be cleaved by the 
extracellular metalloproteases ADAM (a disintegrin and metalloprotease) 10 or 17, 
releasing an extracellular fragment composed of four CRDs. This fragment, called 
p75 NTR -ECD (extracellular domain), is soluble and is still able to bind the neuro-
trophins. The other half of the receptor, including the transmembrane and intracel-
lular domains, termed CTF (for C terminal fragment), undergoes a second cleavage 
by an intracellular γ-secretase complex, PS (presenilin-dependent γ-secretase). 
TRAF6 is essential for this step because it causes receptor ubiquitination and PS 
recruitment; an active intracellular fragment known as p75 NTR -ICD (intracellular 
domain) is generated. The complex formed in this way leads to the activation of 
the transcription factor NFκB via degradation of its inhibitor IκB [ 252 ,  253 ]; this 
fragment has also been identifi ed in cell nuclei, suggesting a direct transcriptional 
regulator role [ 254 ]. 

 P75 NTR  binds both neurotrophins and pro-neurotrophins but shows a greater affi n-
ity for the latter. An initial model suggested a p75 NTR –ligand interaction with an asym-
metrical 2:1 ratio where a homodimeric ligand bound to a monomeric p75 NTR  molecule 
[ 255 ]. However, a different structure of the extracellular domain of an N-glycosylated 
p75 NTR  clearly showed a 2:2 p75 NTR –ligand complex ratio [ 256 ]. The differences 
observed between these studies suggest that in addition to CRDs, p75 NTR  glycosyl-
ation plays a key role in its ligand binding. The dimeric structure of p75 NTR  is sup-
ported by the observation that a disulfi de bridge forms between two p75 NTR  
monomers at the conserved C257 in the transmembrane domain, without which the 
receptor cannot be activated by pro-neurotrophins [ 238 ].  

17.5.1.2    Signaling Pathways Activated by p75 NTR  

 As with the other members of the TNF receptor family, p75 NTR  is devoid of intrinsic 
catalytic activity. Consequently, p75 NTR  signaling takes place via the recruitment of 
intracellular adaptor proteins, leading to the activation of various signaling pathways, 
which have mainly been established in neuronal models and in PC12 cells. They lead 
predominantly to survival, cell death via apoptosis, neurite elongation, cycle progres-
sion, and migration, depending on the cellular context. 

 When neurotrophins bind to the p75 NTR  receptor, they activate the transcription 
factor NFκB, leading to cell survival [ 257 ]. This pathway involves the phosphoryla-
tion IκB releasing NFκB and enabling its nuclear translocation and the activation of 
genes involved in cell survival [ 253 ]. Various adaptors are involved in this activation 
of NFκB by p75 NTR  including TRAF proteins (TRAF2 promotes apoptosis, TRAF6 
enables survival, but TRAF4 is without effect), which are trimeric proteins that bind 
the TNF receptor superfamily on signals from JNK and NFκB [ 230 ,  258 ]; RIP2, a 
serine/threonine kinase with a CARD (caspase recruitment domain), enabling it to 
bind to the p75 NTR  death domain; FAP1 (Fas-associated protein 1), a protein tyrosine 
phosphatase (PTP) that is known to interact with the Fas receptor and to inhibit the 
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proapoptotic signals that it mediates [ 234 ,  259 ]; TRADD (TNF receptor associated 
via death domain), an adaptor from the TNF receptor family, which leads to caspase 
activation (although it described as not being involved in p75 NTR  signaling in neu-
rons) [ 230 ,  260 ,  261 ]; and NRH2 (neurotrophin receptor homolog 2), a protein, 
which, as its name suggests, is very similar to the p75 NTR  receptor. NRH2 has a type 
two DD, but unlike p75 NTR , it cannot bind to pro- or mature neurotrophins because 
its extracellular domain is too short. It has recently been shown that it binds to Trk 
receptors and that this interaction enables the creation of a high-affi nity binding site 
and leads to signaling that allows neuronal survival [ 197 ,  262 ]. 

 The cell death induced by p75 NTR  depends both on the Chopper domain [ 249 ] and 
on the its DD [ 261 ]. Apoptosis is triggered by the phosphorylation of JNK that acti-
vates the transcription factors c-jun and p53, BH3 domain proteins (Bcl-2 homol-
ogy), and the mitochondrial translocation of Bax. This is followed by cytochrome c 
release, which in turn stimulates caspases 9, 6, and 3 [ 263 ]. Adaptors that induce 
p75 NTR -dependent apoptosis included NRIF (neurotrophin-receptor- interacting fac-
tor), a primarily nuclear zinc fi nger protein [ 264 ]; NRAGE (neurotrophin- receptor-
interacting MAGE homolog), which binds to the juxtamembrane domain [ 265 ]; 
NADE (neurotrophin-associated cell death executor) that induces 14-3-3ε protein-
dependent cell death [ 266 ,  267 ]; and NRH2 that enables p75 NTR  to interact with 
sortilin, an association essential to transduction of pro-neurotrophin proapoptotic 
signals [ 268 ]. 

 In parallel with the pathways controlling neuronal survival and death, signal 
transduction by p75 NTR  can also involve the “ceramide synthesis” pathway. 
Activation of p75 NTR  stimulates sphingomyelinases, hydrolyzing sphingomyelins 
and leading to ceramide release [ 269 ] that is correlated with activation of the protein 
JNK and with nerve cell apoptosis [ 270 ]. 

 The p75 NTR  receptor is also known to modulate cell cycle progression; it recruits 
various adaptors involved in stopping the cell cycle including Sc1, a zinc fi nger 
transcriptional repressor protein [ 271 ], and Sall2, a recently described transcription 
factor that interacts directly with p75 NTR  and is involved in cell cycle progression 
and neurite growth.   

17.5.2     Sortilin 

 Sortilin is also a receptor shared by the pro-neurotrophins. It was discovered almost 
simultaneously at the end of the 1990s by three different laboratories that were pursu-
ing quite different objectives. Hence, it was identifi ed with three quite different names: 
sortilin, NTSR3 (for neurotensin receptor 3), and GP110 (for  g lyco p rotein 110). 
Sortilin was reported as a 100 kDa protein that showed great affi nity for the protein 
RAP (receptor-associated protein)—an LDL receptor chaperone [ 272 ]. NTSR3 was 
discovered by Mazella et al. [ 273 ] while purifying neurotensin receptors (NTR1 
and 2) in mice and newborn human brains, as a 100 kDa protein that bound to neu-
rotensin on an affi nity column. Sequence analysis showed it to be identical to sortilin. 
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gp110 was observed as one of a group of four glycoproteins found in vesicles 
 containing the glucose transporter type 4 (GLUT4) following insulin treatment 
[ 274 ]. Cloning of the protein confi rmed that gp110 was indeed rat sortilin [ 275 ]. 

 In situ hybridization has located the sortilin gene on segment p21.3–p13.1 of 
chromosome 1 [ 272 ]. In silico analysis has shown that it contains 20 exons which 
are spread over 50 kb [ 276 ]. Moreover, northern blots performed in humans indicate 
that its transcript is present quasi-ubiquitously in numerous tissues [ 272 ]. 

 Once released from its signal peptide (33 amino acids), sortilin is an 
N-glycosylated (N162 and N163) [ 277 ,  278 ], type 1 protein of 798 amino acids with 
a transmembrane domain (23 amino acids), a short cytosolic tail (53 amino acids), 
and a long N-terminal portion (722 amino acids) (Fig.  17.10 ) [ 279 ]. Sortilin was 

Intracellular domain

VPS��P domain

N-term

C-term

Ex
tr

ac
el

lu
la

r
Tr

an
sm

em
br

an
e

In
tr

ac
el

lu
la

r

β -propeller domain
with �� βhelix

Module with �� conserved 
half-cystines

Motif Y�	�SVL�	�

Di-leucine L
�	L
��

Acidic cluster D
��SDED
�


Glycosylation sites

SORTILIN

  Fig. 17.10    Diagrammatic representation of sortilin. Sortilin is a type 1 glycoprotein with 798 
amino acids. Its VPS10P domain (≈700 amino acids) forms almost the whole of its N-terminus. 
This domain is essential for ligand binding. It is composed of a 10 CC module, where ten con-
served half-cystines establish fi ve disulfi de bridges, as well as a β propeller domain formed of ten 
β blades. The C-terminal part is very short with only 53 amino acids. It includes three sequences 
implicated in its internalization and its intracellular traffi cking, namely, the motif YSVL (792–795), 
the phosphorylatable acidic cluster DSDED (824–828), and the di-leucine L829-L830       
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initially located in the vesicles of primary neuronal cultures [ 280 ]. Similarly, in 
adipocytes, sortilin is a vesicular protein, which can be translocated to the mem-
brane by insulin [ 275 ]. Finally, transfected into CHO cells, it is essentially located 
in the endoplasmic reticulum and the Golgi apparatus, and only 8 % of sortilin is 
expressed in the plasma membrane [ 281 ].  

 The extracellular domain, or the VPS10P (vacuolar protein sorting ten protein) 
domain, was fi rst identifi ed in  Saccharomyces cerevisiae , where the protein of the 
same name is a receptor that guides lysosomal enzyme traffi c from the Golgi appa-
ratus to the vacuole [ 282 ]. In humans it is found in fi ve proteins, namely, sortilin, 
SORLA (sortilin-related receptor, L [DLR class] A repeats-containing), and SORCS 
1-3 (sortilin-related receptor CNS expressed). These proteins are expressed in the 
central and peripheral nervous systems where they appear to be involved in various 
pathologies. The VPS10P domain contains a 10 CC (C612–C740) module where 
ten conserved half-cystines form intramolecular junctions [ 283 ] as well as a ten- 
bladed β-propeller domain. These two regions may be involved in the interaction of 
sortilin with its ligands [ 150 ,  283 ]. The C-terminal tail has structural characteristics 
close to the cytosolic tail of the receptor CI-M6P/IGF2R (cation independent–man-
nose 6-phosphate/insulin growth factor 2 receptor). This receptor is known for its 
involvement in trans-Golgi intracellular traffi c and internalization processes [ 284 ]. 
Like the CI-M6P/IGF2R receptor, it has three characteristic sequences, which are 
involved in these biological phenomena. 

 Sortilin interacts with numerous ligands indicating that it is involved in diverse 
biological phenomena. These include RAP (receptor-associated protein), an 
 intracellular protein residing in the endoplasmic reticulum and the Golgi apparatus 
that chaperones the class A domains of LDL receptors; neurotensin, a 13-amino 
acid neuropeptide found that acts via the intermediary of G protein-coupled recep-
tors; lipoprotein lipase, a protein involved in the regulation of plasma lipid levels; 
and apoA-V (apolipoprotein A-V), a protein that enables the regulation of plasma 
triglyceride levels and its own pro-peptide [ 279 ]. It also binds proNGF and proBDNF 
via their pro-domains. ProNGF binds to sortilin with high affi nity ( K  d  = 5 nM), simi-
lar to its pro-peptide ( K  d  = 8 nM), whereas mature NGF has a low affi nity for this 
receptor ( K  d  = 87 nM). Complex formation leads to endocytosis, which depends on 
the Tyr-Ser-Val-Leu sequence in the cytoplasmic tail, leading to neuronal cell death 
by apoptosis [ 136 ]. Similarly, it has been shown that proBDNF induces neuronal 
apoptosis via its interaction with sortilin [ 158 ]. Besides apoptosis induction, Chen 
and his colleagues have demonstrated that sortilin plays a role in intracellular 
proBDNF traffi c by directing it to a regulated rather than a constitutive secretory 
pathway (   Chen et al. 2005). Also, using directed mutagenesis of proBDNF followed 
by co-immunoprecipitation, it has been shown that a region between amino acids 44 
and 103 (with V66 playing a key role) is essential for the regulation of proBDNF 
secretion. A genetic variant of proBDNF (V66M) predisposes individuals to depres-
sion and anxiety [       295 ] and mice with this variant show a reduction in the regulated 
secretion of immunoreactive forms of pro/BDNF [       296 ]. Given that the mutation 
V66M of proBDNF is needed for its reaction with sortilin, deregulation of proBDNF 
secretion by sortilin could be the cause of disease [ 151 ]. ProNT-4/5 does not bind to 
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sortilin (Chen et al. 2005); it is not known whether proNT-3 binds to sortilin or not, 
although given the similarities in its pro-peptide to that of proBDNF, it is likely that 
it does. 

 Sortilin recruits various signaling partners, which lead variously to death or 
migration or which play a role in cell traffi c. However, for the most part these are 
involved with Trk or p75 NTR  signaling. Sortilin is essential to the apoptosis mediated 
by pro-neurotrophins [ 83 ,  136 ], but little is known about the molecular actors con-
necting sortilin to apoptosis. NRH2 appears to be essential to this pathway since it 
enables intracellular sortilin to be redistributed on the membrane surface [ 268 ]. 
Moreover, NRH2 enables the functional association of p75 NTR  and sortilin because 
it binds to p75 NTR  by its DD and to sortilin by its juxtamembrane domain.       

         Receptor at a glance : TrkA—NTRK1    

 Chromosome location  1q21q22 
 Gene size (bp)  66,211 
 Exon numbers  17 
 mRNA size (5′, ORF, 3′) (bp)  2,663 
 Amino acid number  Depending on isoform (See Table  17.2 ) 
 Molecular mass (kDa)  ~140 
 Posttranslational modifi cations  Glycosylation, phosphorylation, ubiquitination 
 Domains  Extracellular, transmembrane, tyrosine kinase 
 Ligands  NGF, NTF3 
 Known dimerizing partners  P75 NTR , TrkB, TrkC 
 Pathways activated  MAP kinases, PLCγ, Src, PI3K 
 Tissues expressed  Broad spectrum of normal/pathological neural and nonneural 

tissues 
 Human diseases  Neurodegenerative diseases, cancer 
 Knockout mouse phenotype  CNS defi cit with lack of both nociceptive and superior 

cervical ganglion neurons 

     Receptor at a glance : TrkB—NTRK2    

 Chromosome location  9q22.1 
 Gene Size (bp)  355,040 
 Exon numbers  24 
 mRNA size (5′, ORF, 3′)(bp)  2,663 
 Amino acid number  Depending on isoform (see Table  17.3 ) 
 Molecular mass (kDa)  ~140 
 Posttranslational modifi cations  Glycosylation, phosphorylation, ubiquitination 
 Domains  Intracellular tyrosine kinase 
 Ligands  BDNF, NTF4/5 
 Known dimerizing partners  P75 NTR , TrkA, TrkC 

(continued)
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 Pathways activated  MAP kinases, PLCγ, Src, PI3K 
 Tissues expressed  Broad spectrum of normal/pathological neural and nonneural 

tissues 
 Human diseases  Neurodegenerative diseases, cancer 
 Knockout mouse phenotype  CNS defi cit with lack of nodose, vestibular, and cochlear 

neurons; mice display CNS defi cits 

     Receptor at a glance : TrkC—NTRK3    

 Chromosome location  15q25 
 Gene size (bp)  397,018 
 Exon numbers  20 
 mRNA size (5′, ORF, 3′) (bp)  2,818 
 Amino acid number  Depending on isoform (See Table  17.4 ) 
 Molecular mass (kDa)  ~140 
 Post‐translational modifi cations  Glycosylation, phosphorylation 
 Domains  Intracellular tyrosine kinase 
 Ligands  NTF3 
 Known dimerizing partners  P75 NTR , TrkA, TrkB 
 Pathways activated  MAP kinases, PLCγ, Src, PI3K 
 Tissues expressed  CNS, liver, prostate, and breast cancer 
 Human diseases  Neurodegenerative disease, cancer 
 Knockout mouse phenotype  CNS defi cits with lack of proprioceptive and cochlear 

neurons; reduction in vestibular neurons 
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    Chapter 18   
 The VEGF Receptor Family 

             Guanglei     Zhuang     and     Napoleone     Ferrara    

18.1            Introduction 

 The formation of an intact vascular system is indispensible for embryonic development. 
The vasculature continues to remodel dynamically in the adult. In pathological 
states, abnormal neovascularization may occur and often contributes to human 
pathogenesis [ 1 ,  2 ]. It is now well established that vessel growth, remodeling, and 
maturation are highly complex and coordinated processes, engaging numerous 
molecular machineries to spatially and temporally regulate each step [ 3 ,  4 ]. Over the past 
decades, the roles of VEGF ligands and receptors have been intensely investigated 
and largely elucidated. 

 The mammalian VEGF ligands consist of fi ve glycoproteins referred to as VEGFA, 
VEGFB, VEGFC, VEGFD, and placenta growth factor (PlGF). These ligands bind 
to three related type III receptor tyrosine kinases (RTKs) known as VEGF receptor 
1 (VEGFR1), VEGFR2, and VEGFR3 [ 5 ]. Different VEGF ligands have distinctive 
binding specifi city and affi nity for each of these VEGF receptors. VEGFA, VEGFB, 
and PlGF bind to VEGFR1; VEGFA binds to VEGFR2; VEGFC and VEGFD bind 
to VEGFR3 [ 6 ]. Proteolytic processing of VEGFC and VEGFD allows for binding 
to VEGFR2, albeit with lower affi nity compared to VEGFR3 [ 7 ]. Ligand-bound 
VEGFRs share similar regulatory mechanisms with other well- characterized RTKs 
such as epidermal growth factor receptors (EGFRs) and platelet- derived growth 
factor receptors (PDGFRs). Receptors undergo dimerization and activation of the 
intracellular tyrosine kinase and provide docking sites for signal transducers [ 8 ]. 
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The downstream signaling events coordinately modulate cell proliferation, survival, 
and migration in endothelial and hematopoietic cells [ 9 ]. 

 Aberrant angiogenesis contributes to many disease states, including infl ammation, 
psoriasis, rheumatoid arthritis, intraocular neovascular disorders, and cancer [ 10 ]. 
Due to the important role of VEGF signaling in pathological angiogenesis, several 
VEGF-targeted agents have been developed and approved in an increasing number 
of human diseases [ 11 – 13 ]. Studies on these VEGF inhibitors in both the laboratory 
and the clinic have further expanded our knowledge of the VEGF pathway, but also 
raised a number of questions. Better understanding of the VEGF family of ligands 
and receptors holds great promise to improve current antiangiogenic medicines and 
to develop novel effi cacious regimens.  

18.2     The VEGF Ligands 

18.2.1     VEGFA 

 VEGFA is a key regulator of blood vessel growth. The importance of VEGFA in 
early vasculogenesis and angiogenesis is underscored by embryonic lethality of 
mice lacking a single  vegfa  allele. The heterozygous mutants exhibit growth retar-
dation and die between day 11 and 12 due to impaired blood island formation and 
angiogenesis [ 14 ,  15 ]. In addition, the dependence on VEGFA remains in early 
postnatal development and is eventually lost when the mice mature and reach adult-
hood [ 16 ]. During pathological angiogenesis associated with intraocular neovas-
cular disorders and the vast majority of human tumors, VEGFA is often highly 
expressed and contributes to abnormal neovascularization [ 4 ]. 

 Alternative exon splicing of VEGFA gene gives rise to several different 
 isoforms [ 17 ,  18 ]. The major human isoforms are denoted VEGFA121, VEGFA165, 
VEGFA189, and VEGFA206, having 121, 165, 189, and 206 amino acids, respec-
tively. Less frequent splice variants have been reported including VEGFA145 and 
VEGFA183. VEGFA isoforms have different affi nities for heparan sulfate proteo-
glycans (HSPGs) on cell surface and in the extracellular matrix (ECM). The short-
est form, VEGFA121, is a freely diffusible protein that does not bind to heparin or 
HSPGs [ 19 ]. In contrast, VEGFA189 and VEGFA206 bind to heparin with high affi n-
ity and consequently are almost completely sequestered in the extracellular matrix 
[ 19 ]. Native VEGFA, a diffusible heparin-binding protein, corresponds to the 165-
amino acid isoform (VEGFA165). VEGFA165 has intermediary properties, as it is 
secreted, but a signifi cant fraction remains bound to the cell surface and ECM. The 
bioavailability of VEGFA isoforms is also regulated by proteolytic processing. For 
example, plasmin has been reported to cleave VEGFA165 protein at the C-terminus 
to generate bioactive VEGFA110 [ 20 ]. Matrix metalloproteinases (MMPs) may also 
cleave VEGFA165 at the C-terminus to produce diffusible, non-heparin- binding 
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fragments [ 21 ]. Most cell types express several VEGFA variants simultaneously, 
with VEGFA121 and VEGFA165 being the predominant isoforms [ 22 ]. 

 Genetic studies employing isoform-specifi c knockouts in mice have indicated 
that diffusible and HSPG-bound VEGFA isoforms have different roles in the develop-
ment and patterning of the vascular system. The heparin-binding isoforms are indis-
pensible because mice expressing only VEGFA120 (mouse VEGFA is one amino 
acid shorter than human VEGFA) die early postnatally and display impaired myo-
cardial angiogenesis and ischemic cardiomyopathy [ 23 ]. Importantly, VEGFA120 
alone was suffi cient to support both vasculogenesis and angiogenesis to sustain 
embryonic development. However, the loss of heparin-binding VEGFA caused a 
striking reduction in vascular branching complexity due to abnormal localization of 
secreted VEGFA [ 24 ]. In sharp contrast, VEGFA188 induced the formation of ecto-
pic and abnormally thin vessel branches during brain and retina vascularization. 
Mice that express solely VEGFA188 were underrepresented at birth, were less fer-
tile, and had smaller litter sizes [ 25 ]. In agreement with these fi ndings, mice express-
ing only VEGFA164 or VEGFA120/188 double heterozygotes are viable with no 
overt vascular branching abnormalities [ 24 ,  26 ]. Therefore, both heparin-binding 
and soluble VEGFA proteins are required for the formation of a normal branching 
vessel network.  

18.2.2     VEGFB and PlGF 

 VEGFB is highly expressed in the myocardium, oxidative skeletal muscle, and brown 
adipose tissue. Human VEGFB is expressed as two different isoforms, VEGFB167 
and VEGFB186 [ 27 ]. VEGFB167 is non-glycosylated, binds HSPGs, and is mostly 
sequestered in the extracellular matrix, while VEGFB186 is O-glycosylated and 
freely diffusible. 

 PlGF is predominantly expressed in the placenta, heart, and lungs [ 28 ]. In humans, 
four PlGF isoforms (PlGF1–4) have been described, whereas mice only express the 
equivalent of PlGF2 [ 29 ]. PlGF1 and PlGF3 are diffusible isoforms. PlGF2 and 
PlGF4 have heparin-binding domains [ 30 ]. It is noteworthy that both VEGFB and 
PlGF may form heterodimers with VEGFA. 

 Unlike VEGFA, neither VEGFB nor PlGF seems to play a major role in vascular 
development. Mice lacking VEGFB are viable and fertile, with no obvious morpho-
logical changes other than slightly reduced heart sizes [ 31 ]. Interestingly, a recent 
study has shown that VEGFB has an unexpected role in endothelial targeting of 
lipids to peripheral tissues, via transcriptional regulation of vascular fatty acid trans-
port proteins [ 32 ]. Subsequently, the same group reported that targeting VEGFB 
restores insulin sensitivity and improves glucose tolerance by inhibiting endothelial-
to- tissue lipid transport, opening promising avenues for diabetes therapy [ 33 ]. 
PlGF-defi cient mice exhibit normal growth, viability, and health, indicating that PlGF 
is dispensable for vascular development and homeostasis [ 34 ]. 
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 The role of PlGF in pathological angiogenesis, particularly tumor angiogenesis, 
is controversial. It has been suggested that PlGF plays a role in tumor angiogenesis 
because  plgf  null embryonic stem cells developed small hypovascularized teratomas 
when implanted in plgf knockout mice [ 34 ]. In addition, treatment with an anti- 
PlGF monoclonal antibody (mAb) was reported to inhibit F4/80+ macrophage 
recruitment, angiogenesis, and tumor growth in multiple models. Importantly, anti- 
PlGF and anti-VEGFR2 mAb DC101 were reported to have additive effects in 
VEGFR2 antibody-resistant tumors, suggesting that anti-PlGF may be useful as an 
adjunct to VEGF pathway inhibitors [ 35 ]. However, in contrast to such fi ndings, 
PlGF blockade using a panel of neutralizing antibodies did not result in signifi cant 
inhibition of primary tumor growth or angiogenesis in 15 models [ 36 ]. Furthermore, 
mFlt(1-3)-IgG, a truncated soluble VEGFR1 variant that potently blocks VEGFA, 
VEGFB, and PlGF [ 37 ], has similar antitumor effi cacy to an anti-VEGFA mAb 
[ 38 ]. Although small subsets of tumors did respond to anti-PlGF mAb, the effi cacy 
correlated with VEGFR1 expression in tumor cells, but not with antiangiogenesis 
[ 39 ]. Collectively, these fi ndings suggest that the role of PlGF in tumorigenesis 
largely consists of promoting autocrine/paracrine growth of tumor cells expressing 
a functional VEGFR1 rather than stimulation of angiogenesis. Further meticulous 
investigations are required to elucidate these discrepancies and to clarify the role of 
PlGF in tumor angiogenesis. Notably, a humanized anti-PlGF mAb developed by 
Roche (RO5323441) has been recently evaluated in multiple phase I clinical trials, 
and early results in recurrent glioblastoma suggest that anti-PlGF treatment does not 
appear to add on clinical activity observed for single-agent bevacizumab (ASCO 
annual meeting 2013; abstract 2092).  

18.2.3     VEGFC and VEGFD 

 VEGFC plays a key role during embryonic and postnatal lymphatic angiogenesis. 
Homozygous deletion of the  vegfc  gene in mice leads to a complete absence of 
lymph vessels and embryonic lethality due to fl uid accumulation in tissues, whereas 
blood vasculature appears to develop normally. Even heterozygous deletion results 
in postnatal defects associated with impaired lymphatic development, such as cuta-
neous lymphatic hypoplasia and lymphedema [ 40 ]. On the other hand,  vegfd  null 
mice displayed normal embryonic and postnatal lymphangiogenesis and effi cient 
lymphatic function [ 41 ,  42 ], suggesting that, unlike VEGFC, VEGFD does not play 
a major role in lymphatic development or that its function is redundant. Both exog-
enous VEGFC and VEGFD induce sprouting lymphangiogenesis when overex-
pressed in transgenic mice or via viral transduction [ 43 – 46 ]. They are also 
upregulated in various tumor types, which may contribute to lymph node metastasis 
[ 47 – 49 ]. Therefore, it has been proposed that pro-lymphangiogenic therapies based 
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on VEGFC or VEGFD may be effective for treatment of lymphedema; conversely 
inhibition of VEGFC or VEGFD may prove crucial for inhibition of lymphatic 
metastasis in cancer [ 50 ].   

18.3     The VEGF Receptors 

 VEGFR1 (Flt-1 or Fms-like tyrosine kinase-1), VEGFR2 (denoted KDR in the 
human and Flk-1 in the mouse), and VEGFR3 (Flt-4 or Fms-like tyrosine kinase-4) 
are separated into three major regions: an extracellular portion consisting of seven 
immunoglobulin (Ig)-like domains, a single transmembrane domain, and an intra-
cellular region containing the tyrosine kinase domain [ 51 ]. The fi fth Ig-like domain 
of VEGFR3 is proteolytically processed and the resulting subunits are held together 
by a disulfi de bond [ 52 ]. The ligand-binding region in the extracellular domain is 
localized within the second and third Ig-like domains of VEGF receptors [ 51 ]. 

18.3.1     VEGFR1 

 VEGFR1 is expressed in vascular endothelial cells and in a range of non-endothelial 
cells, including hematopoietic stem cells, dendritic cells, osteoclasts, and monocytes/
macrophages [ 53 – 56 ]. Furthermore, VEGFR1 expression has been observed in tumor 
cells [ 39 ]. VEGFR1 activation, using a variety of ligands, rarely results in effective 
endothelial cell mitogenesis [ 57 ,  58 ]. However, VEGFR1 stimulation has been 
reported to mediate paracrine release of growth factors such as HGF and CTGF from 
liver sinusoidal endothelial cells, independent of mitogenesis or angiogenesis [ 59 ]. 
This paracrine function has been shown to mediate liver regeneration following injury 
[ 59 ]. The biological signifi cance of VEGFR1 expression in non- endothelial cells 
is not clear, although some studies have suggested that the receptor might play a 
regulatory role in cell proliferation and migration under some circumstances [ 51 ]. 

 Gene targeting studies demonstrated that  vegfr1  −/−  mice die in utero between days 
8.5 and 9.5 [ 60 ]. Endothelial cell differentiation is normal in the homozygous embryos, 
but these cells do not organize into functional vascular channels. According to these 
studies, excessive density of endothelial progenitors leading to the vascular disorgani-
zation was responsible for the lethality [ 61 ]. These results indicate that VEGFR1 is a 
negative regulator of vascular development, at least during embryonic development. 
Interestingly, a targeted mutation in VEGFR1 resulting in lack of intracellular tyrosine 
kinase but intact extracellular and transmembrane domains does not result in lethality 
or any overt defect in the vasculature [ 62 ], suggesting that the VEGFR1 kinase 
activity is dispensable during embryogenesis. Therefore, the ligand-binding domain 
mediates the negative regulatory role of VEGFR1, most likely by trapping VEGFA 
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and thereby preventing activation of VEGFR2. In contrast, VEGFR1 kinase activity is 
required for VEGFA-stimulated migration of hematopoietic cells and PlGF- or 
VEGFA-induced proliferation of tumor cells [ 39 ,  54 ,  63 ]. 

 Such a “decoy” function of VEGFR1 is also relevant to human diseases. In hem-
angioma endothelial cells and hemangioma tissues, expression of VEGFR1 is 
 markedly reduced compared to normal controls. As a consequence of reduced 
VEGFR1 decoy function, VEGFR2 and its downstream targets are activated in a 
VEGFA- dependent manner, implying that inhibition of VEGFA-VEGFR2 signal-
ing may be effective in hemangioma treatment [ 64 ]. Another example is peripartum 
cardiomyopathy (PPCM) that affects pregnant women who are near delivery. It has 
been suggested that PPCM is associated with abnormally high levels of sFLT-1 
(a soluble isoform of VEGFR1), which may lead to reduced microvascular density 
and thereby induce cardiac dysfunction [ 65 ].  

18.3.2     VEGFR2 

 There is now agreement that VEGFR2 mediates the majority of downstream effects 
of VEGFA, including microvascular permeability, endothelial cell proliferation, 
migration, and survival. The key role of VEGFR2 signaling in development is evi-
denced by lack of vasculogenesis and very poor hematopoiesis in  vegfr2  null mice, 
resulting in death in utero between day 8.5 and 9.5 [ 66 ]. Blood islands and orga-
nized blood vessels were completely absent in  vegfr2 -defi cient embryos, indicating 
that VEGFR2 is required very early in the development of the endothelial lineage. 
The number of hematopoietic cells was signifi cantly reduced, suggesting that 
VEGFR2 may be important for hematopoiesis as well [ 66 ]. Of note, the hematopoi-
etic lineages were only derived from  vegfr2  wild-type, but not  vegfr2  −/− , embryonic 
stem cells in chimeras, arguing that the hematopoietic defect in  vegfr2  null mice is 
not secondary to the lack of a suitable endothelial-lined microenvironment [ 67 ]. 

 VEGFA signaling through VEGFR2 is thought to be the major pathway that 
activates and regulates angiogenesis. In sprouting angiogenesis, specialized endo-
thelial tip cells, which produce dynamic fi lopodia, lead the outgrowth of blood 
vessel sprouts toward gradients of VEGFA. The stalk cells follow tip cells and pro-
liferate to form lumenized network [ 68 ]. VEGFR2 is expressed in both subpopula-
tions of endothelial cells and mediates both tip cell migration and stalk cell 
proliferation [ 69 ]. In addition, by shaping the Notch pathway that inhibits tip cell 
fate, VEGFR2 also controls the specifi cation of endothelial cells into tip and stalk 
cells [ 70 ,  71 ]. On the other hand, Notch negatively regulates VEGFR2 expression in 
endothelial stalk cells [ 71 ,  72 ], thus forming a negative feedback loop. As a result, 
endothelial cells stimulated by VEGFA compete for the tip cell position via 
VEGFR2-induced Dll4 expression. The cell that produces more Dll4 can suppress 
VEGFR2 in its neighbor cells via activation of Notch signaling and will eventually 
become tip cells. Therefore, tip cells are distinguished from stalk cells by their 
stronger expression of VEGFR2 [ 69 ].  
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18.3.3     VEGFR3 

 VEGFR3 is initially widely distributed in all endothelia during early embryogenesis, 
but later in development, its expression becomes more restricted to lymphatic 
endothelial cells, with the exception of fenestrated capillaries and tumor vessels 
[ 73 ]. Because VEGFC is a prominent lymphangiogenic factor and shows adjacent 
expression pattern with VEGFR3 [ 45 ,  73 ,  74 ], it has been speculated that VEGFR3 
mainly functions in the developing and adult lymphatic system. Indeed, human 
hereditary lymphedema is associated with heterozygous missense mutations of 
Flt- 4, which inactivate the tyrosine kinase and lead to insuffi cient VEGFR3 sig-
naling [ 75 ,  76 ]. Surprisingly, targeted inactivation of the gene encoding VEGFR3 
resulted in defective blood vessel development and cardiovascular failure, sug-
gesting that VEGFR3 has an essential role in the formation of the embryonic 
cardiovascular system before the emergence of the lymphatic vessels [ 77 ]. 
Although VEGFR3 can heterodimerize with VEGFR2 in endothelial cells, the 
null phenotype of VEGFR3 was distinct from that of VEGFR2, e.g., no major 
defects were observed in vasculogenesis or angiogenesis. Additionally, compound 
depletion of both VEGFC and VEGFD failed to recapitulate the early embryonic 
lethality observed in  vegfr3  null mice [ 78 ]. Therefore, VEGFR3 might be acti-
vated by means other than VEGFC or VEGFD, possibly due to as yet unidentifi ed 
factor(s) or ligand-independent signaling mechanisms. Along this line, several 
studies using genetic models indicate that VEGFR3 can be phosphorylated in the 
absence of its ligands and has passive signaling modality, which regulates vascu-
lar remodeling in certain contexts [ 79 – 81 ]. Recently, by specifi cally deleting the 
ligand-binding domain of VEGFR3, Zhang et al. verifi ed that the ligand-dependent 
VEGFR3 signaling pathway is only required for lymphatic, but not blood, vascular 
development [ 82 ]. 

 Increasing interest in targeting VEGFR3 in cancer stems from the observation 
that both tumor lymphatic vessels and endothelial sprouts express high levels of 
VEGFR3 [ 50 ]. It has been shown that blocking VEGFR3 can suppress tumor lym-
phangiogenesis and thus lymph node metastasis [ 83 – 85 ]. Furthermore, Tammela 
and colleagues reported that VEGFR3 inhibition impairs angiogenic sprouting in 
tumors and may have addictive effects with VEGFR2 blockers [ 86 ]. Despite these 
promising results, other evidence suggests that the notion of targeting VEGFR3 as 
antiangiogenic or antimetastatic therapy needs to be more rigorously evaluated. For 
example, endothelial deletion of  vegfr3 , but not VEGFR3 antibodies, led to exces-
sive angiogenic sprouting and branching, via decreasing the level of Notch signal-
ing [ 79 ]. Therefore, VEGFR3 tyrosine kinase inhibitors or monoclonal antibodies 
blocking ligand binding may have opposite effects on tumor angiogenesis. In addi-
tion, different kinase inhibitors are not equivalent either. For instance, although both 
cediranib and vandetanib potently inhibit VEGFR3, cediranib signifi cantly reduced 
lymphatic metastases, while vandetanib had no effect [ 87 ]. Clearly, further work is 
required to understand the effects of VEGFR3-targeted agents on tumor metastasis 
and angiogenesis.   
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18.4     VEGF Receptor Signal Transduction 

 VEGFR1 shows weaker kinase activity and signaling properties as compared with 
VEGFR2 (or VEGFR3) [ 58 ,  88 ], possibly due, at least in part, to an inhibitory 
sequence in the juxtamembrane domain that represses its activity [ 89 ]. As already 
noted, VEGFR1 stimulation results in little or absent endothelial cell mitogenesis. 
The tyrosine kinase domain of VEGFR1 is dispensable for embryonic angiogenesis, 
but necessary for monocyte/macrophage migration in response to VEGFA or PlGF 
[ 62 ]. VEGFR1 activation in monocytes results in activation of phosphatidylinositol-
 3 kinase (PI3K)-Akt, extracellular signal-regulated kinase (ERK), and nuclear 
factor of activated T cells (NFAT) pathways, leading to chemotaxis as well as to the 
induction of a series of infl ammatory cytokines [ 90 ,  91 ]. Additionally, VEGFR1 is 
detectable in some tumor cell lines and appears to drive proliferation in vitro and 
in vivo. In such tumor cells, it has been shown that VEGFR1-mediated activation of 
mitogen-activated protein kinase (MAPK) induces cell proliferation and migration 
[ 39 ,  92 ,  93 ]. 

 VEGFR2 undergoes dimerization and ligand-dependent tyrosine phosphoryla-
tion in endothelial cells. Several tyrosine residues have been shown to be phos-
phorylated, including Y801 in the juxtamembrane domain, Y951 in the kinase 
insert domain, Y1054 and Y1059 within the kinase domain, as well as Y1175 and 
Y1214 in the carboxy-terminal domain (reviewed in [ 9 ,  94 ]). It has been reported 
that phosphorylation at Y1054 and Y1059 in the kinase domain activation loop, 
which may be preceded by autophosphorylation at Y801 [ 95 ], is crucial for VEGFR2 
kinase activity [ 96 ]. On the other hand, phosphorylated Y951, Y1054, and Y1059 
serve as docking sites for different signal transduction mediators. For example, 
phosphorylated Y951 binds the T-cell-specifi c adapter (TSAd), an adaptor molecule 
implicated in tumor vascularization and growth [ 97 ,  98 ]. Phosphorylation of Y1214 
triggers the recruitment of adaptor protein NCK and activation of the Src family 
kinase member Fyn [ 99 ]. Phosphorylation of Y1175 creates a binding site for several 
signaling mediators such as PLCγ [ 100 ,  101 ], SHB, and SCK [ 102 ,  103 ]. More 
importantly, genetic studies employing Y1173F knock-in mice revealed the essen-
tial role of Y1173 (human Y1175) in endothelial and hematopoietic cell develop-
ment during embryogenesis [ 104 ]. Y1173F homozygotes die between E8.5 and 
E9.5 from lack of endothelial and hematopoietic progenitors, similar to the pheno-
type of  vegfr2 -defi cient mice. In contrast, mice with Y1212F substitution (human 
Y1214) are viable and fertile [ 104 ]. 

 A wide spectrum of signaling pathways has been identifi ed downstream of 
VEGFR2. Among these, VEGFR2 induces the activation of the PI3K-Akt pathway 
which promotes cell survival and vascular permeability, the Raf-MEK-MAPK path-
way which activates cell proliferation, the Src-FAK pathway which increases cell 
motility, and several other signal transduction molecules [ 6 ,  105 ]. Although in some 
cases the importance of one pathway has been validated by the vascular phenotypes 
of genetic models, often it remains a major challenge to elucidate the in vivo signifi -
cance of these interacting signaling cascades. It is even more complex in the context 
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of pathological angiogenesis, particularly tumor angiogenesis, where dynamic 
signaling networks and vigorous reciprocal negative feedback loops coexist [ 106 ]. 
Innovative technologies and more systematic investigations will come together to 
delineate the important biology of VEGFR2, which holds the promises for effi cacious 
therapeutics. 

 Similar to VEGFR2, ligand binding to VEGFR3 leads to kinase activation and 
phosphorylation of several tyrosine residues such as Y1230, Y1231, Y1265, Y1337, 
and Y1363 [ 107 ]. Phosphorylated Y1063 and Y1068, located in the kinase domain 
activation loop, are fundamental for VEGFR3 kinase activity [ 108 ]. VEGFR3 phos-
phorylation has been shown to lead to PI3K-dependent Akt activation and PKC- 
dependent activation of the MAPK pathway, which protect lymphatic endothelial 
cells from serum deprivation-induced apoptosis and induce cell proliferation [ 109 ].  

18.5     VEGF-Targeted Therapies 

 The hypothesis that blocking angiogenesis could be used as a therapeutic strategy 
for treating a variety of disorders has been extensively tested and proven to be valid. 
Several VEGFA-VEGFR2 blockers have been approved for clinical use in cancer 
and eye diseases. To date, the US Food and Drug Administration (FDA) has approved 
12 agents as anti-VEGF therapy: bevacizumab (Avastin, Genentech/Roche), suni-
tinib (Sutent, Pfi zer), sorafenib (Nexavar, Bayer and Onyx), regorafenib (Stivarga, 
Onyx and Bayer), vandetanib (Caprelsa, AstraZeneca), axitinib (Inlyta, Pfi zer), 
pazopanib (Votrient, GlaxoSmithKline), cabozantinib (Cometriq, Exelixis), ziv-
afl ibercept (Zaltrap, Regeneron and Sanofi -Aventis), pegaptanib (Macugen, Eyetech), 
ranibizumab (Lucentis, Genentech/Roche and Novartis), and afl ibercept (Eylea, 
Regeneron and Bayer). These compounds could be roughly divided into three major 
categories. 

18.5.1     Anti-VEGFA Antibodies 

 Bevacizumab is a recombinant humanized monoclonal anti-VEGFA antibody. It binds 
to all biologically active isoforms of VEGFA and neutralizes their activities by 
blocking the binding of VEGFA to VEGFR1 and VEGFR2. In randomized con-
trolled clinical trials, bevacizumab treatment resulted in improved overall survival 
(OS) and/or progression-free survival (PFS) compared to standard cytotoxic chemo-
therapy in patients with metastatic colorectal cancer (mCRC) [ 110 ], non-small cell 
lung cancer (NSCLC) [ 111 ], recurrent glioblastoma multiforme (rGBM) [ 112 ], and 
metastatic renal cell carcinoma (mRCC) [ 113 ] and subsequently was approved for 
use in these indications. The initial FDA’s accelerated approval of bevacizumab for 
the treatment of metastatic breast cancer (mBC) was revoked because two additional 
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clinical trials showed a smaller improvement in PFS compared to the fi rst phase III 
study [ 114 – 116 ]. 

 Despite its strong preclinical antitumor effi cacy, bevacizumab does not provide 
benefi t as a monotherapy in patients with advanced cancer, except in a few types of 
tumor such as glioblastoma multiforme, renal cell carcinoma, and recurrent ovarian 
carcinoma. However, in most preclinical studies, treatment was initiated shortly 
after tumor cell inoculation or with low tumor burden. It is possible that blocking 
VEGFA alone is not suffi cient to induce tumor cell death. Indeed, numerous pre-
clinical and clinical studies suggest that antiangiogenic therapy is cytostatic rather 
than cytocidal [ 117 ]. As expected, bevacizumab has proved to be quite effective 
when used in combination with cytotoxic therapy and/or radiotherapy. However, the 
mechanistic basis for combinatorial effects is elusive, and several proposed models 
need to be rigorously tested in clinic [ 12 ]. 

 Ranibizumab is a high-affi nity Fab variant of bevacizumab. Intravitreal adminis-
tration of ranibizumab led to substantial preservation of vision in patients with neo-
vascular AMD (age-related macular degeneration), based on which it was approved 
by the FDA in June 2006 [ 118 ,  119 ]. As a smaller derivative of the full-length 
antibodies, ranibizumab was designed to have better retina penetration, higher 
binding affi nity for VEGFA, and lower risk to trigger complement-mediated or cell- 
dependent cytotoxicity caused by interaction of the antibody with Fc receptors in 
immune cells [ 13 ]. Head-to-head clinical trials comparing ranibizumab to bevaci-
zumab suggest that both agents have comparable effects on visual acuity, whereas 
the rate of serious systemic adverse events is higher with bevacizumab than with 
ranibizumab [ 120 ,  121 ]. Nevertheless, many patients have been treated with bevaci-
zumab off-label for neovascular AMD.  

18.5.2     Small-Molecule VEGF RTK Inhibitors 

 Sunitinib, sorafenib, regorafenib, vandetanib, axitinib, pazopanib, and cabozantinib 
are all oral small-molecule tyrosine kinase inhibitors (TKI) targeting VEGFRs and 
other signaling pathways [ 122 ,  123 ]. These agents have been approved for treating 
different types of cancer. At present, sunitinib is approved in patients with gastro-
intestinal stromal tumor (GIST), mRCC, and pancreatic neuroendocrine tumor 
(PNET); sorafenib is approved in patients with mRCC and unresectable hepatocel-
lular carcinoma; regorafenib is approved in patients with mCRC and advanced 
GIST; vandetanib is approved in patients with late-stage medullary thyroid carci-
noma; axitinib is approved in patients with mRCC after the failure of one prior 
systemic therapy; pazopanib is approved in patients with mRCC and advanced 
soft tissue sarcoma; cabozantinib is FDA-approved in patients with medullary 
thyroid cancer. 

 In addition to targeting VEGFRs, different TKIs also inhibit other kinases to 
variable degrees, including PDGFRs, Fms-like tyrosine kinase-3 (Flt-3), c-Kit, 
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RAF, and RET [ 122 ]. Thus, besides antiangiogenic functions, TKIs might have 
direct antitumor effects by inhibiting oncogenic kinases or infl uence other stromal 
cell compartments such as fi broblasts and pericytes. As a result, multiple mechanisms 
may account for the effi cacy of these therapies, and it is important to emphasize the 
complex mechanism of action in order to investigate drug resistance or to identify 
predictive biomarkers.  

18.5.3     VEGF-Trap 

 Afl ibercept (or ziv-afl ibercept) is a VEGF decoy receptor, termed VEGF-Trap, 
consisting of a chimeric ligand-binding domain from VEGFR1 and VEGFR2 fused 
to the Fc portion of the human immunoglobulin (Ig) gamma chain, which makes it 
a disulfi de-linked dimer [ 124 ]. Afl ibercept binds all isoforms of VEGFA as well as 
PlGF, and thereby inhibits the activation of the cognate VEGF receptors. Two ran-
domized, double-masked, active-controlled trials in patients with neovascular (wet) 
AMD demonstrated that injections of afl ibercept every 8 weeks (after the initial 
three monthly doses) improve vision comparably to ranibizumab administered 
every 4 weeks [ 125 ,  126 ]. Consequently, afl ibercept (Eylea) has been approved by 
the FDA for the treatment of patients with wet AMD. Additionally, afl ibercept plus 
FOLFIRI (5-fl uorouracil, leucovorin, and irinotecan) signifi cantly prolonged both 
progression-free survival and overall survival in patients with metastatic colorectal 
cancer who have progressed on an oxaliplatin-containing chemotherapy regimen 
[ 127 ]. As a result of this double-blinded phase III trial, afl ibercept (Zaltrap) received 
FDA approval in combination with FOLFIRI for mCRC patients. However, unlike 
bevacizumab, Zaltrap failed to result in a survival benefi t in patients with previously 
untreated mCRC or NSCLC [ 128 ].   

18.6     Conclusions and Prospects 

 Research conducted in the past several decades has established that the VEGF family 
plays an important role in regulating embryogenesis and angiogenesis during 
normal development and in a number of pathologic conditions. The VEGF ligands 
and their receptors are indispensible for the development of the blood vascular system, 
via vasculogenic and angiogenic mechanisms, as well as for the formation of the 
lymphatic vascular system. These molecules have also been implicated in patho-
logic processes, such as tumor progression and ocular neovascular-related diseases, 
leading to the clinical development of a variety of VEGF inhibitors. As anti-VEGF 
therapies continue to be formulated and developed, a complete and extensive under-
standing of the VEGF biology will remain crucial for potential breakthroughs in the 
paradigm of angiogenesis and antiangiogenic treatments. 
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 VEGF inhibitors have had an especially dramatic impact in nonmalignant 
conditions such as intraocular neovascular disorders. The availability of such agents 
has changed the course of wet AMD and potentially other intraocular diseases [ 129 ]. 
Whether the high level of VEGF dependence in these disorders as compared to 
cancer refl ects lack of genomic instability and accumulation of mutations remains 
to be established. 

 Notwithstanding the clinical success in the treatment of malignancies, an 
extremely important and timely question is how antiangiogenic medicines can be 
improved. VEGF inhibitors so far are the only targeted therapies administered 
without a predictive biomarker. It is widely believed that in the absence of such 
biomarkers, the benefi ts of most targeted anticancer therapies would be consider-
ably reduced. While overall benefi ts of anti-VEGF therapy have been observed in 
unselected patient populations, identifying patients most likely responsive to such 
therapy would be a major advantage. This highlights the urgent need to identify 
predictive biomarkers, which remain elusive despite extensive investigations. 
Recent reports have suggested several potential candidates including circulating 
VEGFA [ 130 ], tumor expression of neuropilin-1 [ 130 ], and a VEGF-dependent vas-
cular gene signature [ 131 ], all of which require clinical validation in appropriate 
prospective studies. Another key aspect toward optimized usage of VEGF pathway 
inhibitors is a better understanding of the intrinsic or acquired resistance mecha-
nisms that limit their effi cacy [ 132 ,  133 ]. In order to identify predictive markers or 
overcome drug resistance, it is necessary to precisely understand the mechanisms of 
different VEGF-targeted agents in each specifi c tumor type. 

 Most laboratory investigations and clinical studies have focused on the VEGFA- 
VEGFR2 signaling axis and its inhibition. While the functions of other VEGF 
ligands and receptors in malignancies and non-neoplastic disorders remain to be 
fully characterized, they may also represent therapeutic targets. In addition, VEGF 
signals regulate and crosstalk with multiple signaling pathways, such as Notch, 
angiopoietin receptors, and integrins, that operate in endothelial cells in a context- 
dependent manner. Therapeutic agents modulating these pathways have been gener-
ated and are currently under clinical assessments. In the future, we will need to 
design better combination regimens with these new agents, both as a means of 
increasing antiangiogenic activity and to overcome tumor resistance to anti-VEGF 
therapies. Furthermore, one major challenge surrounding antiangiogenic therapies 
is to identify their potential positive or negative interactions with conventional che-
motherapy and other targeted cancer drugs. For example, bevacizumab has demon-
strated clinical benefi ts when added to certain cytotoxic agents. However, combining 
bevacizumab with EGFR antibodies (cetuximab or panitumumab) showed decreased 
effi cacy in colorectal cancer [ 134 ,  135 ]. With more and more oncologic therapies 
becoming available for clinical development, it should be possible to identify effec-
tive combinatorial strategies with VEGF inhibitors, which is expected to improve 
outcomes of cancer patients.      
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         Receptor at a glance: VEGFR1   

 Chromosome location  13q12 
 Gene size (bp)  194,744 
 Intron/exon numbers  29/30 
 mRNA size (5′, ORF, 3′)  285, 4017, 2821 
 Amino acid number  1,338 
 kDa  151 
 Posttranslational modifi cations  Y794, Y1048, Y1053, Y1169, Y1213, 

 Y1242, Y1327, Y1333 phosphorylation 
 Domains  7 immunoglobulin (Ig)-like domains 

 1 transmembrane domain 
 1 kinase domain 

 Ligands  VEGFA, VEGFB, PlGF 
 Known dimerization partners  VEGFR1, VEGFR2, 

 neuropilin-1, neuropilin-2 
 Pathways activated  PI3K, MAPK, NFAT 
 Tissues expressed  Vascular endothelial cells 

 Placental trophoblast cells 
 Peripheral blood monocytes 

 Human diseases  Peripartum cardiomyopathy 
 Cancer 

 Knockout mouse phenotype  Die in utero at mid-somite stages due to abnormal vascular 
channels 

     Receptor at a glance: VEGFR2   

 Chromosome location  4q11–q12 
 Gene size (bp)  47,113 
 Intron/exon numbers  29/30 
 mRNA size (5′, ORF, 3′)  302, 4071, 1982 
 Amino acid number  1,356 
 kDa  152 
 Posttranslational modifi cations  Y951, Y996, Y1054, Y1059, Y1175, 

 Y1214, Y1238 phosphorylation 
 Domains  7 immunoglobulin (Ig)-like domains 

 1 transmembrane domain 
 1 kinase domain 

 Ligands  VEGFA, VEGFC, VEGFD 
 Known dimerization partners  VEGFR1, VEGFR2, VEGFR3, 

 Neuropilin-1, neuropilin-2 
 Pathways activated  PI3K, MAPK, PLCG1, NOS3, SRC 
 Tissues expressed  Vascular endothelial cells 

 Hematopoietic stem cells 
 Endocardial cells 

(continued)
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 Human diseases  Hemangioma capillary infantile 
 Cancer 
 Vascular diseases 

 Knockout mouse phenotype  Die in utero due to early defects in the development of 
hematopoietic and endothelial cells 

     Receptor at a glance: VEGFR3   

 Chromosome location  5q35.3 
 Gene size (bp)  48,119 
 Intron/exon numbers  29/30 
 mRNA size (5′, ORF, 3′)  79, 4092, 1686 
 Amino acid number  1,363 
 kDa  153 
 Posttranslational modifi cations  Y517, T532, Y1230, Y1231, Y1265, 

 Y1333, Y1337, Y1363 phosphorylation 
 Domains  7 immunoglobulin (Ig)-like domains 

 1 transmembrane domain 
 1 kinase domain 

 Ligands  VEGFC, VEGFD 
 Known dimerization partners  VEGFR2, VEGFR3, neuropilin-2 
 Pathways activated  PI3K, MAPK, JUN 
 Tissues expressed  Vascular endothelial cells 

 Lymphatic endothelial cells 
 Human diseases  Lymphedema hereditary type 1A 

 Hemangioma capillary infantile 
 Cancer 

 Knockout mouse phenotype  Die in utero due to defective blood vessel development and 
cardiovascular failure 
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19.1           Introduction to the Novel Oncogene with Kinase 
Domain Tyrosine Kinase Family 

 Structurally, the receptor protein tyrosine kinase (RPTK) molecule is composed of 
three main elements: a complete extracellular domain, a typical transmembrane 
domain, and an intact intracellular domain [ 1 ]. However, the novel identifi ed oncogene 
with kinase domain (NOK, other aliases: STYK1, SuRTK106, DKFZp761P10101) 
presents a unique structure feature that it lacks an intact extracellular domain but pos-
sesses a typical transmembrane helix and a complete intracellular domain. This gene 
was fi rst identifi ed as a novel tyrosine kinase molecule [ 2 ] and later found to be a potent 
oncogene with strong tumorigenic and metastatic properties [ 3 ]. Although NOK 
carries a putative transmembrane domain, it is not destined to cell membrane due to 
the lack of a signal peptide at its amino terminus. The homologous proteins for NOK 
can be found in at least 16 species, for example, chimpanzee (96 %), mouse (78 %), 
rat (79 %), cow (77 %), dog (81 %), chicken (56 %), and zebrafi sh (46 %). Among the 
members of RPTK superfamily, only FGFRs and PDGFRs have relatively higher 
homology (20–30%) with NOK. Therefore, NOK is a unique RPTK gene and may 
stand up for a distinct receptor tyrosine kinase family.  

19.2     NOK Gene: Gene/Promoter/mRNA Structures 
and Transcriptional Regulation 

 NOK gene is mapped to the minus strand of human chromosome 12 at 12p13.2 
and contains at least 11 exons that span more than 55-kb genomic region (Fig.  19.1 ). 
The coding sequence of NOK is composed of 1,269 nucleotides that starts at exon 4 
and extends to exon 11 (see Table “Receptor at a glance: NOK”). The potential pro-
moter of  NOK  gene was analyzed with a 100-kb genomic sequence (derived from 
genomic contig with GenBank accession no. NT_009714.16) immediate upstream of 
the 5′ end of  NOK  cDNA with computational analysis such as PROSCAN and FirstEF 
programs. The study uncovered a putative polII promoter at the region of nucleotides 
16,555–17,124 with high probability ( P  = 0.9932), and the fi rst exon was identifi ed to 
be a 104-bp fragment between nucleotide 17,055 and nucleotide 17,158 with high 
probability ( P  = 1.0000) plus consensus splicing donor and acceptor sites. In addition, 
FirstEF also identifi ed a 200-bp region localized immediate upstream of the fi rst 
exon to be a CpG island, which is an important signature for the 5′ region of many 
mammalian genes [ 4 ,  5 ]. This information positively indicates that the  NOK  gene 
could have a well-defi ned promoter/enhancer element.  

 Although six spliced isoforms have been documented in the Ensembl database 
(asia.ensembl.org/index.html), it is still elusive if the full length of NOK gene with 
a complete extracellular domain exists in nature. Attempts have been done to 
address this issue by using 5′ RACE. However, the experiments failed to extend the 
5′ end of NOK gene any further. Therefore, the available data might imply that NOK 
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is a nature-occurred aberrant RPTK molecule. Northern blot analysis demonstrated 
that NOK mRNAs (~3 kbp) could be detected in limited human tissues such as the 
prostate, colon, brain, and placenta [ 3 ]. Using RT-PCR approach, Ye et al. showed 
that STYK1 (NOK) mRNAs were ubiquitously expressed in the majority of tissues 
with higher levels of expression in the prostate, brain, and placenta [ 2 ]. This incon-
sistency might be due to the existence of NOK spliced variants that are likely pre-
sented in relatively low abundance in the majority of human tissues and is insensitive 
to Northern blot detection. The expression patterns of NOK gene in different cell 
lines may provide important clues for elucidating the role of NOK gene in human 
diseases [ 3 ]. Primary study indicates that  NOK  mRNAs could be detected in trans-
formed kidney cell lines (Cos1 and HEK 293T), in various tumor cells such as 
human hepatoma cells LO2, human cervix carcinoma cells HeLa, human ovary 
cancer cells Ho8910, and human chronic myelogenous leukemia cells K562, but 
not in other tumor cells such as macrophage/monocyte lineages (U937, Ana-1, and 
HL-60) and human epidermoid carcinoma (A431).  

19.3     NOK Protein: Translation, Amino Acid Structure, 
Domain Structure, Posttranslational Modifi cations 

 NOK protein is a 422aa long receptor-like molecule. However, subcellular localiza-
tion of NOK proteins by confocal microscopy reveals its punctuate distribution in 
cell cytoplasm (Fig.  19.1b–c ). Recent study indicates that NOK may be located at 
early endosome and co-localized with epidermal growth factor receptor (EGFR) 
upon activation [ 6 ]. The amino terminus of this protein possesses an incomplete 
extracellular domain whose length is 25 amino acids. From aa26 to aa49 is its puta-
tive transmembrane domain. The rest 373aa (from aa50 to aa422) of NOK protein 
is its intracellular domain that harbors a 263aa putative tyrosine kinase domain from 
aa118 to aa381 (Figs.  19.1a  and  19.5 ). Analysis of protein phosphorylation sites 
using the NetPhos 2.0 program indicates that there are 4 tyrosine (Y24, Y229, Y327, 
and Y356), 10 serine (S59, S74, S91, S143, S283, S304, S334, S349, S350, S372), 
and 5 threonine (T90, T100, T208, T224, and T386) residues that might serve as the 
potential phosphorylation sites. These potential phosphorylation sites are well con-
served between human and mouse NOKs. Sequence analysis reveals that both Y327 
and Y356 phosphorylation sites of NOK are likely well conserved among the mem-
bers of RPTK superfamily and may function as multi- substrate docking sites to 
control intracellular signaling [ 7 ]. 

 Except being phosphorylated, NOK protein may also undergo other types of 
posttranslational modifi cation such as glycosylation, ubiquitination, and myris-
toylation. Motif scan analysis indicates that NOK may possess one N-glycosylation 
site at N418 and three N-myristoylation site at G80 ( 80 GGNVAL 85 ), G269 
( 269 GLGLAY274), and G280 ( 280 GASST 285 ). UbPred analysis reveals two ubiquitina-
tion sites: one at K88 with medium confi dence and one at K385 with low confi dence. 
Ubiquitination provides a type of negative regulation to the targeted protein expression. 
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RPTK adaptor protein c-CBL can function as E3 ligase by recognizing substrates and 
promoting ubiquitin ligation through its SH2 domain and recruiting an E2 ubiquitin-
conjugating enzyme through its RING domain [ 8 ]. This information may be useful to 
study NOK ubiquitination in vivo. However, how NOK gene expression is regulated by 
ubiquitination is needed to be deeply investigated. 

 Since NOK contains only VILK and HGD motifs but no DGF motif, it is pre-
dicted to be a “pseudokinase” with inactive or reduced kinase activity. However, 
mutation at lysine 147 in the VILK motif has signifi cantly inhibited its proliferative 
property, implying that although it has no DGF motif, the “pseudokinase” NOK is 
still biologically active [ 9 ]. Similar situation can be found in other “pseudokinases” 
such as CASK [ 10 ], STRAD [ 11 ], Ror1 [ 12 ], Erb3 [ 13 ], and many others. In the 
absence of one or more catalytic motif, many of these pseudokinases are still able 
to phosphorylate their substrates [ 14 – 18 ]. Pseudokinases have attracted more atten-
tion recently mainly due to their unusual structural characters and biological func-
tions. Our data indicates that NOK may also represent as an active and functional 
“pseudokinase” that could induce potent cellular transformation leading to the 
development of malignant cancer.  

19.4     NOK Acts as an Oncogene to Promote Tumorigenesis 
and Metastasis 

 From a structural point of view, NOK is an inherently defect RPTK molecule in 
which it lacks almost complete extracellular domain and might be a “pseudokinase” 
due to the missing of DFG motif. However, it is surprising that overexpression of 
NOK causes cellular transformation that converts normal cells into cancer cells. 

19.4.1     NOK-Mediated Cellular Transformation: Stable 
Expression of NOK Results in Anchor-Independent 
Growth 

 NOK gene was fi rst transiently expressed in the primary mouse embryonic fi broblast 
NIH3T3 cells. About 4.2 × 10 5  NOK-transfected NIH3T3 cells were resuspended 
into 0.4 % soft agar. After 2 weeks of culture with 400 μg/ml G418, colonies were 
formed from NOK-transfected NIH3T3 cells but not the control cells NIH3T3-p3 
[ 3 ]. Stable expression of either  NOK  or the  EPOR/NOK  chimeric construct in BaF3 
cells also induced anchorage-independent growth and colony formation in soft agar 
[ 3 ,  7 ]. The transforming effi ciency of BaF3- NOK  is higher than that of BaF3-
 EPOR / NOK  as quantitated by the numbers or the sizes of colonies formed after 2 
weeks of incubation. All these data indicates that this “pseudokinase” may have 
potent transformation capacity in vivo.  
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19.4.2     NOK Induces Tumorigenesis and Metastasis 
in Animal Model  

 We subcutaneously injected nude mice with two types of stable cells BaF3-NOK 
and BaF3-EPOR/NOK. Tumor appeared after 7–10 days post-inoculation 
(Fig.  19.2a ). The animals were then sacrifi ced 4 weeks later. Tumor samples and 
various organ sections such as the brain, liver, spleen, kidney, stomach, intestine, 
lung, skeletal muscle, and colon were collected, fi xed, and stained with hematoxylin- 
eosin (H&E) staining. Staining of a variety of organ sections showed that the inva-
sion of tumor cells was widely spread when nude mice were inoculated with 
BaF3- NOK  cells. The metastatic tumor cells were prevalent in mouse liver, spleen, 
kidney, and skeletal muscle (Fig.  19.2b ). In contrast, there were fewer invasive 
tumor cells and less extensive tissue distributions observed when BaF3- EPOR / NOK  
cells were inoculated. The sizes of the liver and spleen in BaF3- NOK - and BaF3- 
EPOR   / NOK -injected mice were abnormally enlarged as compared with control. 
Although the spleen is an unusual organ for tumor metastasis, these  NOK -expressing 
cells frequently disseminated into the spleen, indicating the aggressive character of 
these tumor cells in vivo. In addition, the life span of mice that received injections 
of these cells was signifi cantly shorter than that of control with an average survival 
time of around 30 days. Thus, these results strongly indicate that the oncogenic 
properties of NOK are not only associated with cellular transformation and tumori-
genesis but also have a striking effect to promote tumor metastasis to a number of 
distant organs that eventually cause the rapid animal death.    

  Fig. 19.2    NOK induces tumorigenesis and metastasis in nude mice. ( a ) NOK promotes tumor 
formation in nude mice. ( b ) H&E staining reveals NOK-mediated metastasis in distant organs such 
as the kidney and spleen. Tumor invasions are indicated by the  arrows        
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19.5     The Mechanisms of NOK Activation and Signaling 
(Dimerization, Pathways, and Target Genes) 

 NOK is a receptor-like molecule carrying no extracellular domain. Therefore, the 
NOK protein may have inherent advantages to directly access and activate multiple 
intracellular mitogenic signaling cascades that will eventually lead to the transfor-
mation of the normal cells into cancer cells. 

19.5.1     Oligomerization and Constitutive Activation of NOK 

 For most of RPTKs, the equilibrium of the monomer-dimer or dimer-higher oligomer 
transitions can be dynamically regulated in the presence of specifi c ligands to ensure 
that a particular steric constraint will be adjusted for the generation of appropriate 
signaling strength. Ligand-mediated higher-order oligomerization (e.g., tetramerization) 
of RPTK is most often in its highest activated state [ 19 ,  20 ], while ligand-independent 
oligomerization may sometimes confer to signaling inhibition [ 21 – 23 ]. However, 
NOK may represent an exceptional case in which homo- oligomer formation of these 
orphan receptor-like molecules may result in their constitutive activation when 
expressed inside the cells [ 24 ]. The intermolecular interaction of NOK could be read-
ily detected in cotransfection system. Cross- linking experiments demonstrate that 
oligomerization of NOK could be induced directly, not relying on a specifi c ligand, 
but could be self-aggregated even in the absence of cross-linking reagents. 
Overexpressing NOK could enhance RAS/MAPK signaling pathway. Overall, these 
data strongly indicate that NOK is a constitutively active molecule when expressed 
inside the cells. This activation is presumedly due to the propensity of the self-aggre-
gation in NOK during its homo-oligomer formation.  

19.5.2     NOK and RAS/MAPK Signaling Pathway 

 RPTK can activate RAS/MAPK signaling pathway through at least three mecha-
nisms [ 25 ]. The fi rst one is the Raf/MEK/ERK pathway in which the RAS activates 
RAF kinase family member. RAF kinase phosphorylates and activates MEK that in 
turn phosphorylates and activates mitogen-activated protein kinase (MAPK). 
MAPK is also called extracellular signal-regulated kinases (ERK1/2). The activated 
MAPK then upregulates downstream gene expressions leading to enhanced protein 
synthesis and cell cycle progression. Second, it is well established that PI3K can be 
an immediate downstream effector of Ras. More recently, Gupta et al. showed that 
the activation of PI3K pathway is dependent on the direct interaction between Ras 
and the p110α PI3K catalytic subunit [ 26 ]. The third effector that Ras may activate 
is RalGDS which in turn activates Ral and subsequent downstream pathway and 
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eventually leads to antiapoptotic effect [ 27 ]. Our studies show that RAS/MAPK 
pathway is one of the major signaling pathways mediated by NOK, since blocking 
MEK with chemical inhibitor PD98059 is suffi cient to inhibit NOK- mediated cel-
lular transformation and colony formation [ 3 ]. Our data also shows that phosphory-
lated levels of ERK1 and ERK2 are signifi cantly enhanced in BaF3-NOK and 
BaF3-EPOR/NOK cells versus the control BaF3-p3 cells, indicating that NOK 
indeed activates RAS/MAPK signaling pathway [ 3 ,  7 ]. Using transient transfection 
assay, we demonstrate that NOK is also able to activate RAS/MAPK pathway in 
human HEK 293T cells [ 24 ]. In addition, the co-localization of NOK intracellular 
domain and RAS on cell membrane further highlights the importance of RAS in 
NOK-mediated cellular signaling [ 24 ].  

19.5.3     NOK and Akt/PI3K Signaling Pathway 

 The activation of Class IA PI3K/Akt pathway by RPTK may go through two different 
mechanisms. After RPTK activation and autophosphorylation, PI3K can be recruited 
by the activated RPTK to the inner membrane through the SH2 domain of its own 
or other adaptor protein molecule [ 28 ]. The activated PI3K then leads to the produc-
tion and accumulation of the second messenger phosphatidylinositol-3,4,5- 
triphosphate (PIP3). PIP3 recruits and binds to pleckstrin homology (PH) domain 
containing proteins such as PDK1 and Akt/PKB on the inner membrane. PDK1 
phosphorylates Akt1 at threonine 308 residue (T308) which is required for the acti-
vation of Akt1, while phosphorylation at serine 473 (S473) is necessary for the 
maximal Akt activation [ 29 ]. 

 NOK gene might have a pleiotropic effect on the regulation of certain mitogenic 
signaling pathway such as PI3K/Akt signaling pathway. Our data indicates that 
PI3K signaling pathway contributes to NOK-mediated cellular transformation since 
addition of PI3K inhibitor LY294002 markedly inhibits colony formation as assayed 
using BaF3-NOK stable cells [ 3 ]. Interestingly, using cotransfection and coimmu-
noprecipitation approaches, it has been shown that NOK potentiates PI3K/Akt sig-
naling by direct interaction with Akt in vivo [ 30 ]. This interaction does not rely on 
the presence of either the intact PH domain or a functional Akt kinase. Point muta-
tion at Y356F almost completely abolishes NOK-mediated Akt1 phosphorylation 
[ 7 ], indicating that Y356 might be the potential docking site for Akt. Since NOK is 
a cytoplasmic protein which is not anchored on cell membrane, the PI3K/Akt acti-
vation mediated by NOK might be different from the mode proposed above. In this 
scenario, NOK and its associated factor may behave like PDK1 and PDK2 that 
directly phosphorylate Akt. This assumption could be reinforced by the recent fi nd-
ing that NOK could physically interact with and further activate both Akt and gly-
cogen synthase kinase-3 beta (GSK-3β) to account for the NOK-mediated reduction 
of E-cadherin expression [ 7 ,  31 ]. Alternatively, it might also be true that NOK could 
interact with the p85 subunit of PI3K to activate the upstream effector of this signal-
ing pathway.  
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19.5.4     NOK and STAT Signaling Pathway 

 Different from cytokine receptor-mediated STAT activation, RPTK-mediated STAT 
activation can be classifi ed into three categories: JAK dependent, JAK independent, 
and the involvement of both. A portion of RPTKs activates STAT in a JAK-dependent 
manner as demonstrated by the fact that blocked JAK expression with either domi-
nant negative form or chemically synthesized inhibitor of JAK is suffi cient to inhibit 
STAT activation [ 32 – 34 ]. At least two different pathways account for RPTK- 
mediated JAK-independent STAT activation. First, the intrinsic kinase domain of 
RPTK may functionally replace JAK to directly phosphorylate and activate STAT 
[ 35 – 38 ]. Alternatively, RPTK-mediated STAT activation can be induced by recruit-
ing a non-JAK kinase such as Src [ 39 ] or recently MAPK [ 40 ] for STAT phosphory-
lation. In addition, genetic alterations such as gene amplifi cations or mutations 
resulting in structural changes in RPTK are important for the generation of both 
highly potentiated Src and JAK responsible for the constitutively active STATs in 
certain cancer tissues [ 41 ,  42 ]. 

 Our data shows that NOK is able to activate multiple types of STATs such as 
STAT1, STAT3, and STAT5 [ 7 ,  43 ,  44 ] by different mechanisms. The elevated or 
constitutively active STAT3 mediated by RPTK has been implicated as one of the key 
events for some human cancer developments [ 45 ]. Using coimmunoprecipitation 
approach, we have shown that NOK is physically associated with both STAT3 and 
JAK2 but not STAT5. Our results demonstrate that STAT3 may have multiple inter-
faces (except the coil-coiled domain and C-terminal domain) that are capable of inter-
acting with NOK. The intracellular domain of NOK does readily bind to the full 
length of STAT3. In addition, dual luciferase assay shows that NOK and JAK2 induce 
synergistic effect on NOK-mediated STAT3 activation. Although JAK2 can be a com-
mon upstream effector for both STAT3 and STAT5, NOK only activates STAT3 but 
not STAT5 in a JAK2-dependent manner, indicating that other mechanisms may con-
trol NOK-mediated STAT5 activation. 

 However, a remaining question is why NOK alone does not fully activate STAT3 
even in the presence of direct protein-protein contact. The answer might be mainly 
due to the weak kinase property of NOK. In this regard, it is understandable that in 
order to be fully activated, NOK has to work collaboratively with other kinases such 
as JAK2 to exert its functional potential.  

19.5.5     The Impact of NOK on Cell Cycle Progressions 

 The infl uence of NOK on cell cycle progression was evaluated in several mamma-
lian cell lines using transient transfection approach [ 46 ]. After transiently transfect-
ing  NOK  into 293T, 293ET, and HeLa cells, the cell cycle distribution in each cell 
type was determined by fl ow cytometric analysis. Consistently, overexpression of 
NOK signifi cantly reduced G1 phase population and at the same time markedly 
enhanced S population in each cell line tested (Fig.  19.3 ). The protein expressions 
of G 1 /S check point-related genes such as cyclin D, cyclin E1, CDK2, and CDK4 
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are detected by Western blot analysis. Signifi cant upregulations in the expressions 
of cyclin D, cyclin E1, p-CDK-2, p-CDK-4, p-Akt, and p-Rb were observed with 
the increased delivery of  NOK  into 293ET cells. Thus,  NOK  can promote cell cycle 
progression by rapidly bypassing the G 1 /S check point, which may involve the 
activations of both Akt and CDK2/4 signaling pathways.    

19.6     Autoinhibitory Mechanisms of NOK 

 The expression level of RPTK in human body is tightly regulated by autoinhibitory/
activation mechanism so as to fi nely control its intrinsic kinase activity during normal 
cellular processes [ 47 – 51 ]. Currently, a few modes may account for RPTK- mediated 
autoinhibition. First, the sequence element responsible for RPTK autoinhibition is 
frequently assigned to the juxtamembrane region that is located at a region between 
the transmembrane helix and the cytoplasmic kinase domain [ 50 ,  51 ]. Second, a 
CDK/Src-like autoinhibition has been found in the EGFR kinase domain in which the 
activation loop of EGFR is protected by the N lobe of its kinase domain [ 48 ]. Third, 
tyrosine residue at the carboxyl terminus of RPTK may contribute to autoinhibition. 
Avian c-erbB is a homologue to the human epidermal growth factor receptor (EGFR). 

  Fig. 19.3    The infl uence of NOK on the cell cycle distribution was evaluated in mammalian cell 
lines. Either empty vector (pcDNA3.0) or NOK expression plasmid (pcDNA3.0-NOK-HA) was 
individually transfected into 293T (A) or HeLa (B) cell lines, respectively. Cell cycle analysis was 
performed at 48 h posttransfection by fl ow cytometric analysis       
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Mutation at its carboxyl terminal tyrosine residue p5 enhances c-erbB oncogenicity 
[ 52 ], indicating the autoinhibitory role of this tyrosine residue. 

 Similar to that of avian c-erbB, the terminal tyrosine residue Y417 of NOK also 
possesses an autoinhibitory role in NOK-mediated cellular signaling [ 43 ]. 
Differently from the carboxyl terminal tyrosines Y770 identifi ed in FGFR3 whose 
inhibitory effect has no impact on RAS/MAPK and STAT signaling [ 53 ], mutation 
at Y417 residue is able to promote the NOK-mediated activation of RAS/MAPK, 
STAT1, and STAT3 signaling pathways (Fig.  19.4 ). The mechanism controlling the 
autoinhibition by a single C-terminal tyrosine residue such as the Y417 in NOK 
may be due to the intermolecular interactions between NOK and some key signaling 
effectors such as the SH2-containing proteins in  trans . This type of protein-protein 
interaction may further restrict the access and/or subsequent activation of these sig-
naling effectors. Interestingly, our study indicates that in addition to the Y417, the 
transmembrane (TM) domain of NOK which is located at the amino terminus of the 
protein may also contribute to autoinhibitory effect [ 24 ]. In this case, NOK aggre-
gates as a tetramer-sized product upon removing its N-terminus (mainly the TM 
domain) which resulted in the further activation of the intracellular RAS/MAPK 
signaling pathway (Fig.  19.4 ), indicating that the TM domain of NOK played an 
autoinhibitory role in the activation of NOK-mediated signaling transduction.   
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  Fig. 19.4    The summary of the major signaling pathways associated with NOK.  Arrow  indicates 
stimulation (+). A  bar-end arrow  represents inhibition (−)       
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19.7     The Role of the NOK Receptor Tyrosine Kinase Family 
in the Regulation of Natural Killer Cells 

 Natural killer cells have a closer relationship with certain types of innate-like lym-
phoid cells such as T cells and invariant NKT (iNKT) cells in terms of common 
expression profi les of cell surface molecules, signaling proteins, and transcriptional 
factors. Microarray analysis revealed that  NOK/STYK1  is among the few genes being 
uniquely and preferentially upregulated in the resting NK cells [ 54 ]. More recently, 
 NOK/STYK1  has also been shown to be uniquely associated with the IL-2- and 
IL-15-mediated NK cell activation [ 55 ]. These studies indicate that NOK might be a 
crucial factor participating in the regulation of NK cell functions.  

19.8     The Role of the NOK Receptor Tyrosine Kinase Family 
in Human Diseases 

 Recent studies have demonstrated that NOK gene products are frequently overex-
pressed in certain human cancer tissues such as lung cancer, breast cancer, prostate 
cancer, colorectal cancer (Fig.  19.5 ), and leukemia, indicating the potential value of 
NOK in cancer diagnosis and prognosis [ 9 ,  56 – 60 ]. NOK mRNAs have been shown 
to be upregulated in estrogen receptor-alpha (ERα) negative breast cancer cell line 
(MDA-MB-231) and downregulated in ERα-positive breast cancer cell line (MCF-
7) upon estrogen treatment [ 58 ]. The study indicates that ER-mediated NOK expres-
sion in ERα negative cell lines may be regulated by either ERβ signaling pathways 
or nonconventional estrogen regulatory pathway. This information might be valu-
able for the diagnosis and treatment of certain types of breast cancer. Detection of 
c-erbB2 gene expression has been routinely used for the diagnosis and prognosis of 

  Fig. 19.5    Immunohistochemistry stainings on human colorectal cancer samples were carried out 
using rabbit anti-NOK antibody on moderately differentiated colon adenocarcinoma ( a ) and low- 
differentiated rectal adenocarcinoma ( b ). The  yellow brown  staining indicates NOK positive       
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human breast cancer. However, c-erbB2 mRNA expression was only positive in less 
than 30 % of breast cancers [ 58 ]. This is in contrast with the situation when NOK is 
used for the detection of human breast cancer in which more than 68 % of cases are 
identifi ed as positive. In addition, over- expression of NOK gene could be frequently 
detected in early stages of breast cancers, indicating its potential value for early 
diagnosis. Recent fi ndings also show that estrogen regulates NOK gene expression 
through a GPR30 hormone-signaling pathway in ovarian cancer cells [ 61 ].  

 Study by Amachika et al. reveals that  NOK  gene might serve as a diagnosis bio 
marker for human lung cancer [ 56 ]. High level of  NOK  gene expression could also 
be detected in early stages of lung cancer, indicating that  NOK  gene might be more 
applicable for the early diagnosis of human lung cancer. Moreover, clinical sample 
dissections reveal the important roles of NOK in the progressions, metastasis and 
survival of non-small cell lung cancer, indicating that NOK oncogene might be able 
to serve as the diagnostic and/or prognostic biomarker for this type of disease [ 62 ]. 

 More recently, Kondoh et al. demonstrated that  NOK  mRNA could be detected 
in the blood samples of ~80 % of acute leukemia patients [ 60 ]. Treatments with dif-
ferent combinations of chemotherapies signifi cantly and rapidly decrease  NOK  
mRNA expressions, positively indicating that NOK may play a role during acute 
leukemia development. Acute leukemia patients with high levels of  NOK/STYK1  
mRNA before treatment easily develop drug resistance as compared with those 
patients with low  NOK/STYK1  mRNA levels, indicating that NOK/STYK1 may be 
a critical factor contributing to drug resistance and therefore may serve as a novel 
prognostic biomarker for acute leukemia treatment [ 63 ]. 

 Prostate cancer (PC) is the leading cause of cancer in men with high mortality 
worldwide [ 64 ]. Advanced and relapsed PCs are diffi cult to be cured since 
 castration-resistant prostate cancer (CRPC) cells often emerge. NOK gene has been 
identifi ed as one of the candidate genes that may serve as a molecular target in 
CRPC cells [ 65 ]. Expression analysis indicates that NOK is overexpressed in CRPC 
versus castration-naïve prostate cancer (CNPC) cells and is essential for maintain-
ing the viability of PC cells [ 9 ]. Therefore, NOK could be a novel therapeutic target 
for drug design to treat CRPC.     
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         Receptor at a glance: NOK   

 Chromosome location  Chromosome 12p13.2 
 Gene size (bp)  1,269 
 Intron/exon number  10/11 
 Amino acid number  422 
 KDa  46.4 
 Posttranslational 
modifi cations 

 Phosphorylation, N-glycosylation, ubiquitination, and myristoylation 
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 Domains  Tyrosine kinase domain, transmembrane domain 
 Ligands  None 
 Known dimerizing 
partners 

 Homodimer and homotrimer 

 Pathways activated  RAS/MAPK, PI3K/Akt, STATs 
 Tissue expressed  Highly expressed in prostate; moderately expressed in the colon, brain, 

and placenta; can be detected in some cancer cell lines such as 
hepatoma cells LO2, cervix carcinoma cells HeLa, ovary cancer cells 
Ho8910 and chronic myelogenous leukemia cells K562; but not be 
detected in other cancer cell lines such as macrophage/monocyte 
lineages (U937, Ana-1, and HL-60) and human epidermoid carcinoma 
A431. Undetectable in most normal lung tissues, widely expressed in 
lung cancers. Uniquely expressed in the resting and activated NK cells 

 Human diseases  Breast cancer, lung cancer, ovarian cancer, acute leukemia, prostate 
cancer, and colorectal cancer 

 Knockout mouse 
phenotype 

 Not known 

 Cellular localization  Cytoplasm 
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  A 
   Acetylcholinesterase   ,  366  
   Acute myeloid leukemia (AML) 

 FLT3 in , 440–441  
 PTK7 , 542  

   Acute myelomonocytic leukaemia 
(AML) , 12  

   Adult-onset leukoencephalopathy 
with axonal spheroids and 
pigmented glia (ALSP), CSF-1R 
mutations in , 392–393  

   A391E mutation , 280  
   Afl ibercept , 829  
   Aging, neuromuscular synapse during , 367  
   Agrin , 364–365  
   Akt/PI3K signaling pathway, NOK and , 848  
    ALK  gene , 19–21  
   ALK-positive diffuse large B-cell lymphoma 

(ALK + -DLBCL) , 11  
   ALSP.    See  Adult-onset leukoencephalopathy 

with axonal spheroids and 
pigmented glia (ALSP) 

   Alzheimer’s disease (AD) , 197  
   Amino acid sequence 

 DDR1 , 84  
 DDR2 , 94  
 EphA1 , 199  
 EphA2 , 201  
 EphA3 , 205  
 EphA4 , 207  
 EphA5 , 210  
 EphA6 , 212  
 EphA7 , 214  
 EphA8 , 217  
 EphA10 , 219  

 EphB1 , 221  
 EphB2 , 223  
 EphB3 , 227  
 EphB4 , 230  
 EphB6 , 232  
 ERBB3 , 132–133  
 FLT3 , 444  
 IGF1R , 308  
 INSR , 301  
 NOK , 844–845  
 PTK7 , 545  
 RET , 573  
 ROR1 , 618  
 ROR2 , 622  
 ROS1 , 655  

   AML treatment, with FLT3 inhibitors , 455  
   Amyloid precursor protein (APP) , 197  
   Anaplastic large cell lymphoma 

(ALCL) , 1, 8–9  
   Anaplastic lymphoma kinase (ALK) 

 domain structure of , 2  
 fusion protein 

 ALK-positive diffuse large B-cell 
lymphoma (ALK + -DLBCL) , 11  

 anaplastic large cell lymphoma 
(ALCL) , 8–9  

 esophageal squamous cell 
carcinoma , 12  

 infl ammatory myofi broblastic tumours 
(IMTs) , 9–10  

 kinase domain , 8  
 non-small cell lung cancer 

(NSCLC) , 10–11  
 renal cell carcinoma (RCC) , 12  

 gene , 19–21  

                    Index 
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 Anaplastic lymphoma kinase (ALK) (cont.) 
 in human disease 

 ALK mutations, cancer , 13–17  
 cancer, overexpression , 12–13  
 fusion protein , 7–12  

 ligands , 21–22  
 oncogenic ALK signalling , 24–27  
 protein structure , 19–21  
 transcripts , 19–21  
 treatment, ALK-mediated disease , 28–32  
 wild-type ALK receptor , 22–24  

   Ang2/Ang1-Tie2 pathway , 747  
   Angelman syndrome , 198  
   Angiopoietin structure and receptor 

binding , 760–761  
   ANG-TIE system.    See also  TIE receptor 

 cancer , 749–750  
 context-dependent signaling , 762–763  
 integrins , 764–765  
 negative regulation , 763  
 vascular leak and therapeutic 

angiogenesis , 750–753  
   Anterior commissure (AC) , 172  
   Anti-VEGFA antibodies , 827–828  
   Apert syndrome, mouse modelling , 279  
   Apoptotic cells , 59–61  
   Apoptotic mimicry , 63  
   Atherosclerosis, FLT3 in , 441  
   Autism, HGF/SF–MET 

signaling in , 342–343  
   Autoimmune disease , 62–63  
    Axl  gene , 54, 66  
   Axon guidance, Eph receptor 

 in brain , 172–174  
 in periphery , 175–176  
 sensory systems, topographic 

mapping in , 176–179  
 in spinal cord , 174–175  

    B 
  BamHI-A right-ward frame-1 

(BARF1) , 406  
   Bone development, CSF-1R in , 386  
   Brachydactyly type B (BTB) , 609  
   Brain, CSF-1R in , 387–388  
   Branching morphogenesis 

 CSF-1R regulation , 391  
 HGF/SF–MET signaling in , 335–337  

   Breast cancer 
 RET receptor tyrosine kinase , 568  
 ROS1 receptor , 652–653  
 Trk receptor , 777–778  

    C 
  CAD.    See  Coronary artery disease (CAD) 
    Caenorhabditis elegans  

 ALK/LTK , 4–5  
 FGFRs signalling , 276  

   Cancers 
 activating ALK mutations , 12–17  
 ALK point mutations in , 15–17  
 ANG-TIE system , 749–750  
 CSF-1 receptor in , 393–395  
 discoidin domain receptors (DDRs) , 82–83  
 EGFR activation in , 124–125  
 Eph receptor 

 Eph expression , 192–194  
 ephrins , 195–196  
 targeting Ephs , 196–197  

 ERBB3 , 136  
 FGFR , 281–283  
 HGF/SF–MET signaling in , 339–342  
 LTK in , 17–19  
 NOK receptor in , 853  
 RET 

 breast cancer cells , 568  
 chronic myeloproliferative disorder , 567  
 lung adenocarcinoma , 567  
 medullary thyroid carcinoma , 565–566  
 multiple endocrine neoplasia 

type 2 , 565–566  
 pancreatic ductal carcinomas , 568  
 papillary thyroid carcinoma , 566–567  
 Spitz tumor , 568  

 Ror2 
 colon carcinomas , 611–612  
 EMT , 612  
 melanomas , 611  
 osteosarcomas , 610  
 prostate carcinomas , 610–611  
 renal cell carcinomas , 611  

 Ror1 and malignancies , 612–613  
 ROS1 receptor , 650–653  
 RYK receptor , 722–727  
 TAM receptor tyrosine kinase 

family , 64–65  
 therapeutic strategies targeting 

EGFR , 125–126  
 TIE receptor , 749–750  
 Trk receptor , 777–778  

   Cardiovascular disease, TIE receptor , 750  
   Ca 2+  signaling, in CSF-1R signaling , 420  
   Catalogue of Somatic Mutations in Cancer 

(COSMIC) database , 18  
   Catalytically competent PTKs , 712–714  
   β-Catenin-dependent RYK signaling , 718–719  
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   β-Catenin-independent RYK 
signaling , 720–721  

   CBL protein , 324, 331  
   CCDC6 , 661  
   CD74 , 660  
   Cdc37 Co-chaperone protein , 714  
   CD44 receptor , 329–330  
   Cell cycle progressions, NOK 

receptor on , 849–850  
   Cell proliferation, HGF/SF–MET 

signaling , 333–334  
   Cell scattering, HGF/SF–MET 

signaling , 334–335  
   CEP85L , 661–662  
   Chick, FGFRs signalling , 277  
   Chimeric cartilage oligomeric matrix 

protein-angiopoietin-1 
(COMP- ANG1) , 749  

    Choline acetyltransferase   ,  366  
   Chromogenic in situ hybridisation (CISH) , 11  
   Chronic myelomonocytic leukemia (CMML), 

ROS1 receptor , 652–653  
   Chronic myeloproliferative disorder , 567  
    CLATHRIN (CLTC)  gene , 11  
   Clathrin-independent endocytosis (CIE) , 123  
   Clathrin-mediated endocytosis (CME) , 123  
   CLIP1 , 663  
   Colon cancer, ROS1 receptor , 652–653  
   Colon carcinomas , 611–612  
   Colony-stimulating factor-1 (CSF-1) receptor.  

  See  CSF-1 receptor 
   Colorectal cancer, EphB4 expression , 194  
   Common myeloid progenitor (CMP) 

cells , 400  
   COMP-ANG1 protein , 752  
   Congenital anomalies of kidney/lower urinary 

tract (CAKUT) , 569–570  
   Context-dependent ANG-TIE 

signaling , 762–763  
   Convergent extension (CE) movements , 168  
   Coronary artery disease (CAD) , 280  
   Corpus callosum (CC) , 172–174  
   Corticospinal tract (CST) , 174  
   Craniofacial and skeletal defects, RYK 

receptor , 728  
   Craniofrontonasal syndrome (CFNS) , 181  
   Craniosynostosis syndrome , 279  
   CRD , 614  
   Crk family, of adaptor , 470  
    c-ROS1  gene 

 gene structure , 654  
 promoter structure , 654  
 transcriptional regulation , 655  

   CSF-1 receptor , 379  
 activation and signaling 

 with CSF-1 and IL-34 , 410–412  
 early signaling by , 415–416  
 juxtamembrane domain 

tyrosine 559 , 417–418  
 kinase activation , 412–414  
 macrophage differentiation , 420–421  
 membrane and cytoskeletal 

reorganization and 
chemotaxis , 425–427  

 myeloid cell proliferation , 423–425  
 myeloid cell survival , 427–428  
 OC differentiation , 429–432  
 OC migration and bone 

resorption , 432–434  
 OC survival , 434  
 osteoclastogenesis , 428  
 phosphorylation , 417  
 regulation by IL-34 , 435  
 short-and long-term responses , 415  
 signal transduction , 414–415  
 Tyr-807 , 419–420  
 tyrosine residues 544, 559, 

and 807 , 418  
 tyrosine residues 706, 721, 

and 974 , 418–419  
 in ALSP , 392–393  
 in brain 

 development , 387  
 homeostasis , 387–388  

 branching morphogenesis regulation , 391  
 chromosomal location , 403–404  
 in CNS Remyelination , 388  
 crystal structure of , 413  
 defi ciency in mouse , 380–381  
 in embryonic and early postnatal 

development , 382–383  
 emergency monocytopoiesis by , 384–386  
 gene expression by , 435–436  
 in HIV-1 infection , 395  
 in human cancers , 393–395  
 in human disease , 391–392, 483  
 innate immunity at maternal/fetal 

interface , 391  
 interaction with BARF1 , 406  
 interleukin-34 and , 411  
 internalization, processing, and 

attenuation , 436  
 isoforms , 404  
 in male fertility regulation , 389–390  
 paneth cells and intestinal stem cell 

niche by , 389  
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 CSF-1 receptor, 379 (cont.) 
  panther  mutant , 398  
 pharmacologic inhibitors , 396  
 species specifi city , 406  
 structure of human and mouse , 401  
 tissue damage , 386–387  

    CSF-1R  gene 
 discovery, cloning, 

and sequencing , 396–397  
 gene sequence , 397  
 genomic locus encoding , 397  
 null mutations, conditional 

targeting , 397–399  
 osteopetrotic mutations, targeted 

disruption , 404–406  
 transcriptional regulation , 399–400  

   CSF-1R ligands , 402  
 colony-stimulating factor-1 

 chromosomal location , 403–404  
 interaction with BARF1 , 406  
 isoforms , 404  
 species specifi city , 406  

 cross-species reactivity , 406  
 interleukin-34 , 407–408  

 chromosomal location , 408  
 genomic locus , 408  
 isoforms , 408–409  
 signaling through PTP-ζ , 409–410  
 species specifi city , 409  
 targeted disruption , 409  

 structural features of , 405  
   CSF-1R oncoproteins , 402  
   CSF-1R protein , 400–402  

    D 
   Danio rerio  ALK/LTK , 5  
   DAP12 , 430–431  
   DDR1 

 activation and signalling 
 collagen-independent functions , 92  
 crosstalk with other receptor 

systems , 91–92  
 dimerisation , 90  
 major genes regulated , 91  
 pathway activation , 91  
 phosphorylation , 90–91  
 unique features , 93  

 gene, transcriptional regulation , 83–84  
 internalisation, processing and 

attenuation , 93  
 ligands 

 collagen cleavage , 89  
 collagen specifi city , 89–90  
 collagen structure , 88–89  

 protein 
 amino acid sequence , 84  
 domain structure , 86  
 phosphorylation sites and 

functions , 86–88  
 posttranslational modifi cation , 86  
 processing , 84–85  

   DDR2 
 activation and signalling 

 dimerisation , 96  
 major genes regulated , 97  
 pathway activation , 97  
 phosphorylation , 96–97  

 gene, transcriptional regulation , 93–94  
 in human disease 

 and arthritis , 82  
 and liver fi brosis , 81–82  
 and wound healing , 82  

 ligands , 96  
 protein 

 amino acid sequence , 94  
 domain structure , 94–95  
 phosphorylation sites and 

functions , 95  
 posttranslational modifi cation , 95  
 processing , 94  

 unique features of , 98  
    DDR1  gene , 83–84  
    DDR2  gene , 93–94  
   Dendritic cells (DCs) , 61, 438–440  
   Desphosphorylation 

 IGF1R , 309  
 INSR , 302–303  

   Diabetes, HGF/SF–MET signaling , 342–343  
   Diffuse B-cell lymphoma (DBCL) , 7  
   Discoidin domain receptors (DDRs) 

 in embryonic development , 80–81  
 in human disease 

 arthritis , 82  
 cancer , 82–83  
 kidney fi brosis of , 81  
 liver fi brosis , 81–82  
 lung fi brosis , 81  
 wound healing , 82  

   Discoidin homology (DS) domain , 79  
   Disulfi de bonding , 700  
   Dok-7, and MuSK receptor , 361–363  
    Drosophila   ,  539  

  ptk7  in , 540–541  
 PTK7 ligands , 547–548  

    Drosophila  LIM-domain only protein 
(dLMO) , 6  

    Drosophila melanogaster  
 ALK/LTK , 3–4  
 FGFRs signalling , 276  
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    E 
  EGFR/ERBB family 

 activation and signaling 
 EGFR dimerization , 117  
 pathway activation , 117–121  

 in adult physiology , 108–109  
 in embryonic development , 108–109  
 endosomes 

 receptor endocytosis , 123  
 signaling , 123–124  

 ERBB signaling, transcription by 
 delayed early genes , 122  
 immediate early genes , 121–122  
 microRNAs , 121  
 secondary response genes , 122  

 gene 
 promoter structure , 111  
 transcriptional regulation , 111  

 in human diseases , 109–111  
 ligands 

 amphiregulin (AR) , 115  
 autocrine , 114  
 EGF , 115  
 EGF-like growth factors encoded by 

poxviruses , 115–116  
 epigen , 115  
 juxtacrine , 114  
 ligand cleavage , 116  
 paracrine , 114  
 signaling, extracrine modes of , 114  
 TGF alpha , 115  

 protein 
 deubiquitinating enzymes (DUBs) and 

phosphatases , 113–114  
 domain structure , 112–113  
 phosphorylation sites and functions , 113  
 posttranslational modifi cations , 113–114  
 processing , 111–112  

 unique features 
 cancer, EGFR activation in , 124–125  
 cancer therapeutic strategies targeting 

EGFR , 125–126  
 cross talk , 124  

    EGFR  gene , 111  
   Embryogenesis, HGF/SF–MET 

signaling in , 338–339  
   Embryonic development 

 ALK/LTK receptor tyrosine family 
  Caenorhabditis elegans   ,  4–5  
  Danio rerio  (Zebrafi sh) , 4–5  
  Drosophila melanogaster   ,  3–4  
 mammalian , 5–7  

 discoidin domain receptors 
(DDRs) in , 80–81  

 EGFR/ERBB family in , 108–109  
 Eph receptor tyrosine kinase 

family , 168–181  
 FLT3 receptor in , 438–440  
 IGF1 receptor in , 298–299  
 insulin receptors (INSR) in , 298–299  
 PDGF receptors in , 478  
 PTK7 receptor in , 540–541  
 RET receptor tyrosine kinase , 562–564  
 RYK receptor , 729–730  
 tropomyosin-related kinase (TRK) 

receptor in , 776–777  
   Emergency monocytopoiesis, 

CSF-1R , 384–385  
   EMT.    See  Epithelial–mesenchymal 

transition (EMT) 
   Endoplasmic reticulum (ER) , 111  
   Endosomal sorting complexes required for 

transport (ESCRTs) , 123  
    EphA1  gene , 199  
    EphA2  gene , 201  
    EphA3  gene , 204–205  
    EphA4  gene , 207  
    EphA5  gene , 210  
    EphA6  gene , 212  
    EphA7  gene , 213–214  
    EphA8  gene , 216  
    EphA10  gene , 219  
    EphB1  gene , 220  
    EphB2  gene , 223–224  
    EphB3  gene , 227  
    EphB4  gene , 229–230  
    EphB6  gene , 231–232  
   Eph receptor tyrosine kinase family 

 adult physiology 
 bone homeostasis , 189–190  
 cardiovascular system , 187–188  
 epithelial tissue , 189  
 immune system , 188  
 intestinal epithelium , 188–189  
 nervous system , 182–187  
 pancreas physiology , 188  
 vestibular function , 190  

 domain organization , 166–167  
 embryonic development 

 cardiovascular development , 179–180  
 gastrulation , 168–169  
 neural development , 169–178  
 palate formation , 181  
 pancreas , 181  
 skeletal patterning , 181  
 somitogenesis , 169  
 thymus , 181  

 EphA1 , 234  
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 Eph receptor tyrosine kinase family (cont.) 
 activation and signaling , 200  
 gene , 199  
 ligands , 200  
 protein , 199–200  
 unique features , 201  

 EphA2 , 234–235  
 activation and signaling , 203  
 attenuation , 204  
 gene , 201  
 internalization , 204  
 ligands , 202  
 processing , 204  
 protein , 201–202  
 unique features , 204  

 EphA3 , 235  
 activation and signaling , 206  
 attenuation , 206  
 gene , 204–205  
 internalization , 206  
 ligands , 205–206  
 processing , 206  
 protein , 205  

 EphA4 , 236  
 activation and signaling , 208–209  
 attenuation , 209–210  
 gene , 207  
 internalization , 209–210  
 ligands , 208  
 processing , 209–210  
 protein , 207–208  
 unique features , 210  

 EphA5 , 236–237  
 activation and signaling , 211  
 gene , 210  
 ligands , 211  
 protein , 210–211  

 EphA6 , 237–238  
 activation and signaling , 213  
 gene , 212  
 ligands , 213  
 protein , 212–213  

 EphA7 , 238  
 activation and signaling , 215  
 attenuation , 216  
 gene , 213–214  
 internalization , 216  
 ligands , 215  
 processing , 216  
 protein , 214–215  
 unique features , 216  

 EphA8 , 239  
 activation and signaling , 217–218  
 attenuation , 218  

 gene , 216  
 internalization , 218  
 ligands , 217  
 processing , 218  
 protein , 217  

 EphA10 , 239–240  
 activation and signaling , 220  
 gene , 219  
 ligands , 219  
 protein , 219  
 unique features , 220  

 EphB1 , 240  
 activation and signaling , 222  
 attenuation , 222  
 gene , 220  
 internalization , 222  
 ligands , 221  
 processing , 222  
 protein , 221  

 EphB2 , 240–241  
 activation and signaling , 225–226  
 attenuation , 226  
 gene , 223–224  
 internalization , 226  
 ligands , 224–225  
 processing , 226  
 unique features , 227  

 EphB3 , 241–242  
 activation and signaling , 228–229  
 attenuation , 229  
 gene , 227  
 internalization , 229  
 ligands , 228  
 processing , 229  
 protein , 227–228  

 EphB4 , 242  
 activation and signaling , 231  
 attenuation , 231  
 gene , 229–230  
 internalization , 231  
 ligands , 230  
 processing , 231  
 protein , 230  

 EphB6 , 243  
 activation and signaling , 233  
 attenuation , 233  
 gene , 231–232  
 internalization , 233  
 ligands , 232–233  
 processing , 233  
 protein , 232  
 unique features , 233  

 in human disease 
 cancer , 192–197  
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 neurological disorders , 197–198  
 viral infection , 198–199  

 stem cells 
 adult stem cells , 190–192  
 embryonic stem cells (ESCs) , 190  

   Epidermal growth factor receptors 
(EGFRs) , 819  

   Epithelial–mesenchymal transition (EMT) , 84  
 HGF/SF–MET signaling , 334–335  

   Epstein–Barr virus (EBV) , 406  
   ERBB3 

 activation and signaling 
 cross talk , 135  
 dimerization , 134  
 pathway activation , 135  
 phosphorylation , 135  

 attenuation , 136  
 gene 

 mRNA structure , 132  
 promoter structure , 131  
 transcriptional regulation , 132  

 internalization , 136  
 ligands , 134  
 processing , 136  
 protein 

 amino acid sequence , 132–133  
 domain structure , 133  
 phosphorylation sites and 

functions , 133  
 posttranslational modifi cations , 133  

 unique features 
 cancer , 136  
 therapeutic implications , 136  

   ERBB4 
 activation and signaling 

 cross talk , 140–141  
 dimerization , 140  
 pathway activation , 140  
 phosphorylation , 140  

 betacellulin (BTC), ligands structure and 
cleavage , 139  

 epiregulin, ligands structure and 
cleavage , 139  

 gene 
 mRNA structure , 137  
 promoter structure , 137  
 transcriptional regulation , 137–138  

 HB-EGF, ligands structure and 
cleavage , 139  

 internalization and attenuation , 141  
 ligands structure and cleavage , 139  
 protein 

 domain structure , 138  
 posttranslational modifi cations , 138–139  
 processing , 138  

 unique features , 141  
    ERBB3  gene , 131–132  
    ERBB4  gene , 137–138  
   ERC1 , 663  
   Erk1/2, negative regulators of , 422  
   ERK pathway, in CSF-1R signaling , 420–421  
   Esophageal squamous cell carcinoma , 12  
   Extracellular matrix (ECM) , 169  
   EZR , 661  

    F 
  Fetal lung interstitial tumour (FLIT) , 12  
   FGF:FGFR:HS complex formation , 269–271  
   FGFRL1.    See  Fibroblast Growth Factor 

Receptor Like 1 (FGFRL1) 
   FGFRs.    See  Fibroblast growth factor receptors 

(FGFRs) 
   Fibroblast Growth Factor Receptor Like 1 

(FGFRL1) , 280–281  
   Fibroblast growth factor receptors (FGFRs) 

  Caenorhabditis elegans   ,  276  
 chick , 277  
 disease , 281–285  
  Drosophila melanogaster   ,  276  
 expression , 268  
 FGFR1 , 278, 282, 284  
 FGFR2 , 278–279, 282  
 FGFR3 , 279–280, 282  
 FGFR4 , 280, 283  
 isoform , 267–268  
 ligand-receptor binding , 272  
 mouse , 277–278  
 regulation 

 klotho interactions , 275  
 negative regulators , 274–275  
 receptor cleavage , 274  
 receptor internalisation , 273  

 signalling pathways 
 mitogen-activated protein kinase , 272  
 phosphoinositide-3 kinase , 271  
 phospholipase Cγ , 273  
 signal transducer and activator of 

transcription , 273  
 signalling receptors , 268  
 structure , 269  
 xenopus , 277  
 zebrafi sh , 277  

   Fibronectin type III (FNIII) domains , 165, 757  
    fl t3  gene 

 discovery and cloning , 441  
 genomic locus encoding , 441  
 human and mouse , 443  
 isoforms , 442  
 sequence , 442  
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 fl t3 gene (cont.) 
 targeted disruption , 442–444  
 transcriptional regulation , 444  

   FLT3 ligand 
 binding to receptor , 450  
 chromosomal location , 448  
 isoforms , 448–449  
 species specifi city , 450  
 structure , 448  
 targeted disruption , 450  

   FLT3 protein 
 amino acid sequence , 444  
 mutant proteins , 444–445  

   FLT3 receptor , 437–438  
 crystal structure of , 447  
 in embryonic development and adult 

physiology , 438–440  
 expression in normal hematopoiesis , 439  
 extracellular domain , 445–447  
 in human disease , 440–441, 483  
 intracellular domain , 447–448  
 selective inhibitors , 453  

 direct inhibitors , 454–455  
 indirect inhibitors , 454  

 signal transduction 
 AML treatment , 455  
 mutant receptors , 452–453  
 and normal homeostasis , 453  
 wild-type FLT3 receptors , 450–452  

   Fms-intronic regulatory element (FIRE) , 399  
   Fms-like tyrosine kinase 3 (FLT3) receptor.  

  See  FLT3 receptor 
   FN-III domains , 643, 655  
   FRS-2 protein , 781, 783  
   Fusion protein, ALK 

 ALK-positive diffuse large B-cell 
lymphoma (ALK + -DLBCL) , 11  

 anaplastic large cell lymphoma 
(ALCL) , 8–9  

 esophageal squamous cell carcinoma , 12  
 infl ammatory myofi broblastic tumours 

(IMTs) , 9–10  
 kinase domain , 8  
 non-small cell lung cancer 

(NSCLC) , 10–11  
 renal cell carcinoma (RCC) , 12  

    G 
  Germline TIE2 mutations , 748  
   Glial cell line-derived neurotrophic factor 

(GDNF) , 561–562  
   Globoid cell leukodystrophy (GCL) , 388  
   Glucocorticoids (GCs) , 63  

   Glycosylation 
 DDR1 , 86  
 IGF1R , 309  
 INSR , 302  
 ROR1 protein , 619  
 RYK proteins , 699  

   Grb7 family, adaptors , 469  
   Group 2 pseudokinases , 701–702  

    H 
  Heart disease, ROS1 receptor , 653–654  
   Heparan sulfate proteoglycans (HSPGs) , 820  
   Heparan sulphate (HS) , 269–271  
   Hepatitis C virus (HCV) , 198  
   HER2/ERBB2 

 activation and signaling , 128–130  
 anti-HER2 cancer therapy , 130–131  
 gene 

 amplicon , 127  
 promoter structure , 127  
 transcriptional regulation , 127–128  

 nuclear translocation , 130  
 protein , 128  

   HGF/SF , 321  
 activation and signaling , 326–329  
 binding to MET , 322  
 genomic organization, transcription, and 

synthesis of , 324–325  
 MET cross talk with , 330  
 proliferation , 333  
 by serine proteinases , 325–326  
 signaling pathways , 327  

 in cancer , 339–342  
 cell proliferation , 333–334  
 cell scattering , 334–335  
 in diabetes, autism, and listeria 

infection , 342–343  
 embryogenesis and tissue 

regeneration , 338–339  
 EMT , 334–335  
 and stem cell properties , 338  
 tubulogenesis/branching 

morphogenesis , 335–337  
   Hirschsprung’s disease , 569  
   HLA-A , 663  
   Homeobox gene  HOXB5   ,  572  
   HS.    See  Heparan sulphate (HS) 
   Human cancers, CSF-1 receptor in , 393–395.   

  See also  Cancers 
   Human immunodefi ciency virus type 1 

(HIV-1) infection, CSF-1R in , 395  
   Huntingtin interacting protein 1 

(HIP1-ALK) , 11  
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    I 
  IGF ligands 

 cleavage , 311  
 structure , 310–311  

   IGF1 receptor , 297–298  
 activation and signaling 

 cross talk with other receptors 
system , 312  

 pathway activation , 311–312  
 phosphorylation , 311  

 in embryonic development and adult 
physiology , 298–299  

 features of , 313, 314  
 in human disease , 299–300  
 internalization, processing, and 

attenuation , 312–313  
 overexpression of , 299  

    IGF1R  gene 
 gene structure , 307  
 mRNA structure , 308  
 promoter structure , 307  
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