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 The signaling by most G protein-coupled receptors (GPCRs) is regulated by a conserved 
two-step mechanism: phosphorylation of active receptor by G protein-coupled receptor 
kinases (GRKs) followed by specifi c binding of an arrestin protein to the active phosphore-
ceptor. Arrestin binding blocks further coupling of the receptor to G proteins, promotes 
the recruitment of the complex to coated pits for internalization, and initiates a second, 
G protein-independent round of signaling. Whereas GPCRs, G proteins, and arrestins are 
getting a lot of attention, GRKs remain underestimated and under-investigated players in 
the regulation of GPCR signaling. For example, in recent years, biased GPCR signaling, 
i.e., differential signaling via G protein- and arrestin-dependent pathways, has been exten-
sively investigated in the hope of designing GPCR-targeting drugs with fewer side effects. 
However, for a ligand to be biased toward arrestins, it must be biased toward GRKs fi rst 
due to the fact that GRK phosphorylation in most cases is necessary for high- affi nity arres-
tin binding. GRKs have numerous other functions in addition to phosphorylating GPCRs, 
some of which do and some do not require kinase activity. In this book, we include up-to-
date descriptions of known GRK-dependent mechanisms, both associated with GPCR 
functions and receptor-independent. The chapters cover a wide range of studies from inver-
tebrates to humans. Comprehensive mechanistic elucidation of GRK functions and their 
regulation in cells is necessary for a better understanding of cell biology, as well as for devis-
ing novel research approaches and therapeutic strategies.

Nashville, TN, USA Vsevolod V. Gurevich
Nashville, TN, USA Eugenia V. Gurevich
Ann Arbor, MI, USA John J.G. Tesmer  
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    Chapter 1   

 G Protein-Coupled Receptor Kinases (GRKs) History: 
Evolution and Discovery                     

     Vsevolod     V.     Gurevich      and     Eugenia     V.     Gurevich      

  Abstract 

   The discovery of rhodopsin kinase (GRK1) was a major conceptual breakthrough in visual biochemis-
try that was later found to be relevant to the whole GPCR fi eld. The existence of GRKs and arrestins 
revealed the primary mechanism for termination of GPCR signaling. GRKs appeared in evolution long 
before animals, and it remains to be elucidated whether their fi rst substrates were GPCRs or other pro-
teins. It is also unclear whether and how GRKs are activated to phosphorylate non-receptor substrates. All 
mammals have far fewer GRK subtypes than GPCRs. Despite this fact, GRKs are not totally promiscuous: 
impressive receptor-specifi c phenotypes of GRK knockouts along with lack of dramatic receptor preference 
in vitro suggest that receptor specifi city in vivo is largely determined by differential expression in various 
cell types, as well as subcellular localization of particular GRKs to compartments where certain GPCRs 
reside. Biological role of GRKs is wider than just phosphorylation of GPCRs: these kinases modify a variety 
of non-receptor substrates and regulate cell signaling via mechanisms that do not depend on their enzy-
matic activity.  

  Key words     GPCRs  ,   GRKs  ,   Arrestins  ,   Evolution  ,   Phosphorylation  ,   Kinase activation  

1      Introduction: The Discovery of GRKs 

 G protein-coupled receptors (GPCRs) are the largest family of sig-
naling proteins in  animals     , with >800 distinct subtypes  in humans  , 
and mediate cellular response to hormones, neurotransmitters, 
odorants, light, extracellular calcium, and many other stimuli [ 1 ]. 
Most GPCRs, as the name implies, couple to heterotrimeric G pro-
teins, which specifi cally engage the active form of the receptor. 
Active GPCRs serve as guanyl nucleotide exchange factors for G 
proteins, catalyzing the release of bound GDP and its replacement 
with GTP [ 2 ]. GTP-liganded heterotrimeric G proteins leave the 
receptor and dissociate into  Gα-GTP and Gβγ subunits  . Active 
GPCRs can sequentially activate many G protein molecules [ 2 ]. G 
protein-mediated signaling by most GPCRs is terminated by a 
conserved two-step mechanism: receptor phosphorylation  followed 
by arrestin binding [ 3 ]. The fact that this mechanism is designed 
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for rapid regulation has led to a widely accepted belief that it must 
have been acquired by animals, which must be capable of quick 
responses [ 4 ]. 

   GRKs as kinases that phosphorylate active GPCRs were essentially 
discovered twice. First, rhodopsin phosphorylation was described 
more than 40 years ago [ 5 ,  6 ]. Soon thereafter the “opsin kinase” 
responsible for this phenomenon (modern name GRK1) was iden-
tifi ed [ 7 ], and the role of rhodopsin phosphorylation in rapid shut-
off of its signaling was established [ 8 ]. It turned out that rhodopsin 
phosphorylation facilitates the binding of another protein, arrestin 
(called 48 kDa protein at the time) [ 9 ]. Later it was shown that 
arrestin binding to  active phosphorylated rhodopsin  , rather than 
phosphorylation per se, blocks further G protein activation [ 10 ]. 

 The cloning of mammalian β2-adrenergic receptor (β2AR) 
[ 11 ] revealed its homology with rhodopsin, providing the fi rst 
proof of the existence of a family of heptahelical rhodopsin-like 
receptors now called GPCRs [ 11 ]. The cloning of β2AR kinase 
(originally named β-adrenergic receptor kinase, or βARK; modern 
name GRK2) [ 12 ] showed that rhodopsin kinase also belongs to a 
family of related proteins. Interestingly, βARK was shown to selec-
tively phosphorylate light-activated rhodopsin [ 13 ], similar to 
activation- dependent  phosphorylation   of β2AR [ 14 ], suggesting 
that GRKs have a common mechanism for recognizing the active 
state of different  GPCRs   [ 15 ]. Conserved structural rearrange-
ment in GPCRs upon activation, including a large movement of 
the transmembrane helices that opens a cavity on the cytoplasmic 
side [ 16 – 18 ], is likely what  GRKs   use as a signal that the receptor 
is active.  

   Just when it seemed that the biological function of GRKs was clear, 
numerous reports documented phosphorylation by GRKs of a 
variety of other substrates. These include single transmembrane 
domain receptors, transcription factors, adapter proteins, and 
tubulin [ 19 – 21 ], the main component of the cytoskeleton, and 
synuclein, a protein with unclear function accumulated in Lewy 
bodies in the brain and implicated in neurodegeneration and 
dementia [ 22 ,  23 ]. Both α- and β-synuclein are phosphorylated by 
GRK2, whereas GRK5 prefers α-synuclein [ 22 ]. These paradigm- 
shifting discoveries suggested that the biological role of GRKs 
could be much wider than just enhancing the affi nity of active 
 GPCRs   for arrestin (reviewed in ref.  24 ). Whereas the physiologi-
cal role of GPCR  phosphorylation   by GRKs seems clear, many 
aspects of the biological functions of GRKs that are not associated 
with GPCR phosphorylation remain to be elucidated. 

 Another aspect of GRK activity towards  non-GPCR sub-
strate  s that remains obscure is the mechanism of GRK activation. 
So far, direct binding to active GPCRs, as established for 

1.1   GPCR   
 Phosphorylation     

1.2  The Discovery 
of  Non-receptor GRK 
Substrates  

Vsevolod V. Gurevich and Eugenia V. Gurevich
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rhodopsin kinase [ 25 ] and GRK2 [ 26 ], is the only documented 
mechanism of GRK activation. However, GRK activity towards 
 tubulin   [ 19 ,  20 ] and  synuclein   [ 22 ] greatly exceeds that towards 
peptide substrates, suggesting that physical interactions with other 
substrates might also activate GRKs. Lipids were shown to enhance 
GRK5 activity towards synuclein, and both lipids and Gβγ enhances 
GRK2 activity towards this substrate [ 22 ]. Thus, it is possible that 
membrane- or even  GPCR  -associated GRKs phosphorylate synu-
clein, but they are not activated by GPCRs, as their activity towards 
this substrate was detected in the absence of receptors in vitro 
[ 22 ]. Generally speaking, considering how diverse reported GRK 
substrates are, it is entirely possible that the mechanism of GRK 
activation might be substrate-dependent (reviewed in ref.  24 ). 

  Platelet-derived growth factor receptor-β (PDGFRβ)   was the 
fi rst non-GPCR cell membrane  receptor   reported to be phosphor-
ylated by both GRK2 and 5 [ 27 ]. Interestingly, in this case the 
function of GRK phosphorylation was found to be the same as in 
case of GPCRs: it resulted in receptor desensitization [ 28 ,  29 ]. 
The picture is complicated by the fact that  PDGFRβ   phosphory-
lates and activates GRK2 [ 30 ], suggesting the existence of a feed-
back loop that has no precedent in GPCR fi eld. Another related 
receptor tyrosine kinase, EGF receptor, was also shown to be 
GRK2 substrate, although no functional consequences of this 
phosphorylation could be detected [ 27 ]. 

 Some GRK substrates reside and/or function in the nucleus. 
GRK5, which has an identifi able nuclear localization sequence 
[ 31 ], has been implicated in phosphorylation of  class II histone 
deacetylases   [ 32 ]. GRK2, which does not have a nuclear localiza-
tion sequence, has been implicated in phosphorylation of tran-
scription factors [ 33 ]. In this case, phosphorylation likely occurs in 
the cytoplasm, whereupon  transcription   factors translocate to the 
nucleus.  

   Recent discoveries added yet another layer of complexity: GRKs 
regulate many branches of signaling via direct binding to other 
proteins, independently of their enzymatic activity. All GRKs 
have an  RGS homology (RH) domain   in their N-terminus, as fi rst 
suggested by sequence analysis [ 34 ]. Only the RH domain of 
GRK2 and GRK3 have been shown to bind  GTP-liganded Gα sub-
units   of heterotrimeric G proteins [ 35 ]. Indeed, RH domain of 
GRK2 was shown to bind activated Gα q  and inhibit G q -mediated 
signaling [ 35 ,  36 ]. Subsequently a crystal structure of Gα q  bound 
to GRK2 was solved, revealing fi ne molecular details of this inter-
action [ 37 ]. In contrast to classical RGS proteins that facilitate 
the GTPase activity of bound Gα, the GRK2 RH domain seems 
not to have signifi cant GTPase-enhancing activity, but instead sup-
presses G q -mediated signaling by sequestering active G q  [ 35 ]. 
The GRK2 RH domain was shown to be fairly selective for G q , 

1.3   Nonenzymatic 
Functions   of GRKs

GRK Evolution and Discovery



6

with fi ne discrimination even within the G q  subfamily of G protein 
α-subunits: it binds Gα q , Gα 11 , and Gα 14 , but not Gα 16  [ 35 ,  38 ]. 
Mutagenesis studies identifi ed eight residues in the GRK2 RH 
domain critical for Gα q  binding, six of which are conserved in the 
 GRK3 RH domain  , but not in other members of GRK family [ 39 ]. 
RH-mediated inhibition of G q -mediated signaling has been dem-
onstrated in established cell lines [ 40 ] and in primary cells [ 41 ]. A 
recent study extended these fi ndings in vivo: expression of GRK3, 
kinase-dead GRK3, as well as the isolated RH domain of GRK3 in 
the striatum of hemiparkinsonian rodents was shown to suppress 
the development of  l -DOPA-induced dyskinesia [ 42 ], which is the 
most common side effect of  l -DOPA therapy in Parkinson’s dis-
ease. Interestingly, a GRK3 mutant defective in Gα q  binding was 
ineffective [ 42 ]. 

 GRK2 and GRK3 also have a  pleckstrin homology   domain in 
their C-termini, which binds Gβγ subunits of heterotrimeric G 
proteins [ 43 ,  44 ]. The crystal structure of GRK2 in complex with 
Gβγ revealed the molecular details of this interaction [ 45 ]. 
Originally, binding to Gβγ was believed to serve as a mechanism of 
the recruitment of GRK2 and GRK3 to the membrane where their 
substrate GPCRs reside [ 46 – 48 ]. Recently a different function of 
Gβγ binding by  GRK2   was discovered: suppression of GPCR sig-
naling by sequestration of Gβγ, similar to the effect of sequestra-
tion of Gα q  [ 49 ]. It was shown that GRK2 binds Gβγ with high 
enough affi nity to prevent its interaction with inwardly rectifying 
potassium channels, and that GRK2 reduces channel activation by 
 GPCRs   via this mechanism [ 49 ]. 

  GRK interacting proteins (GITs)   were identifi ed during a 
search for GRK effectors [ 50 ]. GITs are complex multi-domain 
scaffolding proteins that also bind ARFs, other small GTPases, and 
several kinases [ 51 ]. GITs also interact with paxillin and other 
components of focal adhesions [ 51 ], suggesting that GRKs are 
recruited to these structures via GITs, and might play a role in cell 
adhesion and cytoskeleton remodeling. The recent fi nding that 
GRK2 promotes integrin-dependent migration of epithelial cells 
[ 52 ] supports this idea. Interestingly, members of the arrestin fam-
ily of proteins, which were also originally discovered for their 
involvement in homologous GPCR desensitization, were found to 
play a role in cell adhesion and migration, directly regulating focal 
adhesion dynamics [ 53 ]. 

 GRKs seem to play a role in many other biological processes 
via direct interactions with other proteins that are not their sub-
strates (reviewed in ref.  24 ). Thus, GRKs cannot be viewed simply 
as specialized GPCR kinases that prepare these receptors for arres-
tin binding. Their versatility might explain why GRKs appeared 
fairly early in evolution, even before the emergence of  multicellular   
organisms that evolved into Metazoa (Fig.  1 ).
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2        Evolution of GRKs 

   Based on sequence similarity, vertebrate GRKs are classifi ed into 
three subfamilies: GRK1, comprising GRK1 ( rhodopsin kinase  ) 
and GRK7 (cone opsin kinase); GRK2, comprising GRK2 and 3; 
and GRK4 comprising GRK4, 5, and 6. All GRKs are ~530-700 
amino acid long multi-domain proteins consisting of a ~30-residue 

2.1  Evolution of  the 
  Kinase Domain (KD)

  Fig. 1    Evolution of the GRK family. GRKs emerged by insertion of a kinase domain (KD), most closely related to 
the catalytic domain of the S6 kinase, into the loop of an ancestral RGS domain [ 56 ]. This apparently happened 
before the emergence of multicellularity in the branch of life that eventually gave rise to metazoans. This gene 
was likely duplicated early on, giving rise to the two main clades of GRKs: GRKb/2/3 and GRKa/1/4/5/6/7 (the 
latter is split into two lineages in vertebrates: visual GRK1/7 and non-visual GRK4/5/6). All known Metazoa 
retain both clades, and in vertebrates the number of GRK subtypes increased to seven. The presence of GRK 
isoforms in different clades is shown by respective squares. Unmistakable GRK proteins containing this 
RGS-KD arrangement found in the genomes of Stramenopiles ( Phytophthora infestans ,  Albugo laibachii , 
 Ectocarpus siliculosus ), Filasterea ( Capsaspora owczarzaki ), Choanofl agellates ( Monosiga brevicollis ), Placozoa 
( Trichoplax adhaerens ), several genomes of Cnidaria (jellyfi sh and sea anemones), various types of inverte-
brates, Cephalochordata (lancelet  Branchiostoma fl oridae ), Tunicate ( Ciona intestinalis ), and indicated groups 
of vertebrates. GRKs are likely present, although they have not yet been sequenced, in Agnatha (jawless fi sh) 
and Chondrichthyes (cartilage fi sh)       
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N-terminal region specifi c for this family, followed by the RH 
domain [ 34 ], and a Ser-Thr protein kinase domain (KD) with high 
similarity to other AGC protein kinases, such as protein kinase A, 
protein kinase C, and Akt [ 54 ]. The C-termini of GRKs contain 
additional structural elements responsible for their membrane tar-
geting: GRK1 and 7 carry C-terminal prenylation sequences; 
GRK2 and 3 contain pleckstrin homology (PH) domains that bind 
Gβγ subunits [ 44 ]; GRK4 and 6 carry palmitoylation sites, whereas 
GRK5 has positively charged lipid-binding amphipathic helix [ 54 ]. 
The C-terminal regions as well as the RH domains of some GRK 
isoforms contain regulatory phosphorylation sites [ 54 ]. 

 Very little is known about the evolutional origin of GRKs. It 
has been observed that the kinase domain is the most conserved 
among the GRK families, whereas the RH and C-terminal domains 
show the highest degree of divergence [ 55 ]. The fi rst evolutionary 
analysis of GRKs, which included only two nonmammalian species, 
 Caenorhabditis elegans  ( C. elegans ) and  Drosophila melanogaster  ( D. 
melanogaster ), demonstrated the split into two GRK subgroups, 
fi rst comprising the GRK1/4/5/6 isoforms and second GRK2/3 
isoforms.  C. elegans  and  D. melanogaster  each possessed two iso-
forms, one positioned in the foundation of the GRK2/3 clade and 
the other isoform at the root of the GRK1/4/5/6 clade [ 55 ]. 

 A more extensive analysis that included a wider range of spe-
cies was based on the sequence alignment of the KD [ 56 ]. The 
presence of an RH domain was obligatory for inclusion in the anal-
ysis but the RH domain itself was not used in the analysis because 
it was incomplete in several of the predicted proteins. The result-
ing Maximum-Likelihood analysis yielded two early splits that pro-
duced three statistically well-supported groups. The fi rst split 
partitioned the ancestor of the GRK2/GRK3 group from the rest 
of the GRKs, whereas the second split separated GRK1/7 from 
GRK4/5/6 in vertebrates. Whenever a complete genome encodes 
two full-length GRKs, one of the two protein products belongs to 
the GRK2/3 clade and the other to the GRK(1/7)4/5/6 clade, 
in agreement with the earlier analysis [ 55 ]. However, in addition 
to vertebrates and most invertebrate species, such as cephalopod 
mollusks, insects, nematode  C. elegans , chordates  Branchiostoma 
fl oridae  and  Ciona intestinalis , Cnidaria sea anemone  Nematostella 
vectensis  as well as primitive metazoan Placozoa  Trichoplax adher-
ens , GRK-like RH+KD fusions were identifi ed in non-metazoan 
species, including the opisthokont  Monosiga brevicollis , thought to 
be the unicellular eukaryote closest to Metazoa [ 57 ] and another 
opisthokont  Capsaspora owczarzaki  (ATCC 30864), a  unicellular   
amoeboid parasite of tropical snails, that has recently emerged as 
another candidate sister clade of Metazoa [ 58 ]. 

 All sequenced genomes of invertebrates, of a cephalochordate, 
and of early  Metazoan species   (Cnidaria and Placozoa) have two 
GRK-like genes [ 55 ,  56 ], whereas the unicellular non-Metazoan 
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organisms have only one [ 56 ]. A duplication of the ancestral GRK 
must have occurred before the emergence of Metazoa, to give rise 
to the lineage that includes GRK1/7/4/5/6 and the other to 
the GRK2/3 lineage. Because two unicellular opisthokont 
genomes appear to encode one GRK each, and these GRKs seem 
to belong to two different clades, it is possible that pre-GRK2/3 
and pre-GRK1/7/4/5/6 emerged in the opisthokont lineage and 
preceded the advent of multicellularity. Following this duplication, 
 Monosiga brevicollis  may have lost one GRK clade and  Capsaspora 
owczarzaki  the other. In  C. elegans , there are two GRK genes, one 
of which, called  grk - 2 , encodes a product with 66% identity with 
human GRK3 and plays a role in chemosensation, apparently, via 
its RH domain [ 59 ]. In  Drosophila , one of the two GRK isoforms, 
photoreceptor-enriched GRK1 (but present in all tissues), is highly 
similar to the mammalian GRK2 and GRK3 and has the same 
domain structure [ 60 ]. In the same clade are GRKs from cephalo-
pod mollusks, which express exclusively in photoreceptors [ 61 ] 
and consequently have been annotated as invertebrate rhodopsin 
kinases, even though they belong to the GRK2/3 clade [ 56 ]. 
Thus, the GRK1/7 sub-clade seem to have evolved at the same 
time as vertebrate rhodopsins, which couple to transducin, with 
GRK2 clade members playing the role of rhodopsin kinase for 
invertebrate rhodopsins, which couple to Gα q . But even in mam-
mals, GRK2/3 as well as GRK5 effectively phosphorylate rhodop-
sin in vitro [ 62 – 64 ]. Interestingly, the sole known GRK-like 
protein in unicellular  Monosiga  is placed into the GRK2 clade on 
the basis of similarity in KD and the presence of a C-terminal PH 
domain [ 56 ]. 

 The other clade is split into two subgroups, vertebrate-specifi c 
clade consisting of rhodopsin (GRK1) and cone opsin (GRK7) 
kinases, and the other clade comprising mammalian GRK4, 5, and 
6 and their single-copy orthologs in lancelet and invertebrates [ 55 , 
 56 ]. These proteins are more diverse than the members of the 
GRK2/3 clade. In C. elegans, this clade is represented by the grk-1 
gene product and in  D. melanogaster  by a ubiqui-
tously expressed GRK2 (referred to as Gprk2). The sole known 
GRK homolog from opisthokont  C. owczarzaki  is also placed into 
this clade [ 56 ]. The hemichordate  C. intestinalis  appears to repre-
sent an intermediate step in the evolution of the two clades. It has 
three GRKs, one of which is a basal member of GRK4/5/6 clade, 
another (GRK1) is a basal member of the “visual” branch in the 
same clade, and the third is the member of the GRK2/3 clade, 
where it mingles with the invertebrate GRK2/3 homologs. Thus, 
it appears that the duplication of the common GRK(1/7)/4/5/6 
clade into two occurred in early chordate, since an apparently 
ancestral “visual” GRK is present in the urochordate  C. intestinalis  
and no GRK1/7 genes are found in invertebrates. It has been 
 proposed that vertebrates evolved through two rounds of 
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whole- genome duplications (the “2R” hypothesis), the fi rst occur-
ring at the root of the vertebrate lineage and the second when jaw-
less vertebrates brunched off [ 65 – 67 ]. The duplication in the 
GRK(1/7)/4/5/6 clade, splitting it into the GRK1/7 and 
GRK4/5/6 lineages, coincides with the fi rst duplication. Further 
increase in the number of GRK isoforms is likely a part of the sec-
ond duplication at the root of jawed vertebrates, since teleost fi shes 
possess a full complement of GRK isoforms [ 56 ]. The  analysis   had 
been performed before fully sequenced genomes of    Leucoraja eri-
nacea      (little skate) became available, and the genome of elephant 
shark ( Callorhinchus milii ) [ 68 ] was not yet fully annotated. The 
genome of sea lamprey ( Petromyzon marinus ) [ 69 ] is also relatively 
recent and has not yet been mined for GRK sequences. Cartilaginous 
fi shes represent an oldest living group of jawed vertebrates and 
lampreys are representatives of an ancient vertebrate lineage, so 
these groups are important for understanding vertebrate evolu-
tion. Analyzing GRK sequences in these genomes will shed fur-
ther light on the evolution of GRKs and GPCR signaling.  

   The fact that GRKs have a highly conserved N-terminal extension 
preceding the RH domain, which was shown to be critical for the 
kinase phosphorylation of active GPCRs [ 70 – 72 ], suggests that 
GRKs evolved specifi cally as GPCR-binding kinases. In the 
GRK2/3 clade, multiple residues in the N-terminal sequence are 
highly conserved across species, including sea anemone  N. vecten-
sis , placozoan  T. adherens , and non-metazoan  M. brevicollis  [ 56 ]. 
Furthermore, there is a signifi cant conservation in this region 
across clades further stressing its key role in the receptor binding 
[ 73 ]. Importantly, many residues in this N-terminal region are also 
conserved in primitive GRKs from monocellular oomycetes 
 Phytophthora ,  Albugo , and brown alga  Ectocarpus  further confi rm-
ing that these are true GRKs likely to be ancestral to metazoan 
GRKs and to bind and  phosphorylate   GPCRs. Thus, it seems that 
this GRK-specifi c N-terminal extension was acquired soon after 
the emergence of the characteristic RH-KD arrangement, before 
the fi rst gene duplication and separation of GRKs into two clades, 
or even was  inherited   from an ancestral RH domain that gave rise 
to it.  

   GRK2/3 clade members have a C-terminal PH domain, which 
mediates their recruitment to the membrane via interaction with 
Gβγ [ 54 ]. This feature is well conserved in GRK evolution, because 
all proteins in the GRK2/3 clade, from opisthokont  Monosiga 
brevicollis  to primitive metazoans to vertebrates have a homolo-
gous PH domain [ 56 ]. The members of the GRK1/7 and 
GRK4/5/6 clades are characterized by specifi c C-terminal 
sequences that also ensure their localization to the plasma mem-
brane: GRK1/7 have either farnesylation or geranylgeranylation 

2.2  Evolution 
of the  N-terminal 
Receptor- Binding 
Elements  

2.3  Evolution 
of the  C-terminal 
Elements Mediating   
the Membrane 
Recruitment
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CAAX motifs [ 74 ,  75 ], whereas GRK4/5/6 possess either palmi-
toylation sites or lipid-binding motive such as amphipathic helix 
[ 55 ,  76 – 78 ]. These clade-specifi c membrane-targeting motives are 
well conserved in vertebrates and most invertebrate species and 
agree well with the placement by the KD sequences with the appro-
priate GRK clades [ 56 ]. In most invertebrates, including the early 
Metazoan  Trichoplax adherens  and opisthokont  Capsaspora owc-
zarzaki , the C-terminal motif is similar to that of GRK4 and 
includes palmitoylation sites as well as an easily recognizable 
amphipathic helix [ 56 ]. The only exception is the insect species 
that in the GRK4/5/6 clade evolved their own unique strictly 
conserved C-terminal arrangement, similar to that in the cnidarian 
 Nematostella vectensis  [ 56 ]. It is unclear whether such structural 
elements are able to mediate the attachment of these insect GRKs 
to the plasma membrane in a manner similar to that of the verte-
brate GRK4/5/6 and other invertebrate species. Thus, the split of 
the ancient eukaryotic GRK into opisthokont-specifi c GRK2/3- 
like and GRK(1/7)/4/5/6-like seems to have been followed very 
closely by acquisition of two distinct C-terminal extensions, a PH 
domain in GRK in the fi rst clade and alternative membrane- 
targeting  sequences   in the second.  

   The unusual structure of GRKs suggests that they emerged in evo-
lution only once: in most multi-domain proteins, distinct domains 
are fused one after another, like beads in a necklace, whereas in case 
of GRKs, KD (homologous to those of AGC kinases, the group 
named after the protein kinase A, G, and C families (PKA, PKC, 
PKG)) is inserted into a loop in the RH domain [ 24 ,  34 ]. The KD 
sequence analysis demonstrated that the GRK kinase domain is 
most closely related to the kinases of the AGC kinase family ([ 79 ] 
and www.kinase.com), which are ubiquitous in unicellular 
 eukaryotes. Thus, it is most likely that the KD region of GRKs has 
been produced by duplication of an AGC kinase. The provenance 
of the RH domain is much harder to establish because of the fast 
evolution of this relatively short region and the uncertain place-
ment of the RH domain of GRKs in the phylogenetic tree of RGS 
proteins [ 80 ,  81 ], but it is notable that the RH domains are wide-
spread in protists and were thus available for “domain tinkering”. 

 The identifi cation of GRK-like proteins in blight oomycete 
 Phytophthora infestans  and white rust oomycete  Albugo laibachii  
Nc14, and brown alga  Ectocarpus siliculosus  suggested that the 
insertion of a kinase domain into the RH domain preceded the 
origin of  Metazoa  [ 56 ]. These pre-GRKs are quite similar to S6 
kinase but display a recognizable N-terminal receptor-binding 
motif [ 56 ]. These earliest GRKs form their own clade loosely asso-
ciated with the GRK2/3 subfamily on the basis of aligned KD 
domains. They lack recognizable lipid-binding motifs found in the 
GRK4/5/6 subfamily, nor do they possess a  bona fi de  PH domain. 

2.4  The  Origins 
of   GRKs
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However, a C-terminal α-helix of the PH domain is discernible in 
GRKs from  Phytophthora infestans  and  Albugo laibachii . 
Interestingly, both these GRKs also possess  C-terminal geranyl-
geranylation motives   (CSIL and CILL, respectively) normally 
found in cone kinases (GRK7) that would allow for a semi- 
permanent association with the plasma membrane. Apparently, the 
single-copy GRKs of two oomycetes and brown alga represent the 
pre-duplication stage of GRK evolution before the split of the 
GRK2/3 and GRK(1/7)/4/5/6 clades. Although the genomic 
information that would permit connection of these early forms 
with pre-Metazoan and Metazoan  GRKs   is missing, it seems 
unlikely that GRKs appeared in evolution more than once. Most 
likely, these GRKs represent the earliest versions of GRKs with 
their key features already present.  

   GRKs have many substrates, but appear to be primarily specialized 
in phosphorylation of active seven transmembrane domain recep-
tors [ 24 ]. Thus, it is interesting to compare the appearance of 
GRKs and GPCRs in evolution. Although comprehensive analysis 
of this issue still needs to be performed, existing evidence indicates 
that GRKs are a more recent and more restricted addition to the 
GPCR signaling pathways. Virtually every eukaryotic species has 
GPCRs responding an amazing variety of stimuli [ 1 ,  82 – 84 ]. As 
population studies show, the evolution of  GPCR   family continues 
[ 85 ]. The origin of some of the GRAFS ( G lutamate,  R hodopsin, 
 A dhesion,  F rizzled,  S ecretin)    GPCR families could be traced to 
common ancestor of Uniconts and Alveolates at the very root of 
eukaryote evolution [ 84 ,  86 ]. Whereas the relationship of prokary-
otic seven transmembrane domain proteins, such as ion-pumping 
or sensory rhodopsins, with eukaryotic GPCRs is still debated, 
recent studies suggest that all these proteins might have evolved 
from a common ancestor [ 87 ,  88 ]. Thus, GPCR-like proteins seem 
to have emerged very early in the evolution of life. 

 Gα- and βγ-subunits also appeared at the root of the origin of 
eukaryotes [ 84 ,  89 ], and they are already diversifi ed in unicellular 
opisthokonts [ 84 ]. RGS proteins were also found to be present in 
many eukaryotes in parallel with the appearance of subunits of het-
erotrimeric G proteins [ 84 ]. In contrast, no GRK-like kinases were 
found in prokaryotes and most branches of eukaryotes. GRKs were 
identifi ed only in a few non-Metazoan species, such as brown algae 
 Ectocarpus siliculosus  and two oomycetes [ 56 ]. Thus, although 
GRKs apparently emerged before animals, this class was a relatively 
late addition to GPCR regulation machinery. The second element 
of the GPCR desensitization machinery acting in concert with 
GRKs, i.e., arrestin proteins, also seems to have appeared relatively 
late in evolution, and the arrestin family, similar to the  GRK family  , 
is represented by a small number of  isoforms  . “True” arrestins 
were found in unicellular opisthokonts [ 84 ,  90 ], whereas in earlier 

2.5  Evolution 
of the GPCR  Signaling 
Module      and GRKs
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organisms arrestin domain-containing proteins, which share the 
arrestin domain fold [ 91 ], are abundant [ 84 ,  90 ]. Arrestin-like 
proteins have been identifi ed in fungi [ 92 ,  93 ], but it remains 
unclear whether and how they relate functionally to animal 
arrestins. 

 The development of the complete GPCR desensitization sys-
tem that includes both GRK-dependent receptor phosphorylation 
and arrestin binding to  phosphorylated GPCRs   may be linked with 
the expansion of the Rhodopsin  GPCR   family that also evolved 
from the common ancestor of Opisthokonts and enjoyed huge 
evolutionary success in the Metazoan lineage [ 83 ,  86 ,  94 ].   

3    GRK  Activation   

 Considering that the other two protein families that preferentially 
bind active GPCRs, heterotrimeric G proteins [ 17 ] and arrestins 
[ 18 ], both engage the inter-helical cavity that opens on the cyto-
plasmic side of GPCRs upon activation [ 16 ], it is likely that GRKs 
engage the same cavity to discriminate between active and inactive 
GPCRs [ 95 ,  96 ]. In receptor-bound G protein [ 17 ] and arrestin 
[ 18 ] the element interacting with this cavity is fully or partially 
disordered or has a different secondary structure in the inactive, 
unbound state, but likely forms an α-helix upon receptor binding 
[ 18 ,  97 ,  98 ]. The extreme N-terminal twenty amino acids of GRKs 
are not usually visible in crystal structures, but in the most active- 
like structure of GRK6 [ 72 ] this element becomes helical and 
interacts with both lobes of the kinase domain. This suggests that 
GPCR binding promotes GRK activity by helping to align catalytic 
residues contributed by the two lobes [ 71 ,  72 ] — a model consis-
tent with the observation that binding to activated GPCRs directly 
activates GRKs, such that receptors serve as both substrates and 
allosteric activators [ 25 ,  26 ]. 

 The role of GRKs in GPCR signaling is closely linked to the 
role of arrestins, which selectively bind active phosphorylated 
receptors [ 99 ], although the contribution to high-affi nity arrestin 
binding of active conformation and receptor-attached phosphates 
varies in different GPCR subtypes [ 100 ]. It is arrestin bound to 
the phosphorylated receptor, rather than GRK-attached phos-
phates, that blocks further receptor coupling to cognate G proteins 
[ 101 ,  102 ]. Interestingly, arrestins apparently use the same cavity 
on the  cytoplasmic side   of GPCRs that opens upon receptor activa-
tion to identify active receptor molecules [ 18 ]. A loosely struc-
tured loop in the central crest of the receptor-binding side of all 
arrestin subtypes [ 103 – 106 ], called the “fi nger loop” [ 107 ], inserts 
itself into this cavity [ 18 ], likely also assuming helical conformation 
[ 18 ,  97 ,  98 ]. Both the formation of the helix in the fi nger loop, 
along with the fl exibility of the long “legs” connecting this helix 
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with the rest of the arrestin molecule, appear to be critical for 
receptor binding [ 108 ]. 

 This mechanism differentiates GRKs from kinases that phos-
phorylate accessible residues (Ser, Thr, Tyr) in a particular sequence 
context and are not sensitive to the functional state of their sub-
strate. Phosphorylation by GRKs of Ser and Thr residues is not 
strongly sequence context-specifi c, which matches the context- 
independent recognition of receptor-attached phosphates by arres-
tins [ 109 ]. Context-independence of the function of GRKs and 
arrestins helps to explain how few members of these two protein 
families can “serve” hundreds of GPCR subtypes. GRK activation 
by binding to an active GPCR ensures that GRKs phosphorylate 
nearby proteins with accessible loops, i.e., with highest probability 
the intracellular loops and tails of the receptor molecules they bind 
to. However, receptor-activated GRKs can more effi ciently phos-
phorylate other substrates, such as exogenous peptides [ 25 ] and 
nearby inactive receptors [ 110 ]. The latter phenomenon is best 
observed in the visual system, where rhodopsin molecules are 
closely packed in the rod disk membrane, covering about half of its 
surface. In this case, activation of a  single rhodopsin   can result in 
phosphorylation of hundreds of inactive rhodopsin molecules 
(“high-gain phosphorylation”) [ 110 ,  111 ], which is likely the con-
sequence of rapidly diffusing GRK1-rhodopsin complexes [ 54 , 
 112 ,  113 ]. 

 For some time, selective  phosphorylation   of active GPCRs was 
believed to be the only function of GRKs. However, the identifi ca-
tion of non-receptor substrates, such as tubulin [ 19 ,  20 ] or 
 synuclein [ 22 ], as well as many  non-GPCR receptors   (reviewed in 
ref.  24 ), all of which are phosphorylated more effi ciently than pep-
tides derived from cognate GPCRs, suggested that there might be 
alternative mechanisms of GRK activation, which remain to be elu-
cidated. It could be that any physicochemical environment that 
resembles that of the pockets found on activated GPCRs can favor 
GRK activation. One precedent for this is arrestin-3: its IP 6 - 
induced trimerization induces its transition into an active (similar 
to receptor-bound) conformation, where the three fi nger loops of 
sister protomers create for each other an environment favoring 
α-helix formation [ 108 ]. In their inactive states, the two lobes of 
an AGC  kinase   domain are not perfectly aligned for phosphotrans-
fer [ 114 ]. In most cases, phosphorylation of their so-called activa-
tion loops and the binding of ATP improve the alignment of the 
two lobes and enhances activity. In contrast, ATP or its analogs are 
not suffi cient to force the GRK kinase domain into active confor-
mation, nor is its activation loop subject to  transphosphorylation   
[ 115 ,  116 ]. Interestingly, GRK5 [ 117 ,  118 ] and GRK6 [ 72 ,  73 ], 
both belonging to the GRK4 clade [ 56 ], crystallize in the presence 
of ATP and its analogs in a more “closed” (active-like) conforma-
tion [ 72 ], in contrast to GRK2, which belongs to GRK2/3 

Vsevolod V. Gurevich and Eugenia V. Gurevich



15

subfamily. Thus far, GRK6 is the only member of the family that 
has been crystallized in a conformation that approaches what is 
expected to be an active confi guration, but this may be due to a 
unique crystal packing environment [ 72 ]. 

 Importantly, the structural differences between the two GRK 
sub-families correlate with function. Signifi cant activation- 
independent phosphorylation of several  GPCRs in vitro   and in 
cells was reported for GRK4 [ 119 ,  120 ], GRK5 [ 62 ,  121 ], and 
GRK6 [ 62 ], whereas  GRK2 and GRK3 phosphorylate   GPCRs in 
strictly activation-dependent manner [ 13 ,  14 ,  26 ,  62 ]. However, 
in some cases, such as the D 1  dopamine  receptor  , GRKs of both 
clades phosphorylate only the active form [ 62 ]. Considering that 
primates and bats have only ~800 GPCR subtypes, whereas most 
mammals have a lot more (>3400 in elephants;   http://sevens.
cbrc.jp/    ) distinct GPCRs [ 112 ,  113 ], these studies, which have 
thus far been performed on a limited number of receptors, should 
be expanded before general conclusions can be made.  

4     Subcellular Localization and Receptor   Specifi city of GRKs 

 Whereas the typical RGS-kinase domain arrangement is shared by 
the whole GRK family, their C-terminal elements are quite differ-
ent, mediating distinct means of membrane localization [ 24 ]. 
GRK2/3 are recruited to the membrane via the interaction of the 
pleckstrin homology domain in the C-terminus with Gβγ dimers 
[ 46 ,  47 ]. This makes sense biologically: Gβγ dimers are released 
upon the activation of  heterotrimeric G proteins   by GPCRs, and 
that seems to establish perfect timing, with GRKs recruited from 
the cytoplasm after the activation of cognate G proteins. However, 
both visual kinases, GRK1 (“opsin kinase”) [ 74 ] and GRK7 [ 75 ], 
which are primarily expressed in rods and cones, have prenylation 
signatures at their C-termini and tend to be membrane-localized 
due to lipid modifi cations (although there is an equilibrium 
between soluble and membrane forms in both cases). The remain-
ing GRKs have various types of membrane anchors. The C-termini 
of GRK4 and GRK6 are palmitoylated [ 78 ,  122 ,  123 ], whereas 
both GRK5 and GRK6 have lipid-binding amphipathic helices in 
their C-termini [ 122 ,  124 ]. A PIP 2  specifi c binding site is also 
observed near the N-terminus of the GRK4/5/6 clade. Subcellular 
localization of GRKs has  primarily   been studied in cultured 
HEK293 cells, with very few reports in the context of neurons 
which express much higher levels of GRKs [ 125 ]. Available data 
suggest that neurons employ additional mechanisms of sub-cellular 
localization of GRK subtypes. For example, GRK2 and GRK3 
behave similarly in HEK293 cells, in that they are mostly cytoplas-
mic, whereas in the brain GRK3 is much more membrane- localized 
than GRK2 [ 126 ,  127 ]. Interestingly, GRK5 and GRK6 in the 
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brain mostly localize to synaptic membranes [ 126 ,  128 ,  129 ], sug-
gesting that there must be neuron-specifi c protein partners in the 
synapses that recruit these kinases. It is possible that specifi c local-
ization of different GRK isoforms to particular compartments 
determines their receptor specifi city, which seems to be much more 
pronounced in living animals [ 130 ,  131 ] than in cultured cells 
[ 62 ], and is virtually undetectable in vitro [ 132 ,  133 ]. 

 Thus, despite tremendous progress in the last 20 years, there 
are many critical questions regarding the biological functions of 
GRKs in vivo that still need to be answered.     
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    Chapter 2   

 Structure and Function of G-Protein-Coupled Receptor 
Kinases 1 and 7                     

     Tivadar     Orban      and     Krzysztof     Palczewski      

  Abstract 

   The importance of G protein-coupled receptor (GPCR) kinases (GRKs) as regulators of GPCR signaling 
has been widely recognized. In humans, GRKs constitute a family of seven protein kinases involved in the 
phosphorylation and desensitization of agonist-activated GPCRs in many physiological processes. The 
GPCR desensitization process is initiated by GRKs, but involves several subsequent steps including arrestin 
capping of phosphorylated receptors. High-resolution crystal structures were determined for four mem-
bers of the GRK family, i.e., GRK1, GRK2, GRK5, and GRK6. This allowed decoding of the molecular 
basis of GRK activation and interactions with GPCR substrates, as well as the GRK interactions with cel-
lular membranes and inhibitors. Here, we focused on retinal GRKs, or photopigment kinases, rhodopsin 
kinase (GRK1), and GRK7, in the context of major general advances in the GRK fi eld.  

  Key words     G protein-coupled receptors (GPCRs)  ,   Retinal G protein-coupled receptor kinases 
(GRKs)  ,   Visual signal transduction cascade  ,   OGUCHI disease  ,   GRK1–rhodopsin interaction  , 
  Structures of retinal GRKs and inhibitors  

  Abbreviations 

   CaM    Calmodulin   
  GPCRs    G protein-coupled receptors   
  GRKs    G protein-coupled receptor kinases   
  PDE    Phosphodiesterase   
  PKA    Protein kinase A   
  Rho    Rhodopsin   
  Rho*    Photoactivated rhodopsin   

1        Introduction 

   G protein-coupled receptors (GPCRs)    are important receptors 
involved in cell signaling. External signals received by cells, includ-
ing small molecules, proteins, or light in the case of rhodopsin 
(Rho), interact with and activate GPCRs and thereby are trans-

1.1  G Protein- 
Coupled Receptors 
(GPCRs) and Their 
Kinases
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duced intracellularly through a system of proteins composed of G 
proteins, phosphodiesterases (PDEs), cation channels, and Ca 2+  
sensors, among others. To react on a limited timescale, an activated 
GRCR needs to be desensitized and returned to its unstimulated 
state. The  desensitization process   is typically carried out by a special 
class of protein kinases called G protein-coupled receptor kinases 
(GRKs) that preferentially recognize the activated state of their 
cognate GPCR [ 1 ]. GRKs are members of the A, G, and C (AGC) 
protein kinase family. Although different activated GPCRs initiate 
different intracellular processes, signal transmission and its conse-
quent termination appear to be similar among them [ 2 ]. 
Pharmacological interventions that regulate GPCR activity are of 
great interest because GPCRs are involved in virtually all physiolog-
ical processes. Defects, inhibition, or excessive activity of GRKs are 
thought to contribute to diseases such as hypertension [ 3 ], cardiac 
 [ 4 ],  Oguchi disease   [ 5 ], and heart failure [ 6 ]. Further attesting to 
the importance of this class of kinases, the fi rst biannual meeting 
dedicated to the GRK fi eld was recently held [ 7 ].  

   When light enters the eye, specialized photoreceptor cells in the 
retina initiate the visual signaling cascade and together with other 
cell types such as Müller, horizontal, amacrine, bipolar, and gan-
glion cells transduce this information to the brain (Fig.  1a ) [ 8 ,  9 ]. 
 Signal transduction   is accomplished by the polarization of photo-
receptor cells, which are composed of three major domains: (1) an 
outer segment which contains the membrane disks where the 
phototransduction machinery is localized, (2) an inner segment 
where the protein synthetic apparatus is found, and (3) a synaptic 
region that connects with other neurons (Fig.  1a ). The outer seg-
ment is the primary cilium of photoreceptor cells with the soma 
connected to the synaptic terminal domain. Photoreceptor cells 
are further categorized as either rods or cones (Fig.  1b ), which 
have notable differences in shape, synaptic connections, and the 
type of visual photopigments they express.

    Rod cells function   as the primary visual detector cells under 
light conditions. Responsible for dim light (scotopic) vision, they 
are capable of detecting a single photon [ 10 ]. Cones are respon-
sible for color (photopic) vision and they are about 100 times less 
sensitive to light than rods [ 11 ]. This decreased sensitivity per-
mits cones to be active and photosensitive throughout the day 
even under high-intensity light conditions. Another distinguish-
ing feature between rods and cones (Fig.  1b ) is the time they 
need to readapt after light exposure. Rods are quickly desensi-
tized and take about 1 h to recover to their pre-illumination state, 
whereas the recovery rate for cones is on a minute timescale. This 
property enables cone cells to quickly adjust to rapidly changing 
lighting conditions encountered throughout the day [ 12 ].   

1.2   Visual 
Transduction  
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2    GRKs in Visual Transduction 

   Vision is initiated when a photon of light interacts with the 
photosensitive chromophore of Rho and cone visual pigments 
[ 13 ]. The molecular mechanism of this event involves a series of 
sequential steps similar in both rod and cone photoreceptor cells 
that have been well characterized and reviewed elsewhere [ 14 ]. In 

2.1  The Role of GRKs 
in the  Visual Signal 
Transduction Cascade     

  Fig. 1     Rod and cone photoreceptor cells  . In the vertebrate system, rods specifi cally express GRK1 whereas 
cones express both GRK1 and GRK7. Panel  a  shows the layered organization of the retina with the major cell 
types involved in visual signal processing. Rods are shown in  grey , and the three types of cones are colored in 
 red ,  blue , and  green , respectively. Following are the horizontal cells ( lime ), bipolar cells ( cyan  and  yellow ), 
amacrine cells ( green ), and ganglion cells ( orange ). Panel  b  shows a detailed view of the major components of 
the two types of photoreceptor cells: rods and cones. Rods possess a plasma membrane that covers the rod 
disks. Major differences between rods and cones include their shapes, and the cell specifi c set of gene prod-
ucts that affects responses under different light intensities. Panel  c  shows a simplifi ed view of the Rho* activa-
tion and inactivation processes delineating the phosphorylation of residues catalyzed by GRK1 on Rho* and the 
subsequent binding and capping by arrestin       
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addition, enzymes that contribute to signal transduction, Rho/
cone pigment desensitization, and chromophore regeneration also 
have been extensively studied and summarized [ 15 ,  16 ]. Following 
activation of Rho (Rho*) and its interaction with its cognate G 
protein, G t  (transducin), visual cascade deactivation is achieved by 
multiple mechanisms. Rho* is inactivated by phosphorylation cata-
lyzed by GRK1, and G t  is inactivated through its intrinsic GTPase 
activity. Phosphorylation of Rho* was found to be mainly located 
on its C-terminal domain with three added phosphates represent-
ing the optimal number [ 17 ] (Fig.  1c ). The main effect of this 
phosphorylation is an increased interaction with arrestin that 
results in a diminished interaction of phosphorylated Rho* with G t  
[ 18 ]. The interaction with G t  is further impaired by the subsequent 
binding of arrestin to phosphorylated Rho* [ 19 ,  20 ] resulting in 
inhibition of the signal transduction process [ 17 ]. 

  Phosphorylation of Rho   following light activation was fi rst 
reported in the 1970s [ 21 – 24 ] and then reviewed in the late 1990s 
[ 25 ,  26 ]. Rho* phosphorylation correlated with the quenching of 
cGMP phosphodiesterase (PDE) activity [ 27 ], indicating that 
phosphorylation of Rho* was somehow related to the desensitiza-
tion process [ 28 ]. GRK1 preferentially catalyzed the phosphoryla-
tion of Rho* with most of the phosphorylation sites at Ser residues 
located in the C-terminal tail. Such Ser residues were phosphory-
lated in the following order: Ser343, Ser338, and Ser334 [ 29 – 32 ] 
(Fig.  1c ). Phosphorylation of Thr residues within the C-terminal 
region of Rho was recently shown to be involved in facilitating 
arrestin binding [ 33 ]. This phosphorylation desensitization mech-
anism is prototypical of that of other GPCRs [ 34 ]. 
Dephosphorylation of Rho*, catalyzed by phosphatase 2A (PP2A) 
[ 35 ], showed a similar order of phosphate removal in the Rho 
recycling pathway [ 29 ]. A Rho molecule lacking its C-terminal 
domain lost its ability to be phosphorylated [ 30 ]. The interaction 
of GRK1 with Rho* is needed for effective phosphorylation. 

 The  mammalian family   of GRKs is comprised of 7 members 
named GRK1 through 7 (Fig.  2 ). The family was divided into 
three groups based on their primary sequence homology. The fi rst 
group contains Rho kinase (GRK1) and cone opsin kinase (GRK7), 
both expressed in vertebrate retina. GRK1 also was the fi rst kinase 
characterized in the family [ 36 ] (Fig.  2a ). The second group is 
composed of β-adrenergic receptor kinase 1 and 2 (GRK2 and 
GRK3) with a broad specifi c tissue expression profi le (Fig.  2b ). 
The third group consists of GRK4, GRK5, and GRK6 (Fig.  2c ). 
Members of this group also have no specifi c tissue expression pat-
tern except GRK4, which has the highest expression in testes.

   GRK1 was the fi rst member of the family shown to inhibit 
Rho’s function through  phosphorylation   and the consequent 
binding of arrestin [ 19 ,  20 ] as well as the fi rst to be purifi ed and 
cloned [ 36 ]. GRK7 was discovered a decade later in retinas of cone-
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dominant mammals [ 37 ,  38 ]. The expression pattern of  GRK1 and 
GRK7   was found to be species-dependent [ 38 – 41 ]. All vertebrates 
express GRK1 in rods whereas in cones some vertebrates express 
either GRK7 alone or both GRK1 and GRK7 (reviewed in [ 42 ]). 
Mice and rats only express GRK1 in both rods and cones. In carp 
retina, there are four subtypes of GRK1 and GRK7, i.e., GRK1A-1a 
and 1A-1b, GRK1Ba and 1Bb, and two subtypes of GRK7-1a and 
7-1b [ 43 ,  44 ]. GRK7 was designated as a cone-specifi c receptor 
kinase because its expression level was about ten times higher than 
that of rod-specifi c GRK1 [ 45 ] and its specifi c activity also was 
about ten times greater than that of GRK1. Knockdown of GRK7 in 
larval zebrafi sh demonstrated that this kinase is essential for cone-
specifi c vision and that its absence resulted in a delayed cone 
response recovery and dark adaptation [ 46 ]. Co-expression of 
GRK7 in zebrafi sh rods with endogenously expressed GRK1 caused 
a considerable decrease in light sensitivity [ 47 ].  

   The gene for GRK1 is localized to chromosome 13, band q34, and 
encodes a protein composed of seven exons [ 48 ] (reviewed in 
[ 49 ]). Defi ciencies in either GRK1 [ 50 ,  51 ] or arrestin [ 52 ,  53 ] 
were shown to cause prolonged insensitivity of rod-controlled 
vision after light exposure. The disease, termed  Oguchi disease  , is 
inherited as an autosomal recessive disorder. First described in 
Japanese patients, Oguchi disease was attributed to a homozygous 

2.2   Defi ciencies 
and Mutations   
in GRK1:  Oguchi 
Disease     

  Fig. 2    Major  domains and homology   of GRK1 and 7 with other GRKs The principal domains of the seven GRK 
isoforms are shown as follows: α-domain ( blue ) and a connecting region ( red ) to the RH domain ( blue - green ). 
The AGC kinase domain is shown in magenta, the RH domain in  orange , the PH domain (specifi c to GRK2/
GRK3) in  dark blue , and the C-terminal region in  violet        
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deletion [ 52 ] with later reports of heterozygous nonsense 
mutations in the arrestin gene [ 53 ,  54 ]. Following these initial 
reports, a homozygous deletion of exon 5 and 3 [ 55 ], heterozy-
gous [ 50 ,  56 ], homozygous missense mutations [ 57 ,  58 ], or non-
sense mutations [ 59 ] in GRK1 were also implicated. Clinically, the 
disease is characterized by a progressive delayed dark adaptation 
accompanied by near normal vision in bright light [ 5 ]. 

 Differences in expression of GRK1 and GRK7 exist between 
species. For example, in mice,  Grk1   −/−   affects both rod and cone 
photoreceptors [ 60 ,  61 ], where it was shown to cause severe 
defects in rod and cone recovery and retinal degeneration [ 62 ] 
(similar to the  arrestin-1   −/−   mouse model). In contrast, in 
humans this effect was shown to be partially ameliorated by the 
expression of GRK7 in cones [ 63 ]. Another mouse model with 
cone-like photoreceptors (double knockout of GRK1 and the 
neural retina leucine zipper,  Grk1   −/−   Nrl   −/−  ) also developed age-
related retinal dystrophy in a light-independent manner, further 
supporting a role of GRK1 in the maintenance of proper cone 
health [ 64 ]. Though deletion of the  GRK1  gene negatively 
affected photoreceptor health, GRK1 overexpression failed to 
protect photoreceptors [ 65 ]. These fi ndings in animal models 
indicate that excessive activity of the phototransduction cascade 
coupled with exposure to high-intensity light causes photorecep-
tor cell death [ 60 ]. A study that evaluated the effect of variable 
expression of GRK1 on the kinetics of recovery from dim light 
stimulation concluded that Rho* inactivation could indeed mod-
ulate such recovery [ 66 ].   

3    GRK1 in Visual Transduction 

    X-ray structures   provide a fundamental basis for learning how 
enzymes work at the molecular level, and understanding such mecha-
nisms in the fi eld of vision was greatly enhanced by using this approach 
(reviewed in [ 67 ]). X-ray structures have been determined for several 
members of the GRK family including: GRK1, GRK2 [ 68 ], GRK5 
[ 69 ,  70 ], and GRK6 [ 71 – 73 ]. Some of these structures were solved 
in the presence of inhibitors or ATP. Homologous domains in GRKs 
are categorized as: the RGS homology (RH) domain, the kinase 
domain, and the highly homologous N-terminal domain comprised 
of ~20 amino acids (Fig.  2 ). X-ray structures do not provide as much 
information on the N-terminal domain (reviewed in [ 74 ]) as the 
structure of this part is disordered in most of the crystallized GRK 
structures. The only two structures where the N-terminal region was 
detected (in one structure of GRK1 and one of GRK6) are distinct, 
an artifact that could result from differences in crystal packing. 
Because of this shortcoming, we still lack a defi nitive molecular view 
of this domain [ 75 ]. The function of GRK1 was suggested to be 

3.1  Structure 
of GRK1
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regulated by its N-terminal domain. The relevance of the N-terminal 
region was fi rst described by following its interaction with specifi c 
antibodies, which inhibited the phosphorylation of Rho* but failed 
to prevent phosphorylation of synthetic peptides that had an identical 
sequence with Rho’s C-terminal region [ 76 ]. A study that character-
ized the dynamics of GRK1 under a variety of conditions described a 
highly fl exible molecule in the absence of ATP·Mg 2+ . The dynamics 
of GRK1 in the presence of Rho, Rho*, ATP·Mg 2+  reinforced the 
concept that conformational changes occur following interaction of 
GRK1 with either Rho* or ATP·Mg 2+  [ 77 ]. Use of truncated GRK1 
with the fi rst 19 residues removed from the N-terminus provided 
further evidence about the importance of this sequence in the regula-
tion of GRK1’s function and interaction with Rho* [ 67 ,  76 ,  78 ,  79 ]. 
Because the interaction with a GPCR is expected to be similar for all 
GRKs, the same fi ndings would pertain to other GRKs like GRK2 
[ 80 ]. GRK1 is monomeric in solution, but crystallized in a dimeric 
form which was suggested to have a role in the function of GRKs. 
The dimer, also present in the GRK6 structure [ 72 ,  73 ], contained a 
hydrophobic patch conserved in all but GRK2 and GRK3. The 
GRK1-(L166K) mutant (a GRK1 with a mutation in the interface 
region of the dimer structure) crystallized in a novel space group as a 
monomer. This result is similar to that obtained with another GRK 
family member, GRK5 [ 69 ], which revealed a different conformation 
for the C-terminal region (amino acid residues 527–541). The struc-
ture of the C-terminal region contrasted with other structures 
reported for GRK1 and GRK6 but was similar to that of the GRK1-
(L166K) mutant. In GRK5, however, the C-terminal structures were 
similar even though they were solved with a different crystal packing 
[ 69 ,  70 ]. 

 One plausible working model by which GPCRs could activate 
GRKs is by inducing closure of the kinase domain. This would align 
the catalytic domain of the large lobe with the ATP-binding region 
of the small lobe. Conformational changes in GRK1 induced by 
binding of ATP could also favor closure in the kinase domain as 
evidenced by hydrogen-deuterium experiments [ 77 ] or as noted for 
other kinases such as protein kinase A (PKA) [ 81 ]. More  experiments 
are needed to resolve the molecular details of GRK activation.  

   To fully exert their activity on activated GPCRs, GRKs require an 
interaction with negatively charged phospholipids. Specifi c details 
about the interactions of GRK1 and GRK7 with membranes are 
limited. The GRK interaction site with membranes is proposed to 
be a relatively fl at surface that involves residues near the N-terminal 
domain, C-terminal tail, and a linker region between the N-terminal 
and RH domains [ 78 ]. Recent structures of GRK5 also provide 
evidence supporting an interaction with the membrane through its 
C-terminal region [ 69 ,  70 ]. With the current proposed arrange-
ment, the N-terminal region would be inserted deeply into the 

3.2  GRK1 
 Interactions 
with Membranes  
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membrane. This insertion is plausible for some GRK members 
because the N-terminal region contains several hydrophobic 
residues that would favorably interact with the hydrophobic 
membrane layer even though this region is not conserved and con-
tains negatively charged residues in certain GRKs [ 78 ]. The 
C-terminal tails of GRKs are the least conserved regions among all 
GRKs and their involvement in the interaction with the phospho-
lipid bilayer suggests the possibility of different recruiting mecha-
nisms. Recent evidence suggests that in GRK5, interaction with 
the  phospholipid membrane   also involves a region from the RH 
domain (Leu135–Arg169), which appears to be conserved in 
GRK1 and GRK6 [ 82 ].  

   Because GRK1 competes with G t  to interact with Rho* (or consti-
tutively active mutants of Rho [ 83 ]), some of the interaction 
regions on Rho* are expected to overlap [ 84 ]. Interaction of 
GRK1 with Rho* was described early as involving multiple sites 
[ 85 ]. Cytoplasmic loops I and II of Rho were shown to be needed 
for the interaction with GRK1 [ 86 ], in addition to cytoplasmic 
loop III previously found relevant for G t  binding [ 87 ,  88 ]. A 1:1 
GRK1:Rho* stoichiometry suffi ced for effi cient phosphorylation 
of Rho* [ 89 ]. Likewise, a 1:1 ratio for the interaction of phos-
phorylated Rho* with arrestin was also reported [ 90 ]. Although a 
second Rho molecule does not seem strictly required for an inter-
action with arrestin or for GRKs to achieve full activity, a wealth of 
information indicates that Rho is dimeric in nature [ 91 – 94 ]. 

 The fi rst N-terminal 30 amino acids of GRK1 are involved in 
the interaction with Rho* (Fig.  3 ) [ 76 ,  77 ,  79 ,  95 ] together with 
a region of the C-terminal domain that encompasses residues 457 
to 546 [ 96 ]. A recent study employing site-directed mutagenesis 
of the N-terminal region in GRK2 (Asp3-Glu18) evaluated the 
capability of mutated GRK2 to phosphorylate the β 2 -adrenergic 
receptor. The interaction site with β 2 -adrenergic receptor was 
found to involve the N-terminal domain together with an exten-
sion of the kinase domain including residues Gly475 to Ile485. 
This model of the GRK2-β 2 -adrenergic receptor recapitulates that 
proposed for GRK1-Rho*-Rho [ 77 ] (Fig.  4 ).

       At low phosphorylation levels (<1 %), as much as 50 mol of phos-
phate are incorporated per 1 mol of Rho* [ 97 ]. Similarly, when Rho 
was photoactivated at 0.04 %, about 700 phosphates were incorpo-
rated per Rho* [ 98 ]. This effect is known as high-gain phosphoryla-
tion and one explanation could be that this “high- gain” reaction 
causes the phosphorylation of unbleached Rho  molecules. High 
phosphorylation increases with elevated amounts of GRK1 and is 
quenched by the addition of recoverin and Ca 2+  ions [ 65 ,  98 ]. High-
gain phosphorylation, observed only under low illumination, exists 
because there are far less Rho* molecules than Rho molecules, and 
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once activated by Rho*, GRK1 can also catalyze the phosphoryla-
tion of nearby Rho.   

4     Regulation   of GRK1 

   GRK1 from all species studied is post-translationally modifi ed 
through farnesylation [ 99 ], except for chicken GRK1, which has a 
coding region that can be modifi ed by geranylgeranylation in chicken 
liver extracts [ 100 ]. This modifi cation of GRK1 could help direct 
the enzyme to the right locations in rods and cones because a non-
farnesylated mutant had only a minimal effect on Rho* phosphory-
lation [ 101 ]. Consistent with the idea that lipid modifi cation helps 
direct GRKs to appropriate compartments within photoreceptor 

4.1  Post- 
translational 
Modifi cations

  Fig. 3    Interaction of GRK1  with Rho  *. The GRK1 molecule is modeled in a closed conformation. The position 
relative to Rho* was chosen based on the superposition of the N-terminal helix of GRK1 with the C-terminal 
helix of Gα s  as described for the β 2 -adrenergic receptor-G s  crystal structure [ 138 ]. Labeled GRK1 domains 
colored according to the code described in Fig.  1  are: the N-terminal region (Ser1-Arg19) in  light blue  and 
(Gly20-Leu44) in  pink ; the RH domain in  aquamarine  (Pro43 to Glu184 and Trp515 to Arg532); the kinase 
domain small lobe in  brown  (Asp185 to Asn268), and the large lobe in  green  (Gly269 to Pro514). The C-terminal 
region of GRK1 is depicted in  gray . The homology model of the full GRK1 model was constructed using the 
GRK6·sangivamycin structure as a template [ 78 ]. The membrane wherein the Rho*-Rho heterodimer is inserted 
is depicted by wavy  grey lines . A theoretical Rho*-Rho heterodimer is modeled in a helix 8-helix 8-dimer ori-
entation. All- trans -retinylidene and 11- cis -retinylidene are depicted as  yellow  and  red spheres , respectively. 
ATP bound to GRK1 is shown as light  grey spheres . Dark state Rho is shown as a  dark grey cartoon , whereas 
the light- activated monomer is in  light grey        
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cells, GRK7 has a sequence predicted to be a geranylgeranyl modifi -
cation site on its C-terminus. Post-translational modifi cations in 
GRK1 also involve C-terminal Cys residue α-carboxymethylation. 
Prenylation (addition of farnesyl or geranylgeranyl in the case of 
GRK1 and GRK7, respectively) followed by α-carboxymethylation 
thus could serve as hydrophobic anchors for GRK1 and GRK7 in 
membranes [ 102 ]. Increased GRK1 α-carboxymethylation in dark-
adapted rods was found to be regulated by free nucleotides and high 
Ca 2+  levels through their effects on recoverin, causing an increased 
association of GRK1 with recoverin and membranes [ 103 ]. As a 
consequence, increased GRK1 methylation in dark-adapted rods 
was attributed to increased Ca 2+  levels. The increase of Ca 2+  levels 
then additionally increases the association of GRK1 with both the 
membranes and recoverin, thereby providing a positive feedback 
decrease in the nonspecifi c phosphorylation of inactive Rho molecules. 

  Fig. 4     Conformational changes   in GRK1 upon interaction with Rho*. Low-
resolution structural information obtained by hydrogen-deuterium exchange 
coupled to mass spectrometry provides the only information yet available that 
describes the conformational changes in GRK1 when complexed with Rho* [ 77 ]. 
The differences in normalized deuterium uptakes in the presence of either Rho 
or Rho* were mapped on the GRK1 molecule in an orientation similar to that 
described for the GRK1-Rho* model presented in Fig.  3 . Color coding, defi ned as 
differences between the normalized deuterium uptakes, is shown for differences 
above the set threshold limit of 10 %. Positive differences ( yellow ,  orange , and 
 red ) were assigned to the higher deuterium uptakes found in the case of 
GRK1 + Rho. Negative differences ( blue ,  cyan, light blue , and  green ) denote 
higher uptakes in the GRK1 + Rho* sample       
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This mechanism represents another option for increasing the light 
sensitivity of photoreceptors. 

 A third set of  post-translational modifi cations   of GRK1, other 
than prenylation and carboxymethylation, involves phosphorylation. 
Autophosphorylation of GRK1 [ 104 ] was found to affect GRK’s 
affi nity toward its substrates, both Rho* [ 105 ] and recoverin. 
Phosphorylated sites in GRK1 localized primarily on residues Ser488 
and Thr489 [ 106 ]. The X-ray structure of GRK1 and further mass 
spectrometric analysis revealed two extra sites that also were phos-
phorylated, namely Ser5 and Thr8 [ 71 ]. However, GRK1 with 
mutations at these latter sites showed identical autophosphorylation 
rates with no obvious effects on ATP binding. This result suggests 
that these sites could be relevant for other functions of GRK1, such 
as membrane targeting and/or transport as evidenced by poor 
expression of some of the mutants [ 71 ]. In vitro phosphorylation of 
GRK1 by PKA at Ser21 and GRK7 at Ser23 and Ser36 in a cAMP-
dependent fashion has also been reported [ 107 ]. These in vitro 
experiments were followed by in vivo studies which demonstrated 
that PKA-catalyzed phosphorylation of GRK1 was high in the dark-
adapted state when cAMP levels also were elevated [ 108 ].  

   Recoverin is a Ca 2+ -binding protein found to inhibit GRK1 
function as part of the negative feedback of visual signal trans-
duction [ 109 – 112 ] in both rods [ 113 ,  114 ] and cones [ 115 ]. 
Recoverin’s interaction with GRK1 in the presence of Ca 2+  was 
localized to the N-terminal region of both GRK1 (residues 
1–25) [ 116 ,  117 ] and GRK7 [ 118 ], as reviewed in [ 119 ]. The 
interaction site on recoverin involved the C-terminal domain 
[ 120 ] together with a region of residues conserved among other 
Ca 2+ -binding sensor proteins, suggesting that the binding site 
to GRKs would be partially conserved among Ca 2+ -binding sen-
sor proteins [ 121 ,  122 ]. The inhibitory effi cacy of recoverin was 
also improved if this Ca 2+ -binding protein was N-myristoylated 
[ 123 ]. These fi ndings were mimicked by S-modulin, a recoverin 
ortholog in frogs, for both GRK1 and GRK7 [ 118 ,  124 ]. 
Another Ca 2+ -binding protein, calmodulin (CaM), also can bind 
to GRK1 at residues between 150 and 175, although not with 
the same affi nity as recoverin. In GRK5, CaM was shown to 
have a binding site localized between residues 20–39. In addi-
tion to the N-terminal region, the C-terminal region of GRK5 
also was implicated in this interaction [ 125 ]. In the recently 
solved X-ray structure of GRK5, the positions of these two 
domains are in close proximity, suggesting that CaM might 
bind simultaneously to both [ 70 ]. This different binding pat-
tern, as compared with GRK1, is due to the low homology in 
this region between these two GRKs, which explains the wide 
range of dissociation constants for CaM among various GRKs 
[ 126 ,  127 ]. Interactions of GRK1 with these two Ca 2+ -binding 
proteins are synergistic, as evidenced by their different binding 

4.2   Protein Inhibitors  
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sites on GRK1 and the broader range of Ca 2+ -sensing capabili-
ties when compared to recoverin alone [ 125 ,  128 ]. In carp, 
visinin (an S-modulin analog in cones) was shown to inhibit 
GRK7 with a greater potency than GRK1 was inhibited by 
 S-modulin   [ 129 ]. In addition to the native recoverin/CaM 
inhibition, antibodies developed initially for purifi cation pur-
poses were also found to inhibit the function of GRK1. This 
inhibition resulted from interactions with the kinase C-terminal 
region [ 130 ]. Finally, caveolins were shown to inhibit GRK1 
activity: peptides derived from caveolin-1 and caveolin-3 had 
IC 50  values of 2.7 and 1.8 μM, respectively [ 131 ]. Although the 
exact mechanism by which caveolin inhibits GRK1 remains 
unknown, a recent study provided evidence for co-localization 
of caveolin with Rho and GRK1 in vertebrate retina [ 132 ].  

   The fi rst small-molecule  inhibitors   of GRK1 were biochemically 
identifi ed from a family of nucleoside analogs, the most potent 
being sangivamycin ( K  i  = 180 nM) [ 133 ,  134 ] and toyocamycin 
[ 134 ]. Sangivamycin binds to GRK6 with a dissociation constant 
of 1 μM, about 30-fold less than its analog, adenosine [ 72 ]. The 
structure of GRK6 in the presence of sangivamycin determined at 
a 2.7 Å resolution revealed that this inhibitor interacted with 
GRK6’s ATP-binding site located between the small and large 
lobes of the kinase domain in the canonical ATP binding site [ 72 ]. 
X-ray crystal structures of GRK1 were obtained with a variety of 
inhibitors [ 135 ,  136 ]. Paroxetine, a specifi c GRK2 inhibitor, was 
found to bind to GRK1 and GRK5 with 16- and 13-fold lower 
affi nities than to GRK2 [ 137 ]. A specifi c inhibitor of GRK2 and 
GRK5 denoted as CCG215022 was found to have nanomolar IC 50  
values and selectivity against both GRK1 and PKA. The X-ray 
structure of the GRK5·CCG215022 complex also was recently 
solved [ 70 ]. The kinase domain in this complex was similar to that 
of GRK6-sangivamycin with only the C-terminal region adopting 
a different orientation that could interact with the membrane [ 70 ].   

5    Future Directions 

 During the past decade there has been much progress in deciphering 
the molecular basis of GRKs activation, inhibition, and interactions 
with their molecular targets, such as activated GPCRs (see review 
[ 49 ] for a 30 years progress report up to 2003). This fi eld has 
advanced greatly from structural studies done on four members of 
the GRK family, i.e., GRK1, GRK2, GRK5 and GRK6. This research 
area would benefi t greatly from any structure of an activated 
GRK. Although much has been accomplished with lower- resolution 
methods used to characterize the GRK1-Rho* complex, high-reso-
lution structures are still needed to provide a molecular view of the 
interaction between a GRK and its substrate GPCR.     

4.3  Small-Molecule 
Inhibitors of GRKs
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    Chapter 3   

 Visual G Protein-Coupled Receptor Kinases                     

     Chih-Chun     Hsu     and     Ching-Kang     Jason     Chen      

  Abstract 

   Discovered in the 1970s, cloned in the 1990s, and extensively studied both biochemically and genetically 
over the past four decades, G protein-coupled receptor kinase 1 (GRK1), and a close homolog GRK7, are 
indispensable for timely phototransduction recovery and dark adaptation of retinal rod and cone photore-
ceptors. By phosphorylating activated visual pigments, these GRKs enable the binding of visual arrestins 
to photoexcited pigments to stop phototransduction at the receptor level. Mutations in the GRK1 gene 
cause a form of stationary night blindness in humans called  Oguchi  disease, with peculiar physiological and 
anatomical symptoms. Whereas the importance of these visual GRKs is well established, many questions 
remain unanswered with regard to expression, posttranslational modifi cations, substrate specifi city, enzy-
matic actions, intracellular targeting, and regulation by other proteins. This chapter summarizes the cur-
rent state of knowledge, discusses the relationship between GRK1 and GRK7 in the context of  Oguchi  
disease, and pinpoints fruitful future directions for advancement of the vision research fi eld.  

  Key words     G protein-coupled receptor kinase 1 (GRK1)  ,   G protein-coupled receptor kinase 7 
(GRK7)  ,   Retina  ,   Photoreceptors  ,   Phototransduction  ,   Visual pigment  ,   Recoverin/S-modulin  ,    Oguchi  
disease  

1      Introduction 

 G protein-coupled receptors (GPCRs) are the largest group of 
 membrane receptors   in eukaryotes. These receptors act through 
heterotrimeric G proteins to regulate intracellular second messen-
ger levels in response to extracellular stimuli. They participate in a 
wide range of physiological processes such as hormonal action, 
neurotransmission, and sensation of light, smell, and taste. Effi cient 
GPCR signaling requires that the lifetime of activated receptor be 
tightly controlled. Rapid termination of activated GPCRs involves 
the concerted actions of GPCR kinases (GRKs) and arrestins. 
GRKs catalyze phosphorylation of Ser/Thr residues located in 
intracellular loops and C-terminal tail of activated GPCRs to pro-
mote binding of arrestins, which prevents further G-protein activa-
tion [ 1 ]. Members of the GRK family are single unit kinases [ 2 ], 
which can be divided into three subgroups based on sequence 
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homology and function. The ubiquitously expressed GRK2-like 
subfamily contains GRK2 and GRK3. The GRK4-like subfamily 
consists of GRK4, GRK5, and GRK6, with the latter two being 
ubiquitously expressed and the former one with a restricted expres-
sion pattern in testis and cerebellum. The two members of the 
GRK1-like subfamily: GRK1 and GRK7, are expressed specifi cally 
in  retina  l photoreceptors [ 3 ]. All GRKs have a similar structural 
organization with an N-terminal helical region of about 20 amino 
acids [ 4 ], followed by a Regulator of G-protein Signaling (RGS) 
homology (RH) domain [ 5 – 7 ], a conserved serine/threonine 
kinase domain, and a variable and long carboxyl-terminal domain 
unique to each of the three subfamilies. The N-terminal regions of 
GRK4, GRK5, and GRK6 interact with phosphatidylinositol 
4,5-bisphosphate (PIP 2 ) [ 8 ]. GRK2 also interacts with Gα q  family 
members through its RH domain [ 5 ,  6 ]. The C-terminal regions 
contain different protein motifs that contribute to the diversity of 
GRK function, regulation, and interaction. GRK2 and GRK3 con-
tain a pleckstrin homology (PH) domain required for interactions 
with PIP 2  and Gβγ subunits [ 9 ]. GRK4-like members have palmi-
toylation sites at certain cysteine residues, along with other mem-
brane targeting motifs [ 2 ]. The two visual GRKs (GRK1 and 
GRK7) have the so-called CaaX boxes, which are sites for protein 
prenylation and subsequent modifi cations [ 10 ]. The importance 
and regulation of GRK2- and GRK4-like GRKs are covered in 
accompanying chapters, whereas this chapter focuses on GRK1 
and GRK7, the so-called visual GRKs. 

 Historically, enzymatic activities capable of  phosphorylating 
visual pigment   in a light-dependent manner in vertebrate  retina  l 
extracts were noted in the early 1970s [ 11 ,  12 ]. However, despite 
efforts from many laboratories over subsequent decades, pinpoint-
ing the exact identity of the responsible protein(s) and isolating it 
in suffi cient purity and quantity proved to be challenging (for a 
review, see [ 13 ]). A key advance was made by the cloning of GRK1 
[ 14 ], which came shortly after the cloning of GRK2 [ 15 ]. 
Subsequently, principal fi ndings were made regarding the function 
of GRK1 in timely termination of  phototransduction   in mamma-
lian retinal photoreceptors [ 16 – 19 ]. The realization of the exis-
tence of an additional visual GRK dates back to the cloning of 
OIGRK-C in medaka fi sh,  Oryzias latipes  in 1998 [ 20 ]. The fi rst 
mammalian GRK7, with 59 % sequence identity to OIGRK-C, was 
described soon after in two cone dominant animals: eastern chip-
munk and 13-line ground squirrel [ 21 ]. Different from GRK1, 
which is expressed primarily in rods and occasionally in cones of 
certain species, GRK7 is expressed primarily in cones [ 3 ,  20 ,  21 ]. 
A detailed expression study later revealed that various species use 
GRK1 and GRK7 differently. For instance, rodents express 
GRK1 in both rods and cones, as there appears to be no GRK7 
expression in their retinas [ 3 ,  22 ]. Carp, zebrafi sh, and human 
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express GRK1 in rods and both GRK1 and GRK7 in cones [ 23 –
 25 ]. The intrinsic differences between GRK1 and GRK7 as well as 
their expression patterns contributes to diversity in visual responses 
and to disparity in pathophysiologies among different species with 
similar gene mutations. This chapter will summarize current stud-
ies on GRK1 and GRK7, and conclude with pathological mecha-
nisms of human  Oguchi  disease.  

2    Established Roles of GRK1 and GRK7 in Phototransduction 

  Retinal photoreceptors   convert light into electric signals by a pro-
cess called phototransduction [ 26 ,  27 ]. In rod cells, this process is 
initiated by light-induced isomerization of 11- cis -retinal to the all- 
 trans  form while it is covalently attached to a lysine residue in rho-
dopsin. The formation of all- trans  retinal inside the rhodopsin core 
induces a series of conformational changes that results in an active 
intermedate called metarhodopsin II (Rho*), which can catalyze 
the exchange of GDP for GTP on visual G-protein (transducin) α 
subunit, Gα t . The GTP-bound form of transducin (Gα t  GTP) acti-
vates phosphodiesterase 6 (Pde6) by binding and sequestering its 
inhibitory γ subunit, unleashing the catalytic activity of this very 
effi cient enzyme [ 28 ]. This leads to rapid reduction of intracellu-
lar cGMP levels and closure of cGMP-gated cation channels located 
on the plasma membranes of rod outer segment (ROS). The reduc-
tion of cation infl ux leads to membrane hyperpolarization and 
decreased release of the neurotransmitter glutamate at the rod’s 
synaptic terminal. Retinal photoreceptors come in different sizes in 
species with different body temperatures. A mathematical model 
factoring in these two variables [ 29 ] could approximate the activa-
tion phase of rhodopsin signaling in rods of different species and 
therefore activation of phototransduction was considered solved in 
the early 1990s. The research focus then shifted to the less- 
understood recovery phase of phototransduction, whose effi ciency 
conceivably limits the temporal resolution of vision. Under this con-
sideration, the minute-long decay time found for  metarhodopsin   II 
in vitro became glaringly incompatible with most people’s living 
experiences and indicated the existence of fast and robust mecha-
nisms in vivo that deactivate Rho* and other active intermediates 
generated during activation. In mouse ROS, timely Rho* deactiva-
tion is initiated via rapid phosphorylation by GRK1, which triggers 
binding of arrestin to prevent further transducin activation [ 16 ,  30 ]. 
Transgenic mice with truncated rhodopsin lacking GRK1 phos-
phorylation sites have greatly prolonged rod single-photon 
responses with an exponentially distributed duration [ 31 ,  32 ]. In 
GRK1-KO rods, both the amplitude and the duration of single- 
photon response are similarly increased [ 16 ]. GRK7 seems also to 
be essential for phototransduction recovery in cone cells because 
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knocking down GRK7 in zebrafi sh slowed recovery of the cone-
driven  electroretinogram (ERG) response  . This  retina  l defect seems 
to result in reduction of temporal contrast sensitivity under light-
adapted conditions, as assayed by optokinetic response, thus estab-
lishing a role for GRK7 in the recovery phase of cone 
phototransdution [ 33 ]. Biochemically, GRK7 was reported to have 
better catalytic effi ciency than GRK1 on light-dependent visual pig-
ment phosphorylation in several systems studied [ 23 ,  24 ,  34 ]. In 
one study, however, recombinant GRK7 and GRK1 were found to 
have similar catalytic activity in phosphorylating rhodopsin with a 
 V  max  of 920 and 1130 nmol/min/mg kinase, respectively. GRK7 
had a  K  m  for ATP (21.4 μM) that was twice as much as GRK1 (10.6 
μM) [ 35 ]. In contrast, a study in carp showed that native GRK7 has 
a much higher activity than GRK1. In isolated carp cone membrane 
preparations, the total rate of phosphate incorporation into visual 
pigment increased as the bleaching level increased, while the total 
rate remained unchanged when the bleach level went beyond 3.9 % 
in rod membrane preparations. This dramatic difference lead to 
speculations that GRK7’s high catalytic activity is responsible for the 
much shorter cone photoresponses and the broader dynamic range 
of carp cone vs. rod cells without apparent saturation under very 
bright stimulus conditions [ 23 ]. In an attempt to compare GRK7 
and GRK1 in vivo,  Vogalis et al.  generated transgenic zebrafi sh over-
expressing either GRK1 or GRK7 in rods [ 36 ]. Results from their 
study, however, were a bit challenging to interpret as for unknown 
reasons GRK7 overexpression specifi cally reduced transducin level, 
which may have contributed to the observed lower rod sensitivity in 
those animals. 

 It is worth noting that the robust Rho* phosphorylation by 
GRKs does not dominate the time course of rod recovery under 
normal conditions in species such as mice and human, which have 
slenderer photoreceptors [ 37 ]. In species such as salamander with 
larger photoreceptors, visual pigment deactivation is rate-limiting 
for recovery [ 38 ]. Indeed, transgenic mouse rods with GRK1 
overexpression showed no changes in the activation, and only 
moderately accelerated rod recovery despite dramatic enhance-
ment of light-dependent  rhodopsin phosphorylation   [ 39 ]. When 
compared to WT rods, and those with overexpressed transducin 
GTPase accelerating protein (GAP), it seems that mouse rod 
recovery is instead rate-limited by transducin deactivation [ 37 ]. 

 A unique property of GRKs is their selectivity for activated 
GPCRs. Different from other kinases, which often have multiple 
targets in cells, GRK1 phosphorylated C-terminal Ser/Thr resi-
dues of rhodopsin only in the presence of bleached rhodopsin [ 40 –
 43 ]. Studies using  rhodopsin C-terminal peptide   showed Ser338, 
Ser343, and Thr336 to be the preferred GRK1 phosphorylation 
sites, with Ser338 and Ser343 being the major sites during recov-
ery of phototransduction [ 44 ,  45 ]. Further in vivo studies found 
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that a single phosphate group is incorporated into rhodopsin in a 
light-dependent manner, primarily at Ser338 under fl ashes but 
expand to Ser334 upon continuous illumination. Interestingly, 
dephosphorylation of Ser338 was complete within 30 min, whereas 
dephosphorylation of Ser334 required up to 60 min [ 46 ]. Later 
studies painted a somewhat different picture, with Ser343 being 
phosphorylated the most rapidly, followed by Ser338, and then by 
Ser334 [ 47 ]. Cone opsin phosphorylation sites are less scrutinized, 
but one study demonstrated in zebrafi sh blue pigment that resi-
dues at 339 or 340, 341 or 342, 348, and 349 could be phos-
phorylated, and in green cone cells that positions 333, 334, 344, 
and 341 could be phosphorylated [ 48 ]. Much less is known about 
the dynamics and preferred sites of mammalian cone pigment 
phosphorylation by visual GRKs. A systematic proteomic survey 
and/or generation of phospho-specifi c antibodies to putative Ser/
Thr sites may therefore be useful for further insights.  

3    Regulation of Visual GRKs 

 In vertebrates, GRK1 is localized to the outer segment of photore-
ceptors where  phototransduction   takes place [ 16 ,  25 ]. To target 
GRK1 to such a specialized locale, a prenyl binding protein, 
PrBP/δ, encoded by the  Pde6d  gene, was shown to play an impor-
tant role [ 49 ,  50 ]. However, the best-known inhibitory regulation 
of visual GRKs is the calcium-dependent binding of recoverin or 
S-modulin to GRK1 [ 51 – 54 ]. This interaction occurs in solution at 
sub-μM range of Ca 2+  [ 51 ]. It was reported that GRK1 and recov-
erin form a ternary complex with Rho* [ 55 ,  56 ], where the 
N-terminal domain of GRK1 interacted with recoverin [ 57 ] and 
prevented the conformational changes that move the rhodopsin 
C-terminal tail into the GRK1’s catalytic groove, hence blocking 
Rho* phosphorylation [ 58 ]. The physiological relevance of this 
recoverin/GRK1 interaction is best demonstrated during light 
adaptation in recoverin knockout rods where a background light-
induced acceleration of phototransduction recovery was effectively 
eliminated [ 39 ]. This effect was later determined not to proceed 
through accelerated Rho* phosphorylation, but through a yet-to-
be identifi ed mechanism on PDE deactivation [ 59 ]. Whereas back-
ground light was shown to accelerate GRK1- mediated Rho* 
deactivation in mouse rods in a recoverin- dependent manner [ 60 ], 
GRK1 could apparently affect additional phototransduction step(s). 
A candidate mechanism is through its N-terminal RH domain, 
given the precedence that the RH domain of GRK2 has weak GAP 
activity on Gα q  [ 5 ]. However, when the transducin GAP complex 
(the complex of transducin with RGS9/Gβ5-L and γ subunit of 
Pde6 that enhances GTPase activity of transducin and accelerates 
its inactivation [ 61 ]) was inactivated, GRK1 overexpression did not 
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rescue the delay of rod recovery [ 39 ]. Furthermore, when transdu-
cin deactivation was made not rate-limiting in rod recovery (by 
overexpressing transducin GAP), overexpressing GRK1 had no 
acceleratory effect on recovery. These data suggest that GRK1 may 
have other substrates than Rho* in ROS, and identifying them may 
shed important light onto this puzzle. 

 The regulation of GRK7 is less understood. The prenyl- 
binding protein PrBP/δ can interact with GRK7 in vitro [ 50 ]. 
However, the function of PrBP in GRK7 targeting to photorecep-
tor outer segment has not been characterized in vivo. A 20-residue 
N-terminal peptide derived from carp GRK7 binds and impedes 
S-modulin/recoverin’s inhibition of kinase activity in carp cone 
membrane [ 62 ], suggesting that the physiological function identi-
fi ed for GRK1 and S-modulin/recoverin in mouse rods may be 
extended to photoreceptors of species where GRK7 is the primary 
visual GRK, e.g. in cones of pigs and dogs [ 22 ]. Visinin, a Ca 2+  
sensor similar to recoverin, is known to inhibit GRK7 activity in 
cone. In isolated carp rod and cone membrane preparations, 
S-modulin/recoverin and visinin are functionally indistinguish-
able. In the dark, however, the inhibition of GRK activity by visinin 
is 2.5 times higher in cones than that by S-modulin/recoverin in 
rods because the concentration of visinin (1.2 mM) is higher than 
S-modulin (53 μM). Not surprisingly, the N-terminal peptide of 
carp GRK7 also binds visinin, implying a direct interaction between 
the two proteins [ 58 ]. Another potentially important aspect of 
GRK1 and GRK7 regulation is that Ser residues in the N-terminal 
domain of both visual GRKs are substrates of protein kinase A 
(PKA), and that phosphorylation by PKA attenuates their cata-
lytic activity [ 35 ]. The physiological relevance of this in vitro fi nd-
ing has not been scrutinized, but it potentially allows PKA to alter 
the recovery kinetics of phototransduction by slowing down deac-
tivation of visual pigment and making it rate-limiting. Finally, 
GRK1 and GRK7 undergo autophosphorylation at unique 
C-terminal Ser residues (e.g. S488/S489 on GRK1 [ 63 ] and S490 
on GRK7 [ 3 ]). The function of autophosphorylation has not been 
established but a report replacing endogenous GRK1 with a trans-
genic chimeric GRK1 without the two autophosphorylation sites 
found normal kinetics of rod recovery, suggesting that it is not 
needed for GRK activity [ 60 ]. The fi nding is consistent with struc-
tural studies of GRK1 which revealed that autophosphorylation is 
not a prerequisite for GRK1 to be active [ 64 ].  

4    Posttranslational Modifi cations and Visual GRK Structure 

 The presence of a C -terminal CaaX box   in both visual GRKs indi-
cates that these kinases are isoprenylated, endoproteolyzed, and 
contain a terminal carboxy-methylated cysteine [ 65 ]. In an ectopic 
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system, these isoprenylation-related modifi cations were needed for 
full kinase activity, and the length of the isoprene moiety controls 
GRK’s membrane affi nity [ 10 ]. There is no report yet on the exact 
state of CaaX box-mediated modifi cation in native GRKs, but in 
another ectopic system, these modifi cations were found to be het-
erogeneous [ 66 ]. In mice lacking the prenyl-binding protein 
PrBP/δ, GRK1 transportation to the outer segment is impaired 
but not completely eliminated, suggesting that in addition to being 
needed for full kinase activity and membrane affi nity, these modifi -
cations may have a role in targeting GRK1 to the outer segment 
[ 49 ]. Carboxyl methylation of GRK1 was found to increase in the 
dark-adapted retinas due to higher level of Ca 2+ , which inhibits 
demethylation by recoverin. The demethylation can be stimulated 
by low-affi nity nucleotide binding such as ATP [ 67 ]. Thus, CaaX 
box modifi cation may also have a role in GRK stability in vivo. 

 Crystal structures of a truncated from of GRK1 and some 
other mutants without the CaaX box have been available since 
2008 [ 64 ,  68 ]. This truncated recombinant GRK1 contains cata-
lytic activity toward Rho* in vitro. In this structure, the kinase 
domain is comprised of a small lobe (residues 181–268) and a large 
lobe (residues 269–454), with the active site situated in a cleft 
between them. Basic residues located on surface of the large lobe 
are required for binding peptide substrates. The small lobe con-
tains a phosphate-binding loop, which directly interacts with the 
triphosphate tail of ATP and helps to stabilize the phosphorylation 
transition state. Residues 455–511 are the C-terminal extension of 
the GRK1 kinase domain, which is composed of three critical 
regions: the C-terminal large lobe tether (residues 455–571), 
active site tether (AST; residues 472–480), and N-terminal small 
lobe tether (residues 498–511). C-terminal and N-terminal lobe 
tethers form extensive interaction with the large and small lobes, 
respectively, while AST contributes residues directly to the nucleo-
tide binding site. Along with other elements in the kinase 
C-terminal extension, the AST is thought to coordinate nucleotide 
and peptide binding within GRK1. Evolutionarily speaking, GRKs 
appear to come from inserting a protein kinase domain within an 
RH domain. The RH domain of GRK1 is composed of nine typical 
RGS domain-like α-helices, with two additional GRK-specifi c heli-
ces. Because the N-terminus of GRK1 is involved in the interaction 
with recoverin [ 57 ] and activated receptors [ 69 ], further structural 
study, preferably that of a complex between GRK1 and visual 
 pigment, will help clarify how the extreme N-terminus of GRK1 is 
involved in recognition of activated receptors [ 70 ]. There is cur-
rently no structural information on GRK7. However, it is note-
worthy that the GRK1 and GRK7 CaaX box sequences are distinct 
in a way that GRK1 is supposedly farnesylated and GRK7 geranyl-
geranylated [ 65 ]. In an ectopic system, the isoprene moiety affects 
membrane affi nity of recombinant GRK1 [ 10 ]. However, the 
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majority of endogenous GRK1 in mouse retina is membrane asso-
ciated in the dark and site-directed mutagenesis designed to make 
GRK1 geranylgeranylated did not alter the fraction of mutant 
GRK1 associated with membranes [ 39 ]. Targeting of GRK1 is 
facilitated by PrBP/δ, which has much higher affi nity for farnesyl 
than geranylgeranyl groups [ 50 ]. It will be interesting to see 
whether PrBP/δ helps target GRK7 to outer segments in vivo. 
Despite these differences, the high sequence homology (85 %) 
between the two visual GRKs suggests that what is found for 
GRK1 is likely applicable to GRK7 [ 3 ,  22 ].  

5      Oguchi  Disease   

 Described by  Chuta Oguchi  more than a century ago,  Oguchi  dis-
ease is a rare form of autosomal recessive congenital stationary 
night blindness characterized by slow dark adaptation and a pecu-
liar fundus discoloration in human [ 19 ]. The fundus discoloration 
can be reverted upon prolonged dark adaptation. This reversal is 
known as the   Mizuo-Nakamura  phenomenon  , and is a diagnostic 
hallmark for this rare form of night blindness [ 71 ]. Genetic defects 
underlying this disease have been found in genes essential for  rho-
dopsin deactivation  , namely, arrestin [ 72 ] and GRK1 [ 19 ,  73 ]. To 
effectively evade saturation in slenderer mammalian rods, GRK1 
and arrestin work together to shorten Rho* lifetime. Mutations in 
either gene thus leave Rho* shutoff to its natural decay, with a time 
constant of minutes instead of milliseconds. To date, nine muta-
tions in human GRK1 gene [ 19 ,  74 – 79 ] and fi ve in arrestin gene 
[ 71 ,  72 ,  76 ,  80 ,  81 ] have been identifi ed. All  Oguchi  patients are 
night blind and with markedly slow dark adaptation. However, 
their color vision and daytime visual acuity appear normal. When 
modeled by targeted deletion in mice, rod activities of mutant mice 
are in line with  Oguchi  patient symptoms. However, the severe 
recovery delay seen in the cone-derived ERG responses in GRK1 −/−  
mice is contradictory to normal daytime vision found in most 
patients [ 18 ]. The disparity between human and mouse GRK7 
expression offers the most parsimonious explanation why human 
 Oguchi  patients possess normal daytime vision [ 3 ,  73 ]. GRK1 is 
expressed in both rod and cone photoreceptors in human and 
mouse [ 18 ,  25 ]. GRK7 is expressed in human cones, but mouse 
cones have only GRK1 [ 22 ]. In this scenario, GRK7 is expected to 
substitute or compensate for the loss of GRK1 in human but not 
in mouse because it is not present in retina of the latter species [ 3 , 
 22 ]. This hypothesis is supported by biochemical studies demon-
strating the ability of GRK7 to phosphorylate visual pigments, and 
in most cases GRK7 is a superior enzyme to GRK1 [ 22 – 24 ,  34 ]. 
Genetic studies demonstrating the ability of GRK7 to substitute 
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for GRK1 is currently underway in at least two laboratories, as are 
studies aiming at exploring the more interesting question of 
whether having both visual GRKs in one photoreceptor type con-
fer any additional advantage. A published transgenic study in 
zebrafi sh to the latter effect is available [ 36 ], but results therein 
must be interpreted with caution due to an unexpected reduction 
of G protein expression in the transgenic animals used. Finally, it 
would be interesting to determine whether the hallmark of human 
 Oguchi  disease, namely, the  Mizuo- Nakamura  phenomenon, can 
be recapitulated in animal models. Fundus coloration refl ects 
mostly the level of unbleached visual pigment (typically rhodopsin) 
in the retina. The discoloration in fundi of  Oguichi  disease patients 
suggests somewhat compromised pigment regeneration ability 
under normal light-adapted conditions. Mechanistic investigations 
may therefore be launched if a similar phenomenon can be ascer-
tained in animal models.  

6    Future Research Opportunities in Visual GRKs 

 Current research efforts on visual GRKs merely characterize their 
roles in vision in the context of visual pigment phosphorylation, 
 physiological function  , and to some extent pathophysiological 
consequences among the relatively few  Oguchi  disease patients. 
Although probing the fundamental properties of visual GRKs may 
advance the fi eld, especially its activation mechanism and role of 
CaaX box modifi cations, developing the visual system as an in vivo 
and noninvasive platform to test potential drugs that preferably tar-
get one GRK over the other, or direct GRKs toward a preferred 
GPCR, may be equally if not more impactful. Given the readiness 
commercial turnkey devices currently available, such should be 
easy to implement. For example, one can ectopically express 
GRK2- or GRK4-like kinases in GRK1 −/−  background in rod or 
cone photoreceptor and then test whether conditions or drugs can 
be found to alter these GRKs’ ability to substitute for GRK1. A 
more immediate breakthrough in visual GRK studies may be to 
fi gure out to what extent and under what conditions visual GRK 
activity can be modulated by other proteins such as protein kinase 
A [ 35 ], because reducing GRK1 levels or its catalytic activity will 
change the rate-limiting step of  photoreceptor recovery and the 
duration of the photoresponse [ 16 ,  60 ]. It is likely that this par-
ticular form of GRK regulation contributes to the incredible 
dynamic range of the visual system. Finally, it is now apparent that 
GRK1 has additional substrates in rod outer segment [ 59 ,  82 ]. 
Identifying these substrate(s) should lead to a better understand-
ing of GRK function in the visual system as well as in other signal 
transduction systems.     
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    Chapter 4   

 Molecular Basis for Targeting, Inhibition, and Receptor 
Phosphorylation in the G Protein-Coupled Receptor Kinase 
4 Subfamily                     

     Tyler     S.     Beyett    ,     Sumit     J.     Bandekar    , and     John     J.  G.     Tesmer      

  Abstract 

   G protein-coupled receptor (GPCR) kinases (GRKs) regulate many physiological processes by serving as a 
feedback mechanism that dampens extracellular signals during stress. The seven human GRKs belong to 
three subfamilies with distinct structural features and membrane targeting mechanisms. Although crystal 
structures representing each subfamily have now been reported, a recent series of GRK4 subfamily struc-
tures provide new information about how these enzymes interact with membranes and how they might be 
regulated. This review highlights these advances and discusses why GRK4 subfamily members may be 
more predisposed than other GRKs to phosphorylate both active and inactive forms of GPCRs.  

  Key words     Ca 2+ ·calmodulin  ,   Desensitization  ,   G-protein-coupled receptors (GPCRs)  ,   GPCR kinases 
(GRKs)  ,   Hypertension  ,   Hypertrophy  ,   Inhibition  ,   Membrane targeting  ,   Parkinson’s disease  , 
  Phosphorylation  ,   PIP 2   

1       Introduction 

 G protein-coupled receptors (GPCRs) constitute a large family of 
cell-surface receptors that contribute to three of the fi ve primary 
senses and are involved in a host of other key physiological pro-
cesses such as regulation of heart contractility and neurotransmis-
sion [ 1 ]. GPCR signaling is initiated upon the binding of an 
extracellular cue, which elicits a conformational change in the 
receptor that promotes its ability to bind and catalyze the exchange 
of bound GDP for GTP on the Gα subunit of heterotrimeric G 
proteins. The  heterotrimeric G protein   then dissociates into 
Gα·GTP and Gβγ components, which in turn instigate down-
stream intracellular signaling events [ 2 ]. 

  GPCR signaling   is rapidly desensitized at multiple levels to 
allow for adaptation and to avoid cellular damage.  Desensitization   
at the level of the receptor is primarily instigated by a family of 
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GPCR kinases (GRKs), which phosphorylate activated GPCRs on 
serine or threonine residues in their extended third cytoplasmic 
loops or C-terminal tails, which primes these receptors for binding 
arrestins. The arrestin–GPCR complex is unable to couple with 
additional heterotrimeric G proteins and targeted to clathrin- 
coated pits for receptor endocytosis. Internalized receptors are 
then either degraded or recycled back to the membrane [ 3 ]. 

 GRKs are grouped into three subfamilies [ 4 ] that differ most 
obviously in the structure of their C-termini, which encode differ-
ent modes of membrane targeting. The GRK1/7 subfamily is 
comprised of the rhodopsin and cone opsin kinases and are prenyl-
ated at their C-termini. The GRK2/3 subfamily has a C-terminal 
pleckstrin homology (PH) domain that binds PIP 2  and free Gβγ 
subunits. The GRK4/5/6 subfamily contains a membrane- binding 
amphipathic helix (αCT) and, in GRK4 and GRK6, palmitoylation 
sites just C-terminal to this helix (Fig.  1 ). With the exception of 
GRK1 and 7, which are primarily expressed in retinal rod and cone 
cells, respectively, and GRK4, which is expressed in the testes and 
kidney, GRKs are ubiquitously expressed and regulate a wide vari-
ety of GPCRs [ 3 ]. Although important for maintaining  cellular 
homeostasis  , excess GRK activity has been implicated in the pro-
gression of many diseases [ 5 ]: GRK2 and 5 in heart failure and 
cardiac  hypertrophy   [ 6 ], GRK4 in  hypertensio  n [ 6 ,  7 ], and 
GRK6 in  Parkinson’s disease   [ 8 ] and multiple myeloma [ 9 ]. Loss 
of GRK1 activity, on the other hand, leads to a rare form of station-
ary night blindness [ 10 – 12 ].

2        GRK Structure and GPCR Interaction Models 

 Since 2003, multiple crystal structures have been reported for each 
of the three GRK subfamilies. The models all reveal a highly con-
served confi guration for the catalytic core, which can be thought 
of as a protein kinase A (PKA), G, and C (AGC) kinase domain 
inserted into a loop of a regulatory of G-protein signaling homol-
ogy (RH) domain (Fig.  1a ). The RH domain plays a scaffolding 
role for the various functional elements of the enzyme as well as 
providing a binding site for Gα q  in the GRK2 subfamily [ 13 ] and 
phosphatidylinositides in the GRK4 subfamily [ 14 ]. The GRK 
kinase domain is characterized by small and large lobes as well as by 
other features characteristic of the AGC kinase family [ 15 ], includ-
ing an extended “C tail” that crosses over and contributes to the 
active site as it spans the two lobes [ 16 ]. The GRK large lobe con-
tains the binding site for disordered extended loops or C-termini 
of GPCRs that contain phosphoacceptor sites. Consistent with the 
broad selectivity exhibited by GRKs for GPCRs, there does not 
seem to be a consensus sequence other than a general preference 
for acidic residues preceding the phosphorylation site in peptide 
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substrates [ 17 – 19 ], opposite from other AGC kinases. This likely 
refl ects the fact that GRKs generate clusters of phosphorylated 
residues in GPCRs to prime them for arrestin binding. Unlike 
most AGC kinases, GRKs have an activation loop that does not 
contain phosphorylation sites. Despite this, in all crystal structures 
reported to date, the GRK activation loop adopts a conformation 
similar to those of activated canonical AGC kinase domains. 

 The C-tail of the  kinase domain   is a key regulatory element in 
AGC kinases [ 16 ], and typically only becomes well ordered when 
the two lobes of the kinase domain approach an active conforma-
tion wherein catalytic residues from both lobes are properly aligned 
for phosphotransfer. In activated PKA, the central region of the 

  Fig. 1    GRK4 subfamily structure and membrane interaction sites. ( a ) A model of GRK5 associated with a mem-
brane. The αNT and αCT helices from GRK6 (PDB entry 3NYN) were modeled onto GRK5 (4WNK) such that the 
terminal helices and basic PIP 2  binding patch were along the same plane. The C-terminus of chain B of 
the GRK6·sangivamycin complex is shown as it interacts with chain A. ( b ) A view of GRK4 family member 
structures from the perspective of the membrane, highlighting the close proximity of the termini. This is in 
contrast to the GRK6·sangivamycin structure where the C-terminus is far removed from the membrane (see 
panel  a ). The recent GRK4 and GRK5 structures may therefore represent a more membrane-associated con-
formation, as their termini would reside in the same plane. Primary sequences of the N-terminal ( c ) and 
C-terminal ( d ) regions of human GRK4 subfamily members       
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C-tail, termed the active site tether (AST), spans both lobes and 
directly contributes to the nucleotide binding site [ 20 ]. In many 
other AGC kinases, phosphorylation of the C-tail at two conserved 
sites helps to anchor the C-tail to the small lobe, thereby favoring 
the active confi guration of the kinase domain. Most GRKs retain 
the fi rst of these phosphorylation sites, known as the “turn motif,” 
which is located in the AST [ 15 ]. The GRK AST, however, con-
tains a signifi cantly shorter domain-bridging loop near its 
N-terminus than in other AGC kinases, and thus has been postu-
lated as being insuffi cient to stabilize a closed conformation of the 
kinase domain on its own, even upon addition of excess ATP or 
ATP analogs (Fig.  2a ) [ 3 ]. In most previously reported GRK struc-
tures, the AST is either poorly ordered or completely unresolved, 
consistent with the inactive conformations of their kinase domains. 
When segments of the AST are observed, they are typically involved 
in strong crystal contacts [ 21 ].

   In addition to the  RH-kinase catalytic core  , all GRKs contain a 
highly conserved helical region of ~20 amino acids at their amino 
terminus strongly implicated in direct interactions with GPCRs 
(Fig.  1a, c ) [ 22 – 27 ]. In all but two GRK crystal structures, this 
N-terminal helical region is disordered. The structure of the 
GRK1·ATP complex was the fi rst to reveal a nearly complete 
N-terminal region, which was unexpectedly phosphorylated and 
bound to the cleft formed between the kinase and RH domains 
[ 21 ]. It is not known if this phosphorylation site or conformation 
is physiologically meaningful. The second structure was that of the 
GRK6·sangivamycin complex [ 25 ], which features a kinase domain 
conformation more similar to that of the transition state structure 
of PKA than any GRK published to date. The large and small lobes 
in the GRK6·sangivamycin complex are only 7° more “open” than 
those of PKA, key catalytic residues are close to being in the cor-
rect confi guration for the phosphotransfer reaction, and most of 
the AST is ordered. In this complex, the N-terminal region of 
GRK6 forms a single helix (αNT) that packs alongside the AST, 
together forming a bridge between the small and large lobes and 
interacting with residues known to be required for kinase activity 
[ 28 ]. Despite the shorter loop at the amino terminus of the AST, 
the GRK6 AST otherwise adopts a trajectory across the kinase 
domain similar to that observed in the transition-state structure of 
PKA (Fig.  2a ). 

 The interaction between αNT and the AST, positioned imme-
diately over the hinge of the kinase domain, suggests a model for 
how activated GPCRs allosterically control the degree of domain 
closure and GRK activity. Although the  αNT helix   in the 
GRK6·sangivamycin complex is stabilized by a non-physiological 
crystal contact with a symmetry-related αNT helix, this lattice 
 contact may mimic the interaction of the αNT helix with a GPCR 
substrate, or at least with an environment that stabilizes the active 
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conformation of the kinase. Indeed, GRKs are not very specifi c for 
their GPCR substrates other than the fact that they favor the 
agonist- bound form, and any close packing environment with 
complementary physicochemical features to the αNT/AST surface 
may be suffi cient to activate the kinase domain. Mutational studies 

  Fig. 2    Different confi gurations of the AST region in GRK4 subfamily members. The AST of GRK6·sangivamycin 
(PDB entry 3NYN) compared with those in ( a ) transition-state PKA (1L3R), ( b ) GRK4-A486V·AMPPNP (4YHJ), ( c ) 
GRK5·AMPPNP (4TND), and ( d ) GRK5·CCG215022 (4WNK). The GRK6 AST is colored  green , and those of PKA, 
GRK4, and GRK5 are magenta. All proteins were aligned using the small lobe of the kinase omitting the P-loop. 
PKA has a more extended loop near the N-terminus of the AST, as indicated by the arrow in panel  a , which may 
aid in kinase closure and activation. The loop is shorter in GRKs, thereby helping to create the αNT binding site. 
The AST of GRK4·AMPPNP (chain A) and GRK5·AMPPNP are relatively well ordered, but take different routes 
across the surface of the small lobe of the kinase. The AST loop in the GRK5·CCG215022 structure is not 
resolved beyond residue 473       
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of αNT in GRK6 [ 25 ], GRK1 [ 26 ], and most recently GRK2 [ 27 ] 
support a model wherein exposed hydrophobic residues at the tip 
of the helix are important for GPCR phosphorylation, whereas 
those that pack against the kinase domain are important for the 
 phosphorylation   of both receptors and soluble substrates because 
these latter interactions help stabilize a catalytically competent 
confi guration of the kinase domain.  

3     New GRK4 Subfamily Structures and Kinase Domain Activation 

 In 2015, three different structural analyses of GRK4 subfamily 
members were published, providing signifi cant insights into the 
structure and function of this GRK subfamily, in particular about 
its possible mechanisms of membrane association. One paper 
describes human GRK5 complexes with the nucleoside analog 
 sangivamycin and the non-hydrolyzable ATP analog β,γ-
imidoadenosine 5′-triphosphate (AMPPNP) [ 29 ]. Both represent 
the same crystal form. The second reports the structure of bovine 
GRK5 co-crystallized with a rationally designed ATP-competitive 
inhibitor CCG215022 [ 30 ]. The third reports the structure of the 
A486V mutant of human GRK4 in complex with AMPPNP [ 31 ]. 
Interestingly, none of these structures exhibit an RH domain-
mediated domain- swapped dimer similar to those observed in prior 
structures of GRK6 and wild-type GRK1 [ 21 ,  25 ,  32 ]. GRK4 
instead crystallized as a distinct homodimer that buries ~5000 Å 2  
of accessible surface area involving the activation loop of one sub-
unit packing against the RH and kinase domains of another. The 
physiological signifi cance of this novel dimer interface is not clear. 
Sedimentation equilibrium analysis demonstrated that GRK4 is a 
monomer in solution [ 31 ], and although residues in the interface 
are somewhat conserved throughout the GRK4 subfamily, they are 
primarily hydrophilic in nature and unlikely to persist under physi-
ological conditions. 

 The AST is well ordered in chain A (but not chain B) of the 
GRK4·AMPPNP structure, and also in the GRK5·sangivamycin/
AMPPNP structures. Whereas the AST region in GRK4 packs over 
the active site similarly to the AST in the GRK6·sangivamycin 
structure and in other active AGC kinases (Fig.  2b ), those of GRK5 
adopt a dramatically different path (Fig.  2c ) (although similar in its 
C-terminal region to the AST of PKA,  cf . Fig.  2a ). The AST of the 
GRK5·CCG215022 complex is only resolved up to residue 
Tyr473, an extent similar to what is observed in previous GRK1 
and GRK4 subfamily structures, including chain B of the new 
GRK4 structure (Fig.  2d ). Does the presence of an ordered AST 
region indicate that some of these new structures represent active 
confi gurations? 
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 To help answer this question, the relative orientation of the 
small and large lobes can be compared to that of the transition 
state structure of PKA (Fig.  3 ). The GRK6·sangivamycin com-
plex remains the most active-like structure by this criterion, as its 
lobes are rotated apart by only 7° from that of PKA. Those of 
GRK5·CCG215022 are ~11° more open than that of PKA, those 
of GRK5 in the AMPPNP/sangivamycin bound state are ~15° 
more open, and those of GRK4·AMPPNP are ~17° more open 
and most closely resemble that of the previously determined 
GRK6·AMPPNP structure [ 32 ]. Thus, all three new  GRK4 sub-
family structures   exhibit relatively inactive kinase domain con-
formations irrespective of the degree of order in their AST 
regions. AST ordering in these structures is most easily explained 
by the fact that AST residues 476–488 in chain A of GRK4, and 
residues 470–475 and 487–493 in GRK5 are involved in exten-
sive crystal lattice contacts, which likely dictate both the struc-
ture and trajectory of their AST loops.

  Fig. 3    Comparison of GRK4 subfamily member structures with the transition-
state model of PKA, showing changes in the relative orientation of the large 
and small lobes associated with activation. Shown are PKA ( green , 1L3R), 
GRK6·sangivamycin ( cyan , 3NYN), GRK5·CCG215022 ( magenta , 4WNK), 
GRK5·AMPPNP ( yellow , 4TND), and GRK4 A486V ( salmon , 4YHJ). All kinases 
were aligned to the small lobe of PKA. Three positions in the kinase large lobe 
are highlighted with a sphere to help highlight the degree of closure in the large 
lobe. The corresponding residues in the GRK6·sangivamycin complex are noted 
beside each set of spheres for reference. The GRK6·sangivamycin complex 
exhibits the closest degree of domain closure to that of transition state PKA       

 

Structural Features of GRK4-like Kinases



66

   Interestingly, the human GRK4 structure contains the point 
mutant A486V, which in the context of the GRK4γ splice variant 
is associated with human  hypertensio  n [ 7 ]. The A486V mutation 
is located in the turn motif of the AST, immediately adjacent to 
the Ser485 autophosphorylation site (Fig.  2a ). Based on the phos-
phorylation of peptides derived from the dopamine D 1  receptor, 
the A486V mutation seems to promote  kinase autophosphoryla-
tion  , which in turn increases GRK4 activity on receptors [ 31 ]. 
Although the side chain of Val486 is disordered in Chain A of the 
GRK4 crystal structure, modeling indicates that the side chain 
would not be in an orientation that could make intramolecular 
contacts with the small lobe. Thus the simplest molecular explana-
tion for the kinetic effects of the A486V mutation is that it 
enhances the interaction of the AST region with the GRK4 kinase 
large lobe during the process of  autophosphorylation  . However, it 
should be noted that this region of the GRK4 AST is ordered by 
a nearby crystal contact and thus could be in a non-physiological 
confi guration. Interestingly, threonine and valine are found at the 
analogous position of GRK4 from other species, including other 
primates. Thus, although described as a “constitutively active” 
mutant, it may simply be a polymorphism that restores activity to 
an otherwise partially disabled kinase. Humans may therefore 
have evolved a GRK4 with Ala486 to repress its activity in cellular 
contexts that are unique to our species.  

4    New GRK4 Subfamily Structures Refi ne Mechanisms of Membrane 
Localization 

  GRK4 family members   are believed to be in equilibrium with the 
plasma membrane due to their ability to bind negatively charged 
phospholipids via two regions: a basic patch formed by residues 
from the RH domain and small lobe near the N-terminus of the 
enzyme [ 33 ], and a basic C-terminal region containing αCT (Fig. 
 1 ) [ 34 ,  35 ]. In the GRK6·sangivamycin structure, several sulfate 
anions are observed bound to the basic patch. These anions may 
mimic the binding of phosphates in the head groups of phospha-
tidylinositides, which are found predominantly in the inner leafl et 
of the plasma membrane. The close proximity of this patch to 
αNT is consistent with the proposed role of αNT in binding recep-
tors, and would help explain why receptors and negatively charged 
membrane lipids are required for full activation of GRK4 subfam-
ily members. 

 The  C-terminal lipid-binding region   is also well resolved in 
the GRK6·sangivamycin structure, but its confi guration repre-
sents a bit of a conundrum. The αCT helix is far removed from 
the expected membrane plane as defi ned by the αNT helix and the 
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N-terminal PIP 2  binding site, and the hydrophobic residues in 
the C-terminal helix that presumably interact with the acyl phase 
of the membrane are sequestered (Fig.  1a ). Furthermore, the 
C-terminal region of GRK6 is domain swapped across a crystal-
lographic dimer interface formed by the RH domain. A similar 
domain-swapped dimer is also observed in all wild-type GRK1 
structures and that of the GRK6·AMPPNP complex, although 
not as much of the C-terminus is ordered in these structures. Size 
exclusion chromatography and sedimentation equilibrium analy-
ses are consistent with GRK6 being in a monomeric state in solu-
tion, and mutational disruption of residues in the dimer interface 
did not signifi cantly affect in vitro phosphorylation of receptor 
substrates [ 32 ]. However, the residues that form the RH-mediated 
dimer interface are highly conserved among GRK1 and 4 sub-
family members, suggesting that it could still represent a physio-
logically relevant  protein–protein interaction   site. Indeed, 
cell-based studies of GRK5 suggest that oligomerization medi-
ated by this surface is important for its constitutive membrane 
association and ultimately for full activity. In this study, it was 
further suggested that the membrane binding motifs of an indi-
vidual GRK5 subunit are insuffi cient for persistent membrane 
association [ 36 ]. 

 The two new GRK5 structures may help resolve this C-terminal 
conundrum. In both unique crystal forms, GRK5 crystallized as a 
monomer with its C-termini forming consistent, novel structures 
that pack against the conserved residues of the RH domain that 
were involved in the previously observed RH-mediated dimer 
interface (Fig.  1a, b ). These C-terminal structures are also free of 
obfuscating crystal contacts or domain swaps, which supports their 
physiological signifi cance. Based on sequence conservation, it 
seems likely that the C-terminus of GRK6 could also form this 
structure if it were not for competition with the crystallographic 
dimer. An analogous C-terminal structure, however, was not 
observed in the GRK4 structure, perhaps due to relatively low 
sequence conservation with GRK5 and 6 in this region. Perturbation 
of the interface between the C-terminus and the RH domain of 
GRK5 led to decreased catalytic activity on receptors both in vitro 
and in cells [ 30 ,  36 ], suggesting that integrity of this interface is 
important for membrane-specifi c functions of GRK5. However, 
analogous mutations in GRK1 and 6 did not lead to defects, at 
least in vitro [ 21 ,  32 ]. Thus, there may be important functional 
differences among GRK4 subfamily members that depend on sub-
tle changes in membrane targeting by their C-termini. 

 Recently, we determined a low-resolution 4 Å structure of the 
GRK5 531 ·CCG215022 complex (Bandekar, Beyett, & Tesmer, 
unpublished data), in which the GRK5 terminus was truncated 
after residue 531—thus analogous to the ordered portions of the 
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GRK4 structure. The overall conformation of GRK5 531  closely 
resembles that of the GRK5·CCG215022 structure, demonstrat-
ing that absence of the C-terminus does not infl uence overall con-
formation. Indeed, deletion of the C-terminal helix in GRK5 
reduces receptor  phosphorylation   while having no effect on solu-
ble substrate phosphorylation, consistent with a specifi c role in 
membrane localization [ 34 ]. 

 It is possible that the C-termini of GRK5 and 6 can switch 
between an αCT sequestered (either dimeric or perhaps with the 
domain swap resolved) as in the GRK6·sangivamycin structure, 
and a monomeric membrane-competent state, as in the new struc-
tures of GRK5 (Fig.  1a ). In support of this model, mutations of 
residues in GRK5 analogous to those in GRK6 that would interact 
with a sequestered C-terminus decrease thermal stability of the 
soluble enzyme [ 30 ]. It has also been observed that GRK6 can be 
orders of magnitude less effi cient at phosphorylating receptor sub-
strates than other GRKs, but just as effi cient at  phosphorylating 
peptides   [ 18 ,  28 ], and is less strongly associated with membranes 
than GRK5 [ 37 ,  38 ]. Thus, GRK6 may more readily adopt a 
C-terminal sequestered state. However, there are factors that con-
found interpretation. The unique presence of acidic residues in the 
C-terminus of the GRK6A isoform relative to GRK5 and other 
GRK6 splice variants may lead to electrostatic repulsion of the 
enzyme from the inner leafl et of the membrane [ 37 ,  39 ]. There is 
also evidence that dimerization of GRK5 through its RH domain 
(analogous to that observed in wild-type GRK1 structures and the 
GRK6·sangivamycin complex) is important for dictating the mem-
brane localization of GRK5, and hence its activity on GPCRs—in 
particular because the activity of variants with mutations in the 
putative dimerization interface can be rescued by appending addi-
tional membrane targeting motifs to the C-terminus [ 36 ].  

5    Differential Roles of the  N- and C-Terminal Phospholipid   Binding Sites 
in the GRK4 Subfamily 

 The activities of all GRK4 subfamily members are dependent on 
anionic phospholipids: they not only aid in membrane recruitment, 
but also act as allosteric activators. Both N- and C-terminal regions 
of these kinases have been proposed to play a role in membrane 
targeting of GRK5. Recent studies employing sum frequency gen-
eration (SFG) spectroscopy attempted to better defi ne the specifi c 
roles of these elements [ 40 ]. A peptide corresponding to residues 
2–31 of GRK5 bound to model membranes constitutively, but 
only becomes partially helical in the presence of trifl uoroethanol 
(TFE), a helix-inducing solvent. As this region would form the 
αNT helix in the full-length enzyme, addition of TFE may emulate 
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conformational changes induced by GPCR binding. However, 
membrane binding of this peptide seems entirely due to the basic 
residues in positions 25–31, which constitute most of the proposed 
N-terminal PIP 2  binding site in GRK5 [ 33 ]. A peptide correspond-
ing to the αCT helix of GRK5, spanning residues 546–565, also 
binds to membranes but adopts a partially helical confi guration 
even in the absence of TFE. Both N- and C-terminal peptides bind 
membranes irrespective of the presence of PIP 2 , but neither pep-
tide in isolation is likely to have enough structure to dictate specifi c 
interactions with PIP 2 . In other words, amino acids 2–31 are prob-
ably unresponsive to PIP 2  because their conformation is not con-
strained by the fold of the RH-kinase core. 

 SFG studies of full-length GRK5 are consistent with its adop-
tion of a specifi c orientation on highly charged membrane sur-
faces [ 41 ]. Truncation of the  C-terminal lipid binding domain   
had no effect, suggesting that the N-terminal patch is alone 
responsible for mandating a specifi c membrane-bound orienta-
tion compatible with GPCR binding. When the N-terminal PIP 2  
binding patch was ablated by site-directed mutagenesis, GRK5 
still bound to membranes but exhibited no specifi c orientation, 
consistent with the C-terminal αCT helix of GRK5 being attached 
to the rest of the kinase by a fl exible tether. Thus, both lipid-
binding sites in GRK5 contribute to membrane binding, but only 
the N-terminal site seems to mandate a specifi c orientation of the 
catalytic core. 

 Given the functional importance of the  lipid binding sites   in 
GRK4 subfamily members, it is not surprising that they have 
emerged as key regulatory sites. As noted above, acidic residues 
near αCT in GRK6 have profound effects on GRK6 activity [ 37 , 
 39 ], and phosphorylation of GRK5 by PKC in its C-terminus is 
thought to be inhibitory due to similar electrostatic effects [ 42 ]. 
 Calmodulin (CaM)   is an intracellular Ca 2+  sensor that binds and 
inhibits most GRKs, but has strong preference for GRK4 subfamily 
members [ 43 ,  44 ]. Ca 2+ ·CaM binds to both the N- and C-terminal 
membrane phospholipid binding motifs, consistent with the obser-
vation that Ca 2+ ·CaM can strip the 2–31 and 546–565 GRK5 pep-
tides from lipid bilayers [ 40 ]. In cells, Ca 2+ ·CaM disrupts membrane 
association of GRK5 [ 45 ] and allows a nuclear localization motif in 
the large lobe of the kinase domain to target GRK5 to the nucleus 
[ 46 ,  47 ]. The two new GRK5 structures demonstrate that the N- 
and C-terminal lipid binding sites are in close proximity to each 
other, and thus it is possible that Ca 2+ ·CaM can bind both regions 
simultaneously (Fig.  1a, b ). Palmitoylation also plays a role in the 
membrane targeting of GRK4 and GRK6 isoforms, and because 
palmitoylation is reversible it represents another mechanism by 
which to regulate the activity of GRK4 and GRK6.  
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6     Conclusions and Remaining Questions 

 With a complete set of structures now available for the GRK4 sub-
family, our understanding of the structure and function is now 
greater than ever. This information provides hypotheses for some 
recent surprising biochemical observations. The paradigm of GRKs 
being specifi c for agonist-bound GPCRs has been challenged pre-
viously (see [ 48 ]), but a more comprehensive assessment has now 
shown that GRK5 and 6, but not GRK2, are capable of constitu-
tive phosphorylation of a panel of GPCRs in cells [ 49 ,  50 ]. This 
phenomenon did not extend to all GPCRs, as inactive D 2  dopa-
mine receptors were not phosphorylated by GRK5 or 6. The crys-
tal structures for GRK4, 5, and 6 demonstrate that their kinase 
domains can exist in a wide range of conformations, including 
those anticipated to be nearly fully activated (Fig.  3 ). GRK2, on 
the other hand, has not yet been observed a similarly closed/active 
state. Thus, the constitutive activity of  GRK4 subfamily kinases   on 
some GPCRs may refl ect their propensity to assume an active con-
fi guration on their own, perhaps simply via their interactions with 
phospholipids. An evolutionary explanation for constitutive activ-
ity would be to promote arrestin-mediated recycling/degradation 
or signaling for receptors in their basal state [ 49 ]. 

 Crystal structures of active GPCRs in complex with nanobod-
ies, heterotrimeric G proteins, and most recently arrestin have 
recently been reported [ 51 – 53 ]. However, an analogous GPCR–
GRK structure remains elusive and is one of the most important 
structural targets left in the fi eld. Such a structure would provide 
insights into the specifi c interactions formed between GPCRs and 
GRKs, how specifi city for particular GPCRs might be achieved (e.g. 
for the D 2  dopamine receptor [ 49 ]), confi rm what the active con-
fi guration of a GRK looks like, and provide additional hypotheses 
about how allosteric activation of the kinase is achieved. What are 
the prospects? Crystals of a GRK–GPCR complex will likely require 
that PIP 2  or an analogous negatively charged lipid to be reconsti-
tuted with the complex, as it has for other integral membrane pro-
tein complexes like the inwardly rectifying potassium channel [ 54 ]. 
The fact that GRK4 subfamily members seem to have activity 
against inactive receptors opens the door to using both agonist and 
inverse agonist stabilized forms of GPCRs as crystallographic tar-
gets (a caveat being that in this scenario GRKs may only interact 
with the long, fl exible cytoplasmic loops and tails of inactivated 
receptors). The structure of G s  in complex with the β 2 AR receptor 
was facilitated by a nanobody raised against the chemically cross-
linked complex. However, the affi nity of GRKs for GPCRs is com-
paratively much lower, and agonist-specifi c chemical crosslinking 
or the formation of an engineered disulfi de bridge between 
GPCR and GRK has not yet been convincingly demonstrated. 
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The arrestin complex with a constitutively active variant of rhodopsin 
was achieved via the use of a constitutively active variant of arrestin 
predisposed for binding. Although constitutively active mutants of 
GRK4 like A486V have been reported, these variants seem to sim-
ply revert the sequence of the human enzyme back to those found 
in most other GRK4 subfamily members. Thus, a crystallographic 
approach remains very challenging. 

 Another important structurally uncharacterized GRK interac-
tion is that of the Ca 2+ ·CaM-GRK complex, which is of particular 
importance for the regulation of GRK4 subfamily members during 
cardiac  hypertrophy   [ 47 ]. Although purifi cation of Ca 2+ ·CaM 
complexes with GRK4 subfamily members is readily achieved [ 44 ], 
crystallization has not yet proven successful, perhaps because 
Ca 2+ ·CaM interacts with fl exible regions of the kinase, rendering 
the complex structurally heterogeneous. The fact that Ca 2+ ·CaM 
may interact simultaneously with two different regions of the 
kinase domain also suggests a non-canonical interaction, or per-
haps multiple interaction modes. Despite these hurdles, we now 
know that all members of the GRK4 subfamily are accessible for 
structural analysis, and the recent structural work may provide use-
ful information for designing new GRK variants that would facili-
tate crystallization of GRK-Ca 2+ ·CaM complexes.     
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    Chapter 5   

 “Barcode” and Differential Effects of GPCR 
Phosphorylation by Different GRKs                     

     Kunhong     Xiao       and     Hongda     Liu     

  Abstract 

   As the largest known family of cell surface receptors and the most common therapeutic drug targets, 
G protein-coupled receptors (GPCRs) are at the center of modern medicine. Multiple site phosphoryla-
tion of GPCRs by G protein-coupled receptor kinases (GRKs) plays an essential role in the regulation of 
various functions and signaling cascades of a receptor. Research in recent years has elucidated a common 
mechanism by which different ligand-bound GPCRs engage different GRKs, which in turn phosphorylate 
distinct sites or overlapping sets of sites on the receptor. These different patterns of phosphorylation (the 
“barcode”) result in distinct consequences in receptor function and signaling. Here, we review these 
recent fi ndings and discuss the ramifi cations of this phenomenon in biology and medicine.  

  Key words     G protein-coupled receptor  ,   GPCR  ,   G protein-coupled receptor kinases  ,   GRK  , 
  Phosphorylation  ,   Barcode  ,   Arrestin  ,   β-arrestin  

1      Introduction 

 G protein-coupled receptors (GPCRs), also referred to as seven 
transmembrane-spanning receptors (7TMRs), constitute the larg-
est known family of cell surface receptors. The human genome 
encodes more than 800 GPCRs, responding to a diverse array of 
extracellular stimuli including light, odorants, chemoattractants, 
neurotransmitters, and hormones [ 1 – 5 ]. These receptors regulate 
virtually all known physiological processes in humans. The clinical 
signifi cance of GPCRs is refl ected by the facts that compounds 
targeting these receptors, directly or indirectly, as agonists or 
antagonists, account for about 60 % of all prescription drug sales 
worldwide [ 6 ]. 

 Despite the  exceptional diversity   of GPCR functions, the 
molecular components, dynamic behavior, and regulatory mecha-
nism of their signaling pathways appear to be well conserved. As 
the name implies, classic GPCR signaling is conducted primarily 
through activation of heterotrimeric G proteins. When an external 
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ligand molecule binds to a GPCR, it induces a conformational 
change in the receptor, causing the activation of cognate G pro-
teins. The exchange of GDP for GTP then triggers the dissociation 
of the  Gα subunit   from the Gβγ dimer, which subsequently acti-
vates a series of intercellular signaling cascades and ultimately leads 
to changes in cellular physiology [ 7 ]. The dynamic sensitivity of 
GPCR function and signaling is in large part a function of their 
regulation by the G protein-coupled receptor kinase (GRK)/β- -
arrestin system [ 8 – 10 ]. This regulation is accomplished by a two- 
step process involving the phosphorylation of the carboxyl terminus 
and/or intracellular loops of the receptor by the GRKs, and the 
subsequent binding of β-arrestins. β-Arrestin binding uncouples 
the G protein and terminates G protein-mediated signaling (desen-
sitization) and facilitates clathrin-mediated endocytosis (internal-
ization) of the receptor [ 10 ]. 

 This classic mechanism of regulating GPCR signaling via the 
 GRK  / β-arrestin system      provides the foundation to understanding 
how the GPCR functions are regulated. However, it does not offer 
mechanistic details to explain certain new observations in the fi eld 
of GPCR biology and pharmacology. For example, research in 
recent years has revealed that the GRK/β-arrestin system not only 
desensitizes the G protein-dependent signaling, but also leads to 
stimulus-dependent recruitment of β-arrestin (β-arrestin1 and 2) 
to the activated receptor and nucleates formation and activation of 
multi-protein signaling complexes that initiate G protein- 
independent signaling [ 8 ,  11 – 13 ]. This multifunctional  G-protein- 
independent signaling   is ligand-specifi c. A detailed and unifying 
mechanism has been lacking to explain the ligand specifi city and 
multifunctionality of this G protein-independent, β-arrestin- 
mediated signaling. In addition, recent studies using “loss-of- 
function” techniques, such as siRNA, to delete individual GRKs or 
combinations of GRKs have revealed that distinct GRKs contrib-
ute differently to the processes of receptor desensitization, endocy-
tosis, and signaling. For example, both the  V2 vasopressin receptor 
(V2R)   and angiotensin II type 1A receptor (AT1aR), prototypical 
G s - and G q -coupled receptors, respectively, engage different GRKs 
for different functional purposes [ 14 ,  15 ]. GRK2 and 3 are respon-
sible for the majority of agonist-stimulated receptor phosphoryla-
tion, β-arrestin recruitment, and internalization; however, GRK6 is 
the primary player responsible for dictating β-arrestin-mediated 
signaling to  extracellular-signal-regulated kinases 1/2   (ERK 1/2). 
Similarly, the  β2 adrenergic receptor (β2AR)   mimics both the V2R 
and AT1AR in its selective use of GRK2 or 6, leading to distinct 
functional outcomes [ 14 – 16 ]. The most obvious hypothesis to 
explain such fi ndings would be that different ligand-bound GPCRs 
engage different GRKs, which phosphorylate distinct sites or over-
lapping sets of sites on a given receptor. The patterns of  phos-
phorylation   (the “barcode”) direct distinct signaling and functional 
consequences (Fig.  1 ). This GPCR phosphorylation “barcode” 
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hypothesis is supported by accumulating experimental evidence 
and has proven to be a unifying mechanism for GPCR functions 
and signaling. This chapter will summarize recent studies that elu-
cidate the GPCR “barcode” mechanism and discuss the ramifi ca-
tions of this phenomenon in the fi elds of biology and medicine.

2        GPCR Phosphorylation   by GRKs 

   GRKs are serine/threonine protein kinases that regulate the activ-
ity of GPCRs by phosphorylating their intracellular loops and car-
boxyl terminal tails after receptor and G protein activation. In stark 
contrast to the great multiplicity of GPCRs, there are only seven 
members in the GRK family. These GRKs can be divided into the 
following three subfamilies based on sequence and functional 
homology: 1) the rhodopsin kinase subfamily (GRK1[ 17 ] and 
GRK7[ 18 ]), 2) the β-adrenergic receptor (βAR) kinase subfamily 
(GRK2 [ 19 ] and GRK3 [ 20 ]), and 3) the GRK4 subfamily (GRK4 
[ 21 ], GRK5 [ 22 ,  23 ], and GRK6 [ 24 – 29 ] (Table  1 ). All GRKs 
share about 50–90 % sequence similarity, with a conserved tripar-
tite structural architecture: a central serine/threonine kinase 
domain (~270 amino acids) fl anked by an NH 2 -terminal domain of 

2.1  Different  GRKs  

  Fig. 1    GPCR phosphorylation barcode hypothesis. Different ligands promote the 
engagement of different GRKs, which in turn phosphorylate distinct sites or over-
lapping sets of sites on a given GPCR. These different patterns of phosphoryla-
tion (the “barcode”) induce functionally distinct conformations of the 
receptor-bound β-arrestin, thus leading to distinct functional consequences       

 

“Barcode” Phosphorylation
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approximately 185 amino acids (containing a short proximal NH 2 - 
terminal region), followed by an RH domain (regulator of G pro-
tein signaling (RGS) homology domain) and a COOH-terminal 
domain of varying length (~105–230 amino acids) [ 22 ,  27 – 30 ]. 
The kinase domain is shared by the  βAR kinases   and the GRK4 
subfamilies. The NH 2  terminus is unique to the GRK family of 
protein kinases and important for receptor recognition, whereas 
the  COOH   terminus is the most diverse region among GRK 
 subfamilies [ 27 ,  28 ,  30 ]. A unique feature of the βAR kinase sub-
family is a COOH-terminal pleckstrin homology (PH)  domain   for 
phospholipid and Gβγ binding. The kinases in the GRK4 subfamily 
(GRK4, GRK5, and GRK6) use other mechanisms for membrane 
targeting, such as palmitoylation and patches of positively charged 
residues [ 31 – 34 ].

       Previous studies have suggested that GRKs have little or no recep-
tor specifi city [ 35 ]. The small number of kinases in the GRK family 
appears to be involved in phosphorylating hundreds of GPCR sub-
strates. However, the functional specifi city of GRKs was revealed 
in vivo by studying the GRK transgenic and/or knockout mice. 
For example, it was reported that GRK2 mainly phosphorylates 
β-adrenergic receptors and angiotensin II type 1 receptors [ 36 ], 
while GRK3 primarily targets olfactory receptors and α-adrenergic 
receptors [ 37 – 39 ]. On the other hand, knocking out GRK5 and 6 
individually displayed selectively impaired desensitization of mus-
carinic and dopaminergic receptors, respectively [ 40 ,  41 ].  Although   
the molecular mechanisms remain largely unknown, it is reason-
able to speculate that the in vivo functional specifi city of GRKs is 
related to their subcellular location, cell-specifi c expression pat-
terns, and tissue-specifi c expression levels. 

 The two members in the rhodopsin-kinase subfamily, GRK1 
( rhodopsin kinase  ) and GRK7, are generally confi ned to retinal 
rods and cones [ 26 ,  27 ,  34 ,  42 – 45 ] (Table  1 ). GRK4 shows only 
very localized expression in testes, the cerebellum, kidneys, and the 
uterus myometrium [ 46 – 50 ]. GRK2, 3, 5, and 6 are ubiquitously 
expressed at varying levels depending on tissue types [ 27 ,  42 ]. For 
example, although GRK2, 3, 5, and 6 are all expressed in the heart, 
the most prominent GRKs in the human heart are GRK2 and 5 

2.2  Tissue- and/or 
Cell-Specifi c 
 Expression   of GRKs

     Table 2  
  Distinct GRK phosphorylation sites on the β2AR differentially encode distinct β-arrestin functions   

 Desensitization  Internalization  ERK activation 

 GRK2  ++++  ++++  −(inhibitory) 

 GRK6  +++  ++  ++++ 

“Barcode” Phosphorylation
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[ 51 ,  52 ]. The expression levels of GRK3 and 6 are relatively low 
[ 52 – 54 ]. 

 GRKs are also expressed at different levels in different cell 
types. For example, it is reported that, compared to HEK293 cells, 
U2-OS osteosarcoma cells express more GRK3 and GRK5 but no 
GRK6 (Fig.  2 ) [ 55 ].  Fluorescence resonance energy transfer 
(FRET) assay   in live cells revealed that U2-OS and HEK293 cells 
utilize different subsets of their expressed GRKs to phosphorylate 
β2AR and promote β-arrestin recruitment to the receptor [ 55 ]. 
GRK knockdown by RNA interference (RNAi) technology in 
U2-OS  cells   suggested that GRK3 is most effi cacious in promoting 
β-arrestin recruitment to the β2AR. In  HEK293 cells  , simultane-
ous knockdown of both GRK2 and GRK3 has an additive effect. 
This fi nding revealed that cells could use cell type- specifi c   expres-
sion patterns of GRKs to regulate GPCR function and signaling.

        Phosphorylation of GPCRs on the carboxyl terminus and intracel-
lular loops by GRKs is important for receptor desensitization, 
internalization, traffi cking, and β-arrestin-mediated signaling. 
GRKs were fi rst discovered through their roles in GPCR desensiti-
zation. The  primary function   of GRKs is to desensitize activated 
GPCRs, a negative regulation that includes phosphorylating the 
activated receptor, uncoupling the receptor from G protein, and 
initiating the receptor internalization. The fi rst description of 
GPCR phosphorylation in a stimulus-dependent manner was 
reported for rhodopsin in 1972 [ 56 ,  57 ]. Then the enzyme, “opsin 
kinase” (modern name GRK1), which can selectively phosphory-
late the active form of rhodopsin, was identifi ed and isolated in 
1975 [ 58 – 61 ]. Later it was discovered that rhodopsin 

2.3  The Roles 
of  GRK-Mediated 
GPCR Phosphorylation  

2.3.1  The Roles of GRKs 
in GPCR  Desensitization  

  Fig. 2    Distinct expression patterns of GRKs in different cell types. Immunoblotting 
reveals that HEK293 cells predominantly express GRK2 and 6 ( left lane ), while 
U2-OS osteosarcoma cells express relatively more GRK3 and 5 than HEK293 
cells and little to no GRK6. For each GRK, an immunoblot is shown of equal 
amounts of total protein from each cell line [ 55 ]       
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phosphorylation by GRK1 is necessary for the rapid deactivation of 
the receptor [ 62 ]. This discovery led to a speculation that receptor 
phosphorylation may be a general molecular mechanism for GPCR 
deactivation or homologous desensitization when a cell’s response 
to a special agonist decreases. This hypothesis was quickly con-
fi rmed in the β2AR system with the demonstration that 
catecholamine- induced desensitization of the β2AR was tightly 
associated with receptor phosphorylation [ 63 – 65 ]. The role of 
GRKs in  GPCR desensitization   was later elucidated in many other 
receptors as a general regulatory mechanism [ 66 ]. GRK2 (βARK), 
an enzyme responsible for this desensitization process, was soon 
identifi ed during the study of βAR phosphorylation [ 19 ]. GRK2 
has many similar properties to GRK1. Both kinases were found to 
be associated with a reduction in the function of corresponding 
receptors [ 67 ,  68 ]. In 1990s, several other GRKs, such as GRK3 
[ 18 ], GRK4 [ 21 ], GRK5 [ 69 ], GRK6 [ 70 ], and GRK7 [ 71 ] were 
identifi ed as  regulators   of GPCR desensitization. 

 Later it was discovered that GRK phosphorylation of the 
agonist- activated receptor alone can only attenuate GPCR signal-
ing by up to 30 % [ 72 – 74 ]. Arrestins, a new family of regulatory 
proteins, were soon shown to be required to achieve substantial 
desensitization [ 75 – 77 ]. The arrestin family includes four mem-
bers. Arrestin1 (visual arrestin) and arrestin 4 (X arrestin) are 
expressed in retinal rods and cones, respectively [ 8 ,  78 ]. Arrestin 2 
and 3 (hereafter referred to as β-arrestin1 and 2, respectively) are 
ubiquitously expressed and recruited by almost all GPCRs in a 
receptor phosphorylation-dependent manner [ 8 ]. The role of 
GRKs in this process is that they phosphorylate the activated 
(agonist- occupied) GPCRs, promoting the recruitment of arres-
tins to sterically block the activation of G  protein  , therefore leading 
to rapid homologous desensitization.  

   In addition to their roles in GPCR desensitization, GRKs also play 
key roles in receptor traffi cking, a process that classically serves to 
internalize, resensitize, and recycle receptors back to the plasma 
membrane [ 12 ,  79 – 81 ]. In response to agonist stimulation, 
GPCRs are sequestered and internalized from the plasma mem-
brane so that they will not be available for persistent agonist stimu-
lation at the cell surface [ 82 ]. This ensures that extracellular stimuli 
are transduced into cells with appropriate magnitude. As a result of 
the arrestin binding, GRK-phosphorylated receptors are targeted 
for clathrin-mediated endocytosis. The carboxyl-terminal tails of 
arrestins contain binding sites for both the β2-adaptin of the AP-2 
adaptor complex and clathrin, which links the receptors to  clathrin- 
coated pits (CCPs)   [ 83 – 85 ]. Disruption of the AP-2 or clathrin 
binding sites on the arrestin carboxyl-terminal tails ablates receptor 
sequestration and internalization [ 86 ]. Many GPCRs undergo this 
clathrin-mediated endocytosis. Subsequently, the CCPs gradually 

2.3.2  The Roles of GRKs 
in  GPCR Traffi cking   
(Internalization, Recycling, 
and Resensitization)

“Barcode” Phosphorylation



82

invaginate and fi nally leave the plasma membrane as free  clathrin- 
coated- vesicles (CCVs)   [ 87 ]. The CCVs then fuse with early endo-
somes, whereupon GPCRs are either recycled back to the cell 
surface or directed to late endosomes or lysosomes for 
degradation. 

 The role of GRKs in  GPCR traffi cking   is that GRKs phos-
phorylate clusters of serine and threonine residues in the intracel-
lular loops and/or carboxyl-terminal tail, and the phosphorylation 
status of a receptor dictates arrestin interaction. Two patterns of 
agonist activation-dependent receptor–arrestin interaction were 
discovered with respect to arrestin’s endocytic adaptor function 
and the stability of the receptor–arrestin complexes [ 88 ]. Class A 
receptors, such as the β2AR, interact with β-arrestins transiently 
and with low-affi nity binding. After targeting GPCRs to CCPs, 
β-arrestin dissociates from the GPCR and the receptor internalizes 
without the arrestin. On the other hand, class B receptors, such as 
the V2R, bind to β-arrestin tightly. Following recruitment to 
 CCPs  , β-arrestin remains bound to the receptor on the surface of 
endocytic vesicles. The stability of the receptor/arrestin complex is 
the determining factor  regulating   the profi le of GPCR traffi cking, 
including the process of internalization, recycling, and resensitiza-
tion. Impairment of the phosphorylation status of a receptor by 
mutating the key serine and threonine residues generally leads to 
impaired receptor internalization and resensitization, demonstrat-
ing the close correlation between GRK-mediated phosphorylation 
and receptor traffi cking [ 89 – 92 ].  

   Recent studies have shown that, in addition to their role in desensi-
tizing G protein-mediated signaling and facilitating the endocytosis 
of GPCRs, β-arrestin molecules (β-arrestin1 and 2) also serve as 
multifunctional adaptors and signal transducers, linking GPCRs to 
a growing list of signaling molecules (e.g., MAPK, Src, and Akt) [ 8 , 
 9 ,  11 ,  12 ,  80 ,  81 ,  93 – 98 ]. The discovery of β-arrestin as a signaling 
molecule originated from a study that revealed β-arrestin- dependent 
formation of β2AR-Src protein kinase complexes, resulting in the 
activation of MAP kinases ERK1 and ERK2 [ 99 ]. Later, β-arrestins 
were found to recruit a growing list of signaling molecules to the 
receptor–β-arrestin complexes to initiate a new wave of cellular sig-
naling, independent of G protein activation. These signaling mole-
cules include MAP kinases, AKT, phosphatidylinositol 3-kinase 
(PI3-kinase), E3 ubiqutin ligases, phosphodiesterases, small 
GTPases, guanine nucleotide exchange factors, and transcription 
factors [ 12 ,  13 ,  77 ,  78 ,  90 – 96 ]. Using mass spectrometry- based 
proteomics as a tool, it was discovered that more than 300 proteins 
interact with β-arrestin1 and 2 [ 100 ]. This study provides evidence 
of signifi cant specialization in the functions of β-arrestin in G pro-
tein-independent   , β-arrestin-mediated GPCR signaling. The large 
and diverse set of proteins obtained in the global proteomics screen 

2.3.3  The Roles of GRKs 
in G Protein- Independent      , 
β-Arrestin- Mediated GPCR 
Signaling
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also underscores the potential broad regulatory roles of the newly 
discovered, G protein-independent, β-arrestin-mediated GPCR sig-
naling in mammalian cellular physiology [ 100 ]. 

 It is now clear that GPCRs use two parallel signaling pathways 
to translate extracellular stimuli to intracellular signals; one is medi-
ated by G proteins and referred to as G protein-mediated signaling, 
while the other is mediated by β-arrestins and referred to as β-arrestin-
mediated signaling. The discovery of β-arrestin-mediated signaling 
has led to an exciting new fi eld in GPCR drug discovery—the devel-
opment of “biased agonists”. A biased agonist is a ligand that stabi-
lizes a particular active receptor conformation, thus stimulating 
certain responses but not others. Classical  agonists usually stimulate 
both G protein- and β-arrestin- mediated   signaling. However, a 
G protein-biased agonist selectively activates the G protein-medi-
ated signaling, whereas a β-arrestin-biased agonist selectively acti-
vates β-arrestin-mediated signaling. This concept of biased agonists 
opens a new door for GPCR drug discovery in which one could 
differentiate and possibly separate the side effects of the activation of 
some receptors from their benefi cial effects. For a particular GPCR, 
if the therapeutic effect of a drug comes mainly through one signal-
ing pathway, while the side effects come mainly through the other 
pathway, a biased agonist could be developed into a more effective 
drug that can maximize the therapeutic effects, at the same time 
minimizing the side-effect profi les. For example, carvedilol (Coreg ® ), 
a β-blocker, was recently  demonstrated      to selectively stimulate 
β-arrestin-mediated signaling [ 101 ,  102 ]. Therefore, carvedilol is a 
prototype for a new generation of therapeutic β2AR ligands. 

 GPCR phosphorylation by GRKs plays critical role in regulat-
ing G protein-independent, β-arrestin-mediated GPCR signaling. 
It was speculated that the phosphorylation status of the agonist- 
occupied receptor might regulate the conformation of β-arrestin 
recruited to the receptor–β-arrestin complexes. The conforma-
tional changes in β-arrestins dictate their protein–protein interac-
tion capabilities, and thus the β-arrestin-mediated GPCR signaling. 
Given the plethora of phosphorylation states of numerous recep-
tors, the precise mechanism by which GRK phosphorylation regu-
lates the magnitude and  specifi city   of G protein-mediated and 
β-arrestin-mediated signaling remains to be elucidated.    

3    Different GRKs Contribute Differentially to Distinct GPCR Functional 
and Signaling Consequences: Experimental Evidence Supporting the “Barcode” 
Hypothesis for GPCR Signaling 

 Since the discovery of GRKs, it was speculated that different GRKs 
may contribute differently to GPCR function and signaling. Over 
the past several decades, extensive studies in a number of GPCRs 
provided accumulating experimental evidence that supports this 

“Barcode” Phosphorylation
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hypothesis. In a number of GPCRs, the use of a “loss-of-function” 
strategy by siRNAs to knockdown individual GRKs or combina-
tions of GRKs provided  experimental      evidence to support the 
notion that distinct GRKs contribute differently to the processes of 
receptor desensitization, traffi cking, and signaling [ 14 – 16 ,  103 ]. 
In Table  3 , we summarize the different roles of GRKs in a number 
of GPCRs and below discuss detailed experimental evidence 
derived from several representative receptors.

     In 1990s,  monoclonal antibodies   (mAbs) against different GRKs 
were generated. By using these antibodies, it was discovered that 
among the GRKs (GRK2-6) that phosphorylated the G s -coupled 
β2AR, GRK2 was the predominant GRK responsible for β2AR 
phosphorylation and desensitization in HEK293 cells [ 19 ]. A later 
study using PKA inhibitor H-89 and β-arrestin siRNA in the β2AR 
system revealed that β2AR signaling to ERK1/2 could be resolved 
into two separate pathways: an H-89-sensitive, PKA-dependent 
G protein-mediated pathway and a β-arrestin-mediated pathway 
[ 16 ]. The G protein/PKA-dependent signaling was rapid and 
peaked within 2–5 min. The β-arrestin-mediated signaling was 
slower and peaked at around 5–10 min. Overexpression of GRK5 
or 6 increased receptor phosphorylation, β-arrestin recruitment, 
and agonist-stimulated ERK1/2 activation [ 16 ]. On the other 
hand, GRK2 was ineffective, and β-arrestins recruited to GRK2- 
phosphorylated receptors appeared not to be involved in ERK1/2 
activation. A β-arrestin-biased β2AR mutant, β2AR T68F,Y132G,Y219A  
(β2AR TYY ), which is incapable of G protein activation, recruited 
β-arrestins to initiate β-arrestin-dependent internalization and 
ERK1/2 activation. It was observed that although agonist-induced 
receptor phosphorylation was weak for β2AR TYY , the β-arrestin 
recruitment was moderate and ERK1/2 activation robust [ 16 ]. 
This lack of correlation between receptor phosphorylation, 
β-arrestin recruitment, and β-arrestin-mediated  ERK1/2 activa-
tion   indicated that the specifi c constellation of phosphorylation 
sites on a receptor targeted by the different GRKs may form a 
“barcode” that “instructs” the bound β-arrestins as to which func-
tions to perform by virtue of inducing specifi c  conformational   
changes.  

   The notion of GPCR phosphorylation barcoding was also sug-
gested by the study of another G s -coupled receptor, V2R. It was 
demonstrated that the V2R also regulates ERK1/2 activation via 
either G s  or β-arrestin [ 15 ].  The   G s -dependent ERK1/2 activation 
is rapid and transient while the β-arrestin-dependent phosphoryla-
tion of ERK1/2 is slower and more sustained. GRK2 and 3 con-
tribute to almost all the GRK-mediated phosphorylation and 
consequent β-arrestin recruitment to the V2R, whereas GRK5 and 
6 are less effective. Although GRK5 and 6 mediated much less 

3.1   β2-Adrenergic 
Receptor ( β2AR     )

3.2  V2-Vasopressin 
Receptor 2 ( V2R     )

Kunhong Xiao and Hongda Liu
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 V2R phosphorylation   and β-arrestin recruitment, they appeared to 
be responsible for β-arrestin-mediated ERK1/2 activation. It is 
interesting that depletion of GRK2 from cells by siRNA increased 
β-arrestin-mediated ERK1/2 activation. This result suggested 
that there is no simple correlation between the activation level of 
the β-arrestin2-mediated ERK1/2  activation   and the amount of 
β-arrestin2 recruited to the receptor.  

   Further evidence in support of the “barcode” hypothesis was also 
provided by G q -coupled receptors such as AT1aR [ 14 ]. It was 
reported that agonist-induced AT1aR phosphorylation was 
reduced by overexpression of a dominant negative K220R mutant 
GRK2 [ 104 ]. Cellular overexpression of GRK2 K220R  not only 
inhibited agonist-induced AT1aR phosphorylation, but also pre-
vented receptor desensitization, as assessed by angiotensin 
II-stimulated GTPase activity in membranes prepared from 
agonist- treated and control cells. This fi nding indicated the critical 
role of GRK2 in the phosphorylation and desensitization of 
AT1aR. Through siRNA-mediated depletion, GRK2 was found to 
be a major kinase for AT1aR phosphorylation, contributing mostly 
to receptor internalization and β-arrestin recruitment in  HEK293 
cells  . In addition, only GRK2 and 3 are associated with β-arrestin- 
mediated AT1aR internalization. In contrast, β-arrestin-mediated 
ERK signaling required receptor phosphorylation by GRK5 and 6, 
even though they account for a small fraction of the total receptor 
phosphorylation and β-arrestin recruitment. Moreover, depletion 
of either GRK5 or GRK6 alone by siRNA leads to an almost com-
plete termination of β-arrestin-mediated ERK1/2 activation, sug-
gesting that phosphorylation by both GRKs may be required. This 
fi nding suggested that GRK5/6 may phosphorylate distinct sites 
on the AT1aR and that both contributions were necessary to pro-
mote the ERK activation via β-arrestin. Such a mechanism also 
indicated tight control on β-arrestin-dependent signaling. 
Interestingly, both depletion of GRK2/3 and overexpression of 
GRK5/6 can increase the β-arrestin-mediated ERK1/2 activation. 
To some extent, it is the interplay between GRK2 and GRK5/6 
that defi nes the duration and intensity of the β-arrestin signaling 
mechanism, thus  emphasizing   the importance of tight control of 
the balance between the G-protein- and β-arrestin-mediated path-
way by different GRKs. Possible explanations are either a physical 
competition between GRKs for access to the receptor, or that 
GRK2/3 phosphorylation may inhibit subsequent receptor phos-
phorylation by GRK5/6. These fi ndings indicate the distinct func-
tional potentials of β-arrestins bound to AT1aR  phosphorylated   by 
different GRKs, and these different functional effects of receptor 
phosphorylation are induced by the different phosphorylation 
sites, which can constitute a barcode directing  downstream   
signaling.  

3.3  Angiotensin II 
Type 1A Receptor 
( AT1AR     )
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   For the CCR7 chemokine receptor, it was reported that although 
both endogenous ligands, CCL19 and CCL21, induce G protein 
activation and subsequent calcium mobilization with equal potency, 
only activation by CCL19 promotes robust desensitization [ 105 ]. 
Using siRNA technology for GRKs, it was demonstrated that 
CCL19 and CCL21 result in striking differences in activation of 
the GRK/ β-arrestin system   [ 103 ]. CCL19 leads to robust CCR7 
phosphorylation and β-arrestin recruitment catalyzed by both 
GRK3 and GRK6. In contrast, CCL21 activates GRK6 alone. This 
difference in GRK activation leads to distinct functional conse-
quences. While both ligands lead to β-arrestin recruitment, only 
CCL19 leads to the redistribution of β-arrestin-GFP into endo-
cytic vesicles and classical receptor desensitization. In contrast, 
both agonists are capable of signaling through GRK6 and β-arrestin 
to activate ERK1/2 [ 103 ]. 

 A recent study of the CXC chemokine receptor CXCR4 used 
mass spectrometry in conjunction with phospho-specifi c antibod-
ies to map phosphorylation sites upon SDF1 stimulation [ 106 ]. Of 
the eighteen potential serine/threonine phosphorylation sites on 
the CXCR4’s C-terminus, three sites were mapped via mass spec-
trometry and four additional sites were localized with phospho- 
specifi c antibodies. GRK6 was found to account for the majority of 
the phosphorylation sites identifi ed while no GRK2/3 sites were 
found. However, it was demonstrated that multiple GRKs regulate 
CXCR4 signaling, including GRK2. Silencing of either GRK2 or 6 
by siRNA led to increased calcium mobilization, whereas knock-
down of  GRK3   or 6 led to decreased ERK1/2 activation [ 106 ]. 
This study revealed that site-specifi c phosphorylation of CXCR4 is 
tightly regulated by different GRKs. Interestingly, GRK2 knock-
down led to enhanced ERK1/2 activation, suggesting coordina-
tion among the GRKs in terms of signaling, though no  mechanistic   
explanation could be deduced in the absence of identifi ed GRK2 
phosphorylation sites. 

 By using site-specifi c phospho-antibodies against CXCR4, it 
was demonstrated that the endogenous ligand, CXCL12, pro-
motes robust phosphorylation at S346/347 mediated by GRK2/3 
[ 107 ]. The phosphorylation of S346/347 in the CXCR4 preceded 
phosphorylation at S324/325 and S338/339. After CXCL12 
washout, the phosphorylation levels of S338/339 and S324/325 
were rapidly decreased whereas phosphorylation at S346/347 was 
prolonged. A S346-348A mutant showed strongly impaired 
CXCL12-promoted phosphorylation at S324/325 and S338/339, 
defective internalization, increased calcium mobilization, and 
reduced desensitization. This fi nding suggested that the triple ser-
ine motif S346–S348 contains a major initial CXCR4 phosphory-
lation site that is prerequisite for subsequent receptor 
phosphorylation on other sites. 

3.4   Chemokine 
Receptors     

“Barcode” Phosphorylation
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 A recent study in CXCR1 and CXCR2 revealed that these two 
chemokine receptors also couple to distinct GRKs to mediate and 
regulate leukocyte functions [ 108 ]. It was shown that inhibition of 
GRK2 and GRK6 by shRNA in RBL-2H3 cells decreased CXCR1 
and CXCR2 phosphorylation, desensitization, and internalization, 
respectively. Meanwhile, CXCL8-induced phosphoinositide hydro-
lysis and exocytosis were enhanced. GRK2 had no signifi cant effect 
on CXCR2-induced ERK1/2 phosphorylation, whereas  depletion   
of GRK2 diminished CXCR1-induced ERK1/2 activation. 
Depletion of GRK6 had no effect on CXCR1 function. These 
results indicated that CXCR1 and CXCR2 couple to distinct GRK 
isoforms to mediate and regulate infl ammatory responses. CXCR1 
predominantly couples to GRK2, whereas CXCR2 interacts with 
 GRK6   to negatively regulate receptor sensitization and traffi cking, 
thus affecting cell signaling and angiogenesis. 

 In addition, it was reported that GRK2 is an essential regulator 
of  CXCR7 signaling   in astrocytes [ 109 ]. SDF-1/CXCL12-induced 
activation of ERK1/2 and AKT through CXCR7 was abrogated 
following the depletion of GRK2 by siRNA, but not by the deple-
tion of GRK3, GRK5, or GRK6. This result suggests that GRK2 
plays critical role in mediating the signaling of SDF-1/CXCL12- 
bound CXCR7.  

   For the delta-opioid receptor (DOR), it was shown that receptor 
internalization followed via two distinct pathways in HEK293 cells 
[ 110 ]. The GRK2 phosphorylation-dependent internalization is 
mediated by both β-arrestin1/2, leading delta-opioid receptor 
recycling, whereas the GRK2-independent internalization medi-
ated by β-arrestin2 alone leads to receptor degradation. 

 Different ligands of the mu-opioid receptor (MOR) also 
induce distinct responses to GRK2. For example, the activation of 
GRK2 can be mediated by DAMGO or etorphine, but not mor-
phine [ 111 – 118 ]. GRK2 could increase the affi nity of agonists, 
but not antagonists [ 119 ]. MORs could be phosphorylated by 
GRK5 upon morphine stimulation, which produces different 
effects compared with those of other GRKs [ 120 ]. Activation of 
GRK2/3 could be mediated by DAMGO, while the same agonist 
cannot promote the receptor phosphorylation by GRK6 in 
NG108-15 cells [ 113 ], even though experiments showed 
GRK2/3/6 may be effective in preventing opioid  tolerance   devel-
opment and improving the analgesic effi cacy of opioid drugs [ 114 ]  

   The hypothesis that different GRKs contribute differently to dis-
tinct GPCR functional and signaling consequences was also sup-
ported by studies of the dopamine receptors. It was reported that 
different GRKs direct the distinct regulation of D1 dopamine 
receptor (D1R) [ 121 ]. For example, GRK2/3 induced the right-
ward shift of the dopamine dose–response curve of D1R with little 

3.5   Opioid Receptors     

3.6   Dopamine 
Receptors     
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effect on the maximal activation, while GRK5 caused a rightward 
shift in the EC 50  value with an additional 40 % reduction in the 
maximal activation of dopamine. In another study, it was demon-
strated that homologous desensitization of the D1R in human 
renal proximal tubules appeared to involve GRKs only in later 
stages of the process [ 122 ]. The early phase of homologous desen-
sitization is regulated by a  non-GRK-mediated pathway  . In addi-
tion, GRK4 was more effi cacious than GRK2 in facilitating 
homologous desensitization of the D1R. 

 The D2 dopamine receptor (D2R) also exhibited GRK- 
independent desensitization and internalization. Early in 1999, it 
was reported that the sequestration of D2R occurs through a 
GRK2/5-mediated pathway in HEK293 cells [ 123 ]. Later it was 
shown that ligand-induced internalization of D2R can occur in 
two different manners, one is a phosphorylation-dependent man-
ner, which was mediated by the serine/threonine (Ser/Thr) resi-
dues in the second loop and third loop, and the other is a 
phosphorylation-independent manner [ 124 ,  125 ]. It was sug-
gested that GRK2-mediated internalization and  inhibition   of the 
D2R signaling can occur without receptor phosphorylation, how-
ever the GRK2-mediated phosphorylation can enhance the former 
process. Receptor phosphorylation could affect recycling, indicat-
ing GRK2/3 can participate in the post-endocytic traffi cking of 
the D2R. 

 With all this accumulating experimental evidence suggesting 
that different GRKs contribute differentially to distinct GPCR 
functional and signaling consequences, it is reasonable to hypoth-
esize that distinct ligands or GRKs may lead to the phosphoryla-
tion of distinct sites, or sets of sites, on GPCRs. These distinct 
phosphorylation patterns on a given  receptor   induce functionally 
distinct conformations of the receptor-bound β-arrestin, thus lead-
ing to distinct  functional   consequences.   

4    Differential GPCR Phosphorylation by Different GRKs: 
The “Barcode” Mechanism 

   The “barcode” hypothesis provides an excellent theoretical foun-
dation to explain many new observations in  GPCR biology and 
pharmacology  . However, since no defi ned phosphorylation con-
sensus motifs for GRKs have been identifi ed, little is known about 
the actual sites of phosphorylation on GPCRs targeted by individ-
ual GRKs or induced by different ligands, and how these phos-
phorylation sites regulate the specifi c functional consequences of 
β-arrestin engagement. Whereas phosphorylation sites on a num-
ber of GPCRs, such as rhodopsin [ 126 ], somatostatin (sst2A) 
[ 127 ], smoothened [ 128 ], and β2AR [ 129 – 131 ], have been 
 studied using mutagenesis, phospho-specifi c antibodies, and/or 
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mass spectrometry (MS), no data were reported on quantitatively 
mapping GRK-specifi c phosphorylation sites on a receptor and 
then correlating the site-specifi c phosphorylation with GPCR 
function. 

 As with many GPCRs, the β2AR has an abundance of serine 
and threonine residues on the carboxyl tail and the intracellular 
loops that are potential sites of phosphorylation. It should be 
noted that although several studies have been directed at the deter-
mination of phosphorylation sites on the β2AR [ 129 ,  131 – 134 ], 
few were attempted to precisely assign specifi c sites to different 
GRKs. Several studies have implicated the cytoplasmic tail of the 
β2AR as the site of GRK-mediated phosphorylation. Using 
phosphoserine- specifi c antibodies, it was reported that overexpres-
sion of GRK2 and 5 could increase basal levels of phosphorylation 
of the putative GRK sites S355, S356, which are not dependent on 
PKA sites [ 129 ]. An earlier study used a purifi ed, recombinant 
human β2AR in conjunction with purifi ed GRK2 and 5 proteins to 
delineate overlapping patterns of phosphorylation sites with these 
two GRKs [ 131 ]. The GRK2 and 5 phosphorylation sites were 
mapped to a 40-amino acid peptide located at the extreme carboxyl- 
terminal tail of the β2AR. Of the phosphorylatable serine and thre-
onine within this region, six were assigned as  GRK5   sites (T384, 
T393, S396, S401, S407, and S411) and four as GRK2 sites 
(T384, S396, S401, and S407) [ 131 ]. However, the relevance of 
these studies to the actual events occurring in cells is somewhat 
uncertain due to the high concentrations of receptors and GRKs 
utilized in these in vitro experiments. Mutagenesis studies have 
shown that the mutation of all serine and threonine residues in the 
C-terminus of the β2AR to alanine and/or glycine prevents ago-
nist stimulated phosphorylation [ 135 ], receptor/β-arrestin inter-
action [ 133 ], β-arrestin-mediated desensitization [ 132 ], 
internalization [ 133 ], and ERK1/2 activation [ 80 ]. However, 
recent studies have shown that not all phosphorylation sites are 
required for each of the β-arrestin-mediated functions. 

   The idea of GPCR “barcode” was fi rst suggested based on the 
studies of tissue-specifi c GPCR signaling. It was demonstrated that 
GPCR signaling is a fl exible and dynamic process that varies 
depending on the cell type in which the receptor is expressed [ 136 , 
 137 ]. The same receptor can be phosphorylated in distinct man-
ners in different cell types. Later, it was observed that siRNA silenc-
ing of GRK2 reduced internalization of the delta-opioid receptor 
to ~50–70 % of normal in neurons [ 138 ]. However, GRK2 silenc-
ing had virtually no effect on sequestration of the receptor stimu-
lated by agonists in  HEK293 cells  , although GRK2 was present 
and actively functioned in the internalization of 5-HT4R in the 
HEK293 cells. This observation suggested that molecular factors 
of internalization were different in neurons and HEK293 cells, 

4.1.1  Cell Type-Based 
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with β-arrestins contributing to sequestration in both cell types, 
while GRK2 and PKC activities were only involved in the neurons 
[ 138 ]. Therefore, even with the same  receptor  , the same agonist 
can induce distinct signaling patterns in different cell types.  

   As described above, GRK2 could promote the phosphorylation, 
desensitization, and internalization of CXCR1, and inhibit 
 CXCL8-induced phosphoinositide hydrolysis   and exocytosis 
in vitro. GRK6 functions similarly, but its predominant receptor 
substrate was CXCR2, not CXCR1. These results indicate that 
CXCR1 and CXCR2 couple to distinct GRK isoforms to mediate 
and regulate infl ammatory responses, thus affecting cell signaling 
[ 139 ]. 

 The opioid receptors serve as another good example to dem-
onstrate barcode regulation depending on ligand effi ciency and 
receptor subtype. Apart from the normal desensitization and inter-
nalization for the delta-opioid receptor [ 140 ], the kappa-opioid 
receptor [ 32 ,  141 ], the mu-opioid receptor [ 140 ,  142 ,  143 ], and 
opioid receptor-like 1 [ 144 ,  145 ], the agonist barcode toward 
GRK3 activation may be different compared with GRK2. For 
example, mu-opioid receptor desensitization was signifi cantly 
slower when GRK3 was knocked down [ 146 ], while no effect of 
 GRK2   knockdown was observed. Etonitazene and fentanyl were 
shown to induce receptor phosphorylation at T370, S375, and 
T379, predominantly by GRK3 in vivo, as indicated by immuno-
precipitation and nanofl ow liquid chromatography-tandem mass 
spectrometry analysis [ 120 ]. 

 In the study where receptors and kinases were tagged with 
fl uorophores at their respective C terminus, laser scanning micros-
copy was used to observe co-internalization of delta-opioid recep-
tors with GRK2 or 3. No such co-internalization was observed for 
mu-receptors in NG108-15 and HEK293 cells [ 141 ]. Another 
opioid receptor family member, the kappa-opioid receptor, also 
showed differential effects of GRK2: the desensitization and phos-
phorylation of the human kappa-opioid receptor after (−)
U50,488H treatment was observed, whereas the rat kappa-opioid 
receptor was not phosphorylated and  desensitized   or internalized 
by GRK2 upon stimulation by the same agonist [ 147 – 149 ].  

   Technological advances in mass spectrometry-based quantitative 
proteomics made this research effort possible. As a proof of prin-
ciple, the β2AR was used as a model receptor to test the “barcode” 
hypothesis of  GPCR signaling   [ 150 ]. Using mass spectrometry as 
a tool, thirteen phosphorylation sites (S246, S261, S262, S345, 
S346, S355, S356, T360, S364, S396, S401, S407, and S411) 
were identifi ed on β2AR (Fig.  3 ) [ 150 ]. To quantitatively charac-
terize these phosphorylation events, a Stable Isotope Labeling with 
Amino acids in Cell culture (SILAC) strategy was employed to 
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detect the difference in the relative levels of phosphorylation of 
each site before and after agonist stimulation. Upon isoproterenol 
(a full and unbiased β2AR agonist) stimulation, the phosphoryla-
tion of these sites increased by a factor ranging from 7.5 to more 
than 300 (Fig.  3a ) [ 150 ]. The only exception is the phosphoryla-
tion level of S246, which decreased by 50 % upon isoproterenol 
stimulation. In contrast, β2AR stimulation by 10 μM  carvedilol 
(Coreg ® )   for 5 min only induced an increase in phosphorylation 

  Fig. 3    Quantitative mass spectrometry analysis of isoproterenol (ISO) ( a ) and 
carvedilol (Carv) ( b )-stimulated β2AR phosphorylation. Profi ling of phosphoryla-
tion changes in the β2AR upon isoproterenol or carvedilol treatment by LC/MS/
MS in combination with SILAC. The 13 phosphorylation sites identifi ed are shown 
as  fi lled circles . Carvedilol stimulation only induces signifi cant changes in the 
phosphorylation levels at S355/S356. S246 is the only site whose phosphoryla-
tion decreased upon isoproterenol stimulation       
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levels of S355 and S356 (Fig.  3b ). Carvedilol is a β-adrenergic 
antagonist that has recently been shown to selectively activate 
β-arrestin-mediated signaling, even while blocking G protein- 
dependent signaling. These data support the concept that different 
ligands (such as unbiased agonist vs. biased ligand) induce differ-
ent phosphorylation patterns of specifi c receptors. The most rea-
sonable explanation for this phenomenon is that different ligands 
may selectively engage different GRKs, thus  leading   to distinct 
receptor phosphorylation patterns.

   In addition to adrenergic receptors, the ligand-associated bar-
code also exists in the chemokine receptor (CXCR). The regula-
tion of  CXCRs   by GRKs was fi rst characterized in CXCR5 in 1997 
[ 151 ], showing CXCR5 could be phosphorylated by GRK2, 3, 5, 
6 in HEK293 and COS-7 cells. Whereas all four GRKs tested 
could phosphorylate CXCR5, selectivity of the GRKs was also evi-
dent. GRK2 and GRK3 overexpression led to increases in phos-
phorylation primarily in the presence of agonist, GRK5 and GRK6 
phosphorylated CXCR5 even in the absence of agonist stimula-
tion, showing a level of selectivity and agonist independence of 
GRK phosphorylation. Later, it was reported that GRK2 (possibly 
together with GRK3) induced CXCR5 phosphorylation, desensiti-
zation, and internalization, thus attenuating agonist-induced cal-
cium mobilization by CXCR5 signaling [ 152 ]. Using receptor 
mutants, it was showed that serine residues at positions 336, 337, 
342, and 349 represent GRK phosphorylation sites on CXCR5. 
This study also revealed that chemokines differ in their ability to 
induce  CXCR5   phosphorylation and desensitization.  

   Although the  GRK phosphorylation   sites have been reported on 
several receptors, there was no systematic report on the β2AR 
because there are so many possible arrangements of Ser/Thr resi-
dues on the different intracellular domains that could be phos-
phorylated by GRKs [ 22 ]. Through MS and other experiments, 
we successfully mapped the phosphorylation sites targeted by indi-
vidual GRKs and revealed a detailed mechanism how a “barcode” 
of phosphorylated Ser/Thr residues of β2AR evoked by different 
GRKs and read by β-arrestin directs distinct signaling [ 150 ]. 

 To quantitatively characterize the actual sites of phosphoryla-
tion on GPCRs targeted by individual GRKs, RNAi technology 
was used to silence the expression of different GRKs individually, 
and SILAC was then used to quantitatively measure the extent of 
phosphorylation of each site on the β2AR upon depletion of each 
individual GRK. It was found that the depletion of GRK6 
 specifi cally reduced isoproterenol-promoted phosphorylation of 
S355 and S356 fi vefold (Fig.  4 ). Depletion of GRK2 reduced the 
phosphorylation of T360, S364, S396, S401, S407, and S411 by 
two to threefold (Fig.  4 ). The extents of phosphorylation of S261, 
S262, S345, and S346 did not signifi cantly change when either 
GRK2 or 6 was depleted. Based on these fi ndings, it was concluded 
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that GRK2 is mainly responsible for the phosphorylation of T360, 
S364, S396, S401, S407, and S411, and that GRK6 is responsible 
for the phosphorylation of S355 and S356 upon agonist stimula-
tion (Fig.  4 ). In addition, S261/S262 and S345/S346 were previ-
ously reported to be consensus sites for PKA, as shown in Fig.  4 . 
S246 was previously identifi ed as a consensus site for ATM phos-
phorylation [ 153 ]. This study was the fi rst to provide direct experi-
mental evidence for the GPCR phosphorylation barcoding 
mechanism—the distinct sets of phosphorylation sites  targeted   by 
the different GRKs establish a “barcode” that imparts distinct con-
formations to the recruited β-arrestin, thus potentially regulating 
its functional activities. These results point toward a new paradigm 
for understanding how signaling by GPCRs is regulated.

   It is interesting that while knockdown of GRK6 led to a 
 fi vefold decrease in the phosphorylation of S355 and S356, knock-
down of GRK2 led to a 1.5-fold increase in the phosphorylation of 
the two sites shown in Fig.  4 . This fi nding through MS analysis was 
verifi ed by immunoprecipitation (IP) of β2AR from HEK293 cells 
stably expressing receptors that contain an N-terminal FLAG tag 
and then by probing these β2AR with a phospho-specifi c antibody 
directed at these sites. Treatment with a control siRNA and stimu-
lation with isoproterenol led to a rapid, sustained, and robust 
increase in the phosphorylation of S355/S356 (Fig.  5a, b ). 
Treatment with GRK2 siRNA resulted in increased phosphoryla-
tion at these sites over the time period of stimulation with 

  Fig. 4    GRK2 and 6 phosphorylate different sites on the β2AR. GRK2 and GRK6 
phosphorylation sites were mapped on the β2AR using RNAi technology and a 
quantitative mass spectrometry-based proteomic approach. Residues whose 
phosphorylation levels decreased upon GRK2 or GRK6 siRNA are shown as  red  
or  blue fi lled circles , respectively. PKA consensus sites are shown. S246 has 
been previously identifi ed as a consensus site for ATM phosphorylation       
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isoproterenol. The largest differences, in comparison to control 
siRNA, occurred at the earlier time points (Fig.  5b ; red bars). 
Conversely, GRK6 siRNA treatment led to a marked decrease in 
the phosphorylation of S355/S356 (Fig.  5b ; blue bars). Thus, 
GRK2 appears to inhibit GRK6 phosphorylation of S355/S356.

   The GRK phosphorylation may have more patterns since the 
detailed mechanisms still need to be investigated. For example, 
S404, S408, and S410 were identifi ed as the phosphorylation sites 
involved in GRK2-induced desensitization of a subtype of adrener-
gic receptor, α1B-AR [ 154 ]. It was also suggested that these sites 
could be phosphorylated independently following agonist stimula-
tion of the receptor. Overexpression of GRK2 was able to specifi -
cally increase agonist-induced phosphorylation of receptor mutants 
carrying S404, S408, and S410 individually or in different combi-
nations, meaning that GRK2 can phosphorylate S404, S408, and 
S410 of the receptor independently. These data argued for a non- 
sequential  mechanism   of receptor phosphorylation by GRK2.  

     To correlate the distinct  GPCR phosphorylation   barcodes with 
different receptor functions and signaling, a live cell biosensor, 
GloSensor, was used to measure β2AR effi cacy for stimulating G s - 
dependent cAMP generation upon altering its phosphorylation 
pattern with GRK siRNAs [ 150 ]. Endogenous β2ARs in GloSensor 
HEK stable cells were pre-stimulated with either vehicle (DMSO) 
or 100 nM isoproterenol for 5 min and then washed and re- 
challenged with isoproterenol over an entire dose–response curve. 
This treatment induces a 50 % loss of maximal cAMP signal in cells 

4.1.5  Distinct Receptor 
Phosphorylation Barcodes 
are Responsible 
for Distinct GPCR 
Functions and Signaling

4.1.5.1  Silencing 
of GRK2 and/or 6 Impairs 
 β2AR Desensitization     

  Fig. 5    GRK2 and 6 expression levels alter phosphorylation of the β2AR serines 355 and 356. ( a ) The  top three 
panels  are western blot analyses with a phospho-specifi c antibody recognizing pSer355/pSer356 on β2AR 
immunoprecipitated from stably expressing HEK293 cells (2 pmol/mg) that have been transfected with either 
control (CTL), GRK2 or GRK6 siRNA, respectively. The  bottom panel  is a FLAG western blot to show equal load-
ing of immunoprecipitated β2AR. ( b ) Quantitation of three independent experiments described in ( a ). The larg-
est signal in each experiment was normalized to 100 % subsequent to normalization via FLAG western blots. 
Data shown are the mean ± SEM for three independent experiments. The pS355/pS356 data for control (CTL)-
siRNA transfected cells is shown in  black ; for GRK2-siRNA transfected cells is shown in  red ; for GRK6-siRNA 
transfected cells is shown in  blue        
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transfected with control siRNA. Cells transfected with GRK2, 
GRK6 or GRK2 and 6 siRNA show impairment of this desensitiza-
tion after restimulation of the cells with 10 μM isoproterenol. This 
result suggested that both GRK2 and 6 are responsible for β2AR 
desensitization (Table  2 ).  

   The internalization patterns of the β2AR after knockdown of 
GRK2 and GRK6, either alone or combined, were studied to 
reveal their roles in receptor internalization [ 150 ]. In the presence 
of a control siRNA and stimulation with 10 μM isoproterenol, 
internalization is rapid, with a maximum of 50 % of the β2AR 
being internalized in 30 min. Knockdown of GRK2 slows the ini-
tial rate of internalization and signifi cantly reduces the maximum 
observed internalization to 20 %. GRK6 siRNA also slows the ini-
tial rate of β2AR internalization and lowers the maximum observed 
internalization to 35 %. Ablation of both GRK2 and 6 almost 
completely blocks receptor internalization. The data suggested 
that both GRK2 and 6 are responsible for β2AR internalization 
(Table  2 ). 

 To summarize, for the β 2 AR, phosphorylation appears to be a 
prerequisite for β-arrestin recruitment and β-arrestin-mediated sig-
naling, whereas this does not appear to be the case for the 
AT1AR. Although both the distal and the proximal phosphoryla-
tion residues of the β 2 AR are important for β-arrestin binding, it is 
the distal residues (assigned as GRK sites here) that confer high- 
affi nity binding and also  coordinate   protein–protein interactions 
that facilitate internalization [ 133 ,  150 ].  

   To test whether GRK2 or 6 can specifi cally promote β-arrestin- 
mediated ERK activation through the β2AR, we stimulated 
HEK293 cells stably expressing the β2AR with either isoproterenol 
or carvedilol after they had been treated with GRK-specifi c siRNAs 
[ 150 ]. The time course of ERK activation was recorded to deter-
mine the effects of silencing the GRKs. In isoproterenol- stimulated, 
control siRNA-transfected cells, ERK1/2 activation was robust at 
fi ve min (typically 14-fold over basal), while the 15-min time point 
showed a lesser amount of ERK1/2 activation (4-fold over basal). 
Carvedilol stimulation in control siRNA-transfected cells led to 
lower ERK activation. GRK2 depletion by siRNA tended to 
increase ERK activation stimulated by isoproterenol or carvedilol. 
In stark contrast, GRK6-siRNA transfected cells stimulated with 
either isoproterenol or carvedilol showed signifi cantly less ERK1/2 
activation at the fi fteen-minute point when compared with control- 
siRNA transfected cells. These data suggested that GRK6 is respon-
sible for βarrestin-mediated ERK activation, whereas  GRK2   
opposes it (Table  2 ).    

4.1.5.2  Internalization 
of the  β2AR   is Affected by 
the Expression of Both 
GRK2 and 6

4.1.5.3  Effects of GRK 
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     As mentioned above, inhibiting GRK5 or 6 expression abolished 
β-arrestin-mediated ERK activation, whereas lowering GRK2 or 3 
led to an increase in this signaling. Consistent with this fi nding, 
β-arrestin-mediated  ERK activation   was enhanced by overexpres-
sion of GRK5 and 6, and reciprocally diminished by overexpres-
sion of GRK2 and 3. These fi ndings further support the “barcode” 
theory, which posits that there are distinct functional capabilities 
of β-arrestins bound to receptors phosphorylated by different 
GRKs. 

 To test the hypothesis that phosphorylation of the β2AR, 
mediated by either GRK2 or GRK6, can elicit distinct conforma-
tions of β-arrestin, a  bioluminescence resonance energy transfer 
(BRET)  -based biosensor of β-arrestin2 was used [ 155 ,  156 ]. In 
this biosensor, the N-terminus of β-arrestin2 is fused to biolumi-
nescent  Renilla luciferase (RLuc)   while the C-terminus is fused to 
 yellow fl uorescent protein (YFP)  . Isoproterenol stimulation of 
control-siRNA transfected cells results in an increase in the intra-
molecular BRET, indicating a conformational change in β-arrestin 
upon recruitment to the β2AR. In stark contrast, however, isopro-
terenol stimulation of β2AR after GRK2-siRNA treatment leads to 
a decrease in intramolecular BRET, suggesting a different confor-
mation of β-arrestin in the GRK2-siRNA transfected cells com-
pared to that in the CTL-siRNA transfected cells. Interestingly, 
GRK6-siRNA transfected cells showed no signifi cant change in the 
BRET signal, suggesting that the β-arrestin conformation in the 
GRK6-siRNA transfected cells is different from that in either CTL- 
or GRK2-siRNA transfected cells. The differences in intramolecu-
lar BRET signals detected in the presence of CTL-, GRK2-, or 
GRK6-siRNA suggest that β-arrestin adopts different  conformations 
under these conditions. Taken together, this study revealed that 
phosphorylation of β2AR by two different  GRKs   (GRK2  vs  6) 
results in distinct β-arrestin conformations.  

   It has been well established that phosphorylation of GPCRs by 
GRKs plays essential role in regulation of receptor function by pro-
moting receptor interactions with β-arrestins. The binding to a 
phosphorylated receptor is usually a prerequisite for β-arrestin func-
tions. In the study of the roles of different GRKs in V2R signaling, 
the authors found that agonist-dependent β-arrestin recruitment to 
the V2R was impaired signifi cantly with GRK2 depletion compared 
with GRK5 or 6 siRNA-treated cells [ 15 ]. This result indicates that 
the V2R phosphorylated by GRK2 has a relatively higher binding 
affi nity for β-arrestin, probably due to a unique conformation in 
β-arrestin induced by GRK2 phosphorylation. This unique 
β-arrestin conformation favors receptor uncoupling from the G 
protein. Simultaneously, there also exists the possibility that the 
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V2R phosphorylated by GRK5 and/or GRK6 might induce the 
proper conformation to promote ERK signaling via the β-arrestin2-
mediated pathway. In agreement with this idea, it was previously 
reported that both β-arrestin1 and 2 could adopt activation-depen-
dent conformations upon binding to V2Rpp, a phosphopeptide 
mimicking the phosphorylated C-terminus of V2R ( V2Rpp 
sequence  : ARGRp T PPp S LGPQDEp S Cp TpT Ap SpSpS LAKDTSS) 
[ 157 ,  158 ]. These V2Rpp-activation-dependent conformations of 
β-arrestin1 and 2 are distinct from those adopted by free β-arrestins 
or β-arrestins in the presence of the non-phosphopeptide V2Rnp. 
Moreover, these active conformations could signifi cantly enhance 
the binding affi nity of clathrin for β-arrestins [ 157 ,  158 ]. 

 The co-crystal structure of V2Rpp/β-arrestin1 complex 
revealed marked conformational differences in β-arrestin1 com-
pared to its inactive conformation [ 159 – 164 ]. The binding of 
V2Rpp induced the rotation of the N-domain of β-arrestin1 with 
respect to its C-domain. Meanwhile, large conformational changes 
were observed in the “fi nger”, “middle”, and “lariat” loops previ-
ously implicated in β-arrestin– receptor   interactions [ 13 ,  77 ,  78 , 
 160 ,  164 ]. These results provided detailed structural information, 
at high resolution, of β-arrestin activated by a specifi c phosphoryla-
tion pattern of V2R, indicating a potentially general molecular 
mechanism for activation of β-arrestin. 

 To further characterize conformations of β-arrestins corre-
sponding to different phosphorylation “barcodes” of GPCRs, 
unnatural amino acid incorporation and fl uorine-19 nuclear 
magnetic resonance ( 19 F-NMR) spectroscopy were used to mon-
itor the conformational changes in β-arrestin upon binding to a 
panel of synthetic phosphopeptides. These peptides mimic dif-
ferent  phosphorylation “barcodes” corresponding to the 
C-terminus of β2AR phosphorylated by GRK2, GRK6, or PKA 
[ 165 ]. While all these phosphopeptides interact with a common 
phosphate binding site on the concave surface of β-arrestin1 and 
induce the movements of “fi nger” and “middle” loops, confor-
mational changes induced by different phosphorylation patterns 
are distinct. Moreover, the phosphopeptides (GRK2App: 
DFVGHQGTVPpSDNIDpSQGRNCpSTNDpSLL and 
GRK2Bpp: NGNpTGEQpSGYHVEQEKENKLLCEDLPGTE), 
mimicking GRK2 phosphorylation of β2AR, promote the for-
mation of the β-arrestin1/clathrin complex, whereas the phos-
phopeptide mimicking GRK6 phosphorylation (GRK6pp: 
RRSIKAYGNGYpSpSNGNTGEQSGYHVEQ) promotes the 
formation of the β-arrestin1/Src complex. In contrast, the phos-
phopeptide mimicking PKA phosphorylation (PKApp: 
DGRTGHGLRRpSpSKFCLKEHKALKTLGII) did not pro-
mote the formation of either β-arrestin1/Src and β-arrestin1/
clathrin complexes. Taken together, these results provided 
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further evidence for the “barcode” hypothesis and revealed that 
distinct receptor phosphorylation “barcodes” can translate into 
specifi c β-arrestin conformations and thus direct selective signal-
ing (Fig.  6 ) [ 165 ]. The GRK6-mediated GPCR phosphorylation 
“barcode” selectively activates Src and GRK2-mediated receptor 
phosphorylation “barcode”    specifi cally induces clathrin binding 
and facilitates receptor endocytosis.

      The studies summarized above provide accumulating evidence for 
the GPCR “barcode” theory and revealed detailed molecular 
mechanisms of receptor phosphorylation “barcoding” (Fig.  7 ) 
[ 166 ]. At the level of the receptor, different ligands stabilize 
 different active receptor conformations. Subsequently, these 
unique conformations lead to the recruitment of unique GRK or 
subsets of GRKs to the ligand-activated receptors. As a conse-
quence, differential phosphorylation patterns or “barcodes” are 
produced on the receptor. Receptor phosphorylation promotes the 
recruitment of β-arrestin to the receptor. At the level of β-arrestin, 
the distinct phosphorylation “barcodes” on the receptor induce 
distinct conformational changes in β-arrestin. The distinct 
β-arrestin conformations, in turn, promote binding of different 
signaling transducer molecules to the receptor–β-arrestin com-
plexes, leading to the activation of distinct signaling networks. 
These distinct phosphorylation “barcodes” on the  receptor   ulti-
mately lead to divergent physiological responses.

4.2.3  “Barcode” Theory 
Explains Differential 
Functions of β- Arrestin  

  Fig. 6    Phospho-pattern-selective mechanisms of β-arrestin conformations and specifi c functions. Experiments 
using unnatural amino acid incorporation and  19 F-NMR revealed that distinct receptor phosphorylation pat-
terns (“barcode”) can induce distinct conformation changes in β-arrestin. These distinct β-arrestin conforma-
tions promote the binding of different signaling proteins to the receptor–β-arrestin complexes. The 
GRK6-mediated GPCR phosphorylation “barcode” selectively activates Src, and the GRK2-mediated receptor 
phosphorylation “barcode” specifi cally induces clathrin binding       
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5         The Ramifi cations of the GPCR “Barcode” Phenomenon 
for  Biology and Medicine  ̀ 

 In the past several decades, the two-step regulatory process, recep-
tor phosphorylation by GRKs followed by β-arrestin recruitment 
to the activated and phosphorylated receptor, forms the founda-
tion to understanding how GPCRs function and how they are 
regulated. The GPCR “barcode” phenomenon extended this clas-
sic theory in GPCR regulation and expanded our understanding of 
GPCR function. It provides a fi ne-tuned molecular mechanism to 
explain how receptor function is precisely regulated and how com-
plex signaling network is managed. This molecular mechanism 
offers a theoretical basis to explain many new discoveries in the 
fi eld of GPCR biology and pharmacology. These observations 
were not previously well explained by the simple, two-step regula-
tory process of the GRK/β-arrestin system. As a result, the recep-
tor “barcoding” provides a way to manage or manipulate GPCR 
signaling in a way that one favors for maximal pharmacological 
benefi t. This signaling management or manipulation can be 
achieved through modifi cation of the possible phosphorylation 
codes or by controlling specifi c GRKs or β-arrestin actions. 

 The “barcode” theory also provides a way to understand why 
the same receptor can exert different functions in different cells or 
tissue. By adopting a specifi c phosphorylation profi le or “phos-
phorylation signature”, a receptor could favor coupling to a par-
ticular pathway. In this way, the phosphorylation profi le of a 

  Fig. 7    “Barcode” theory explains differential functions of β-arrestins       
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receptor could act as a “barcode” that encodes a particular signal-
ing outcome. Hence, in each cell or tissue type a GPCR might 
adopt a different phosphorylation profi le, or barcode, due the dif-
ference in the complement of the GRKs and β-arrestins. This 
would contribute to cell- or tissue-specifi c signaling related to the 
physiological function of the receptor. 

 As different ligands can induce distinct “phosphorylation sig-
natures” on a given receptor, and these distinct “phosphorylation 
signatures” promote distinct conformational changes in β-arrestins, 
the β-arrestin signaling is therefore encoded via the phosphoryla-
tion “barcode”. The “barcode” theory has great potential to be 
harnessed to develop novel therapeutics. Since specifi c ligands lead 
to specifi c phosphorylation “barcode” on a given receptor, the spe-
cifi c receptor “barcode” could be used to develop new assays for 
drug screening. For example, the  phosphorylation   “barcode” on 
the β2AR induced by  β-arrestin-biased ligand carvedilol   was found 
to be the sites phosphorylated by GRK6. These GRK6 sites there-
fore become a part of the unique profi le for the β-arrestin-mediated 
β2AR signaling. Phospho-specifi c antibodies against these sites can 
be generated to enable screening assays for the β-arrestin-biased 
ligands for the β2AR. Such ligands may eliminate adverse effects by 
avoiding undesirable signaling, increase the effi cacy by stimulating 
or avoiding specifi c negative or positive feedback loops in signaling 
pathways, and can also help to reveal previously unappreciated 
pharmacology with new benefi ts.     
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  Abstract 

   G protein-coupled receptor kinase 2 (GRK2) is emerging as a key hub in cell signaling cascades. In addition 
to modulating activated G protein-coupled receptors, GRK2 can phosphorylate and/or functionally inter-
act with a complex network of cellular proteins in a cell-type and physiological context-dependent way. A 
combination of such canonical and noncanonical interactions underlies the participation of this kinase in the 
control of cell migration, proliferation or metabolism and in integrated processes at the tissue or whole 
organism levels, such as angiogenesis, cardiovascular function, or insulin resistance, among others. Its role 
as a signaling node and the fact that altered levels of GRK2 are detected in a variety of pathological condi-
tions put forward this protein as a potentially relevant diagnostic and therapeutic target.  

  Key words     GRK2  ,   Arrestin  ,   GPCR  ,   Migration  ,   Proliferation  ,   Hypertension  ,   Insulin resistance  , 
  Obesity  ,   Angiogenesis  ,   Cardiovascular diseases  

1      Introduction 

 G protein-coupled receptor kinases (GRKs) were initially identifi ed 
as negative regulators of G protein-coupled receptors (GPCR). 
Once activated, GPCR become selectively phosphorylated by GRKs 
[ 1 ], which promotes the association of β-arrestins, leading to 
uncoupling from G proteins. The fact that arrestins can act as scaf-
fold proteins for  endocytic adaptors   and several signaling mediators 
lead to the new paradigm that the  GRK/arrestin axis   is also involved 
in GPCR internalization and triggers the modulation of additional 
signaling cascades by these receptors [ 2 ]. Further adding to this 
complexity, research by different laboratories has established that 
GRKs, and, in particular, the ubiquitous and essential GRK2 iso-
form, in addition to promoting arrestin recruitment to GPCRs, 
engage in specifi c signalosomes with varied cellular functions [ 3 – 5 ]. 
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Moreover, GRK2 can also impact cell signaling networks by directly 
interacting and/or phosphorylating  non-GPCR components   of 
transduction cascades [ 1 ,  4 ,  6 ]. 

 In this context, key  challenges   ahead are:

    (a)    to dissect the relevant spatiotemporal GRK2 “interactomes” 
and to identify specifi c partners engaged in different cell types 
and contexts depending on environmental cues and on the 
relative levels of expression of GRK2 as well as on the intracel-
lular concentrations of its potential interacting proteins, lead-
ing to distinct cellular responses.   

   (b)    to decipher how the diverse GRK2 interactions (both canoni-
cal/GPCR-related and noncanonical, scaffold or kinase- activity 
dependent) are functionally integrated within a given cell type, 
and how the physiological integration of such cell- type specifi c 
GRK2 “interactomes” is achieved and potentially disturbed in 
specifi c pathological conditions at the organism level.    

  Notably, GRK2 expression and activity is tightly regulated 
by several mechanisms/stimuli, and these parameters are altered 
 in humans   in relevant and prevalent pathologies such as hyper-
tension, heart failure, metabolic syndrome, infl ammation and in 
certain tumors, suggesting that changes in GRK2 function may 
be involved in the triggering or development of relevant patho-
logical situations, and that this protein could be a useful bio-
marker or therapeutic target. In this review we summarize recent 
work describing that combinations of GRK2 interactions with 
different cellular partners underlie its participation in basic cel-
lular processes, such as cell  migration   or cell proliferation and 
that integration of cell type- and tissue-specifi c GRK2 functions 
may play a key role in relevant physiological and pathological 
situations such as angiogenesis, tumor progression, insulin resis-
tance, and cardiovascular disease.  

2     Canonical and Noncanonical Roles   of GRK2 

 GRK2 was initially identifi ed as a serine–threonine kinase able to 
phosphorylate agonist-engaged GPCRs, thus promoting the asso-
ciation of arrestins, leading to both desensitization of GPCR- 
dependent G protein signaling and to the initiation of 
arrestin-dependent responses [ 1 ,  2 ]. In addition to the decrease in 
responsiveness of GPCR to specifi c agonists, it is important to 
note that GRK2 functionality may modulate GPCR signaling in 
more subtle ways. For instance, changes in GRK2 levels or activity 
may control the balance/bias between G protein- dependent   vs. 
GRK/β-arrestin-dependent cascades and/or affect the response 
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to biased agonists. On the other hand, although the β-arrestin 
recruitment markedly depends on the extent of bulk receptor 
phosphorylation, β-arrestin-mediated functions do not. For 
instance, upon phosphorylation of certain GPCR by GRK6, 
β-arrestin/receptor complexes preferentially initiate MAPK sig-
naling, while GRK2 phosphorylation instructs β-arrestins to per-
form internalization. Therefore, the relative expression and activity 
of the different GRK isoforms in a given cell type and physiologi-
cal context may lead to distinct patterns of GPCR phosphoryla-
tion and thus to the differential recruitment of β-arrestin in diverse 
conformations, able to preferentially interact with defi ned signal-
ing partners [ 4 ,  7 ,  8 ]. 

 In addition to its canonical function as a  GPCR   kinase, GRK2 
phosphorylates a variety of non-GPCR membrane receptors (as 
receptor tyrosine kinases) and other downstream effectors of sig-
nal transduction cascades (phosducins, Smads, HDAC6, ezrin, 
IRS1, or p38 MAPK, among others), which can contribute to 
receptor signaling either in a positive or negative way [ 1 ,  4 – 6 ]. 
Interestingly, GRK2- and GRK3-mediated phosphorylation of 
GPCRs is strictly dependent on ligand activation, while other 
GRKs have the capacity to target inactive receptors and to pro-
mote basal desensitization [ 9 ]. Such differential dependence pro-
vides a functional specialization for GRK2 versus the other 
isoforms on their activity in the context of GPCR signaling, but 
raises the question of how GRK2 activity toward non- receptor 
substrates is modulated. In this regard, allosteric activation of 
GRK2 by means of posttranslational modifi cations (as tyrosine 
phosphorylation of the N-terminal Y13 residue or C-terminal 
S670 phosphorylation) and interaction with allosteric factors 
(lipids or protein partners) [ 3 ] may provide a mechanistic basis 
for non-GPCR phosphorylation in a ligand/receptor complex- 
independent fashion. 

 In recent years, work from different laboratories has dem-
onstrated that GRK2 dynamically interacts with other partners 
(for instance Gαq, PI3K/Akt, GIT1, MEK, IRS1, EPAC, Pin1, 
or Mdm2) acting as a scaffold protein [ 1 ,  4 – 6 ]. Therefore, it is 
tempting to suggest that combinations of sequential or parallel 
functional interactions of GRK2 with these potential partners 
would be triggered in response to specific stimuli and could 
underlie the role of this protein in cellular processes and physi-
ological functions (Fig.  1 ). Moreover, on the basis of this com-
plex interactome, GRK2 has the potential to regulate some 
signaling circuits without the involvement of an upstream 
active receptor. The fact that global GRK2 knockout mice are 
embryonically lethal [ 10 ] further supports the notion that 
GRK2 is a  key   node involved in the control of organ develop-
ment and/or growth and viability.

Cell-Specifi c GRK2 Interactomes
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3        GRK2 Modulates Pathways   Related to  Cell Proliferation and Survival   

 GRK2 may control cell proliferation by modulating MAPK activation 
at several mechanistic levels including (1) direct GPCR desensitization 
and down-modulation of G protein-dependent MAPK pathways; 
(2) engagement of β-arrestins to GPCRs in conformations noncom-
petent to stimulate MAPK cascades, thus competing with the forma-
tion of MAPK activating  β-arrestin-complexes   triggered by 
phosphorylation of certain GPCR by the GRK5/6 subfamily; and (3) 
the ability to phosphorylate or dynamically interact (in a kinase activ-
ity-independent way) with important modulators/effectors engaged 
along the MAPK pathway, such as GIT-1, Raf, RhoA, Epac, PDEγ, 
RKIP, or Pin1 [ 11 – 15 ] upon stimulation of the epidermal growth 
factor (EGF) receptor or of several mitogenic GPCRs. 

 As a result of such complex intertwinement of GRK2 with the 
MAPK pathway, the impact of changes in the GRK2 expression on 
cell proliferation and mitogenic signaling is not straightforward 
and depends on both the cell type and the mitogenic stimuli 
involved. GRK2 appears to play a positive role as mediator of 

  Fig. 1    Combinations of sequential or parallel functional interactions of GRK2 with a variety of GPCR and other 
signal transduction partners underlie the role of this protein in cellular processes such as cell proliferation, 
 migration  , survival, or metabolism       
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MAPK activation and/or growth signaling by the bioactive lipid 
 sphingosine-1-phosphate (S1P)   and integrins [ 13 ] in epithelial 
cells and fi broblasts, by the chemokine receptor CXCR7 in astro-
cytes [ 16 ], by EGF in several cell types, including HEK-293 cells 
[ 15 ], vascular smooth muscles cells [ 14 ], or epithelial cells [ 17 ]. 
GRK2 kinase activity is required for IGF-1-triggered proliferation 
and mitogenic signaling in osteoblasts [ 18 ]. GRK2 has also been 
found to potentiate the Smoothened receptor signaling and coop-
erate with Smoothened to transform the fi broblastic cell line 
C3H10T1/2 [ 19 – 21 ]. On the other hand, GRK2 attenuates 
serum- or PDGF-induced proliferation of thyroid cancer cell lines 
[ 22 ] and smooth muscle cells [ 23 ], as well as IGF-1-dependent 
signaling and cell growth in human  hepatocellular carcinoma 
(HCC)   HepG2 cells [ 24 ] or HEK-293 cells [ 25 ,  26 ], consistent 
with the ability of GRK2 to desensitize the receptors of such mito-
genic factors in these cellular types. Therefore, the physiological 
outcome of altered GRK2 expression would depend on the cell- 
type- specifi c multimolecular signaling complexes assembled by 
growth factors, and may involve both kinase activity-dependent 
and independent functions of this protein [ 4 ]. 

 In addition, the intrinsic dynamic of the cell cycle, namely the 
length of the different cell cycle phases, is a cell context-specifi c 
factor that contributes to the rate of cell proliferation triggered by 
mitogenic factors. We and others have recently reported that 
GRK2 is necessary to ensure a proper and timely progression of 
cell cycle, particularly during G1–S and G2–M transitions in 
response to extrinsic and intrinsic cues, respectively (reviewed in 
ref.  4 ). GRK2 levels fl uctuate along the cell cycle, being down-
regulated during the G2–M transition. Phosphorylation of the 
GRK2 S670 residue by the cell-cycle kinase CDK2-Cyclin A and 
the subsequent binding of Pin1 underlie this transient GRK2 deg-
radation, which in turn is required for normal cell cycle progres-
sion [ 27 ]. Consistently, cells with reduced GRK2 levels by 
expression of a silencing construct display a more effi cient progres-
sion through G2/M, while the presence of extra levels of GRK2 
mutants unable to be phosphorylated and degraded results in 
G2/M arrest [ 27 ]. Interestingly, the proliferation rate of cells 
expressing  GRK2   silencing constructs can be either reduced 
(Nogués et al., submitted) or unaltered [ 24 ,  28 ] suggesting that a 
specifi c threshold level of GRK2 protein is required for the  proper   
progression of other phases of the cell cycle. The ability of GRK2 
to interact with Patched and to relieve the Patched-induced cyto-
solic retention of cyclin B in response to Hedgehog ligand appears 
to underlie the stimulatory effect of GRK2 in cell division [ 29 ]. 

 GRK2 is also able to interact with some key players in the pro-
cesses of cellular stress response and growth arrest such as p38, 
Smad2/3, PI3K, Akt, HDAC6, or Hsp90 (reviewed in ref.  4 ,  30 ), 
what might positively impact cell survival and the resistance to cell 
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death. p38 MAPK, a critical player in apoptosis or survival in a cell- 
type specifi c context and a mediator of p53 activation in response 
to different stresses [ 31 ], is phosphorylated by GRK2, which pre-
vents its binding to the p38’s upstream activator MKK6 [ 32 ]. 
Interestingly, the default GRK2 protein decay in G2 is prevented 
in the presence of DNA damaging agents that trigger cell cycle 
arrest such as doxorubicin. Moreover, such preservation of GKR2 
inversely correlated with the activation of p53 triggered by G2/M 
checkpoints mechanisms, helping to restrict the apoptotic fate of 
arrested cells [ 27 ]. Accordingly, we hypothesized that GRK2 might 
allow cells to cope with genotoxic stress by potentiating protective 
cell cycle arrest and survival response pathways. In this regard, 
GRK2 also interacts with both PI3K and Akt  proteins  , although 
the functional outcome of such interactions is not straightforward, 
as positive and negative effects have been described in cell type- 
specifi c contexts. In non-epithelial cells, a GRK2-mediated inhibi-
tion of Akt phosphorylation and canonical activation has been 
shown [ 33 ]. A role for GRK2 in the cellular response to environ-
mental stresses is also suggested by the fact that GRK2 is a novel 
scaffolding and catalytic modulator of histone deacetylase HDAC6 
[ 17 ]. Under cellular stress, the assembly of stress granules (SG) 
contributes to reprogram the expression of key mediators and reg-
ulators at the post-transcriptional level in order to counterbalance 
damage, while misfolded proteins are sequestered into protein 
aggregates (aggresomes) for cell protection. HDAC6 is required 
for SG assembly [ 34 ] and for protein  traffi cking   to the aggresome 
and their clearance [ 35 ].  

4    GRK2 Is an Important Modulator of  Cell Motility   

 Compelling evidences indicate a relevant role of GRK2 in cellular 
motility (reviewed in ref.  5 ). Initial reports ascribed the effects of 
GRK2 on chemotaxis to its ability to trigger desensitization of par-
ticular chemokine receptors, thus controlling the intensity and 
duration of chemokine-triggered signaling [ 1 ,  36 ,  37 ]. Consistent 
with this notion, decreased GRK2 levels increases chemotactic 
responses to different agonists in immune cell types, whereas its 
enhanced expression attenuates chemotaxis, consistent with its 
canonical negative role in GPCR signaling. However, GRK2 
downregulation can lead to decreased  migration   of immune cell 
types towards certain stimuli [ 38 ], and GRK2 has been recently 
shown to be an important positive player in epithelial cell  migra-
tion   [ 30 ,  39 ]. These results indicate that the global effect of GRK2 
on chemotaxis would depend on the integrated modulation of 
 different steps of the chemotactic process (receptor sensing, cell 
 polarization  , membrane protrusion, adhesion/de-adhesion cycles) 
in given cell types and in response to specifi c stimuli [ 5 ]. 
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 We have hypothesized that the “canonical” role of 
GRK2—triggering desensitization/internalization of chemotactic 
GPCRs in immune cells—would infl uence how these receptors sense 
the strength and steepness of chemotactic gradients (less GRK2, 
steeper; more GRK2, weaker gradients), thus facilitating the forma-
tion of robust directional sensing responses, the specifi cation of sta-
ble pseudopodia and cell polarization [ 5 ]. Such function of the 
kinase would be more relevant in immune cells, particularly when 
cells migrate between opposed chemoattractant gradients. In con-
trast, in intrinsically polarized epithelial cells and fi broblasts, the 
stimuli-dependent interaction of GRK2 with other cellular partners 
would result in a positive role of this protein in the  migration   process 
[ 30 ,  39 ,  40 ]. The positive contribution of GRKs to epithelial cell 
 migration   seems to involve several molecular mechanisms that would 
amplify the intensity and duration of pro-migratory signaling down-
stream of chemotactic receptors. 

 First, GRK2 could promote reorganization of the actin cyto-
skeleton via ERM proteins. The ERM proteins ezrin and radixin 
contribute to local F-actin polymerization-dependent membrane 
protrusion. GRK2 phosphorylates ezrin at a single Thr567  residue   
in a PIP 2 -and Gβγ-dependent manner, which is important for main-
taining ezrin in an active conformation with both its plasma mem-
brane and F-actin binding domains accessible [ 41 ]. Similarly, GRK2 
phosphorylates radixin at the analogous Thr564 residue [ 42 ]. 

 In addition, GRK2 can potentiate pathways linked to polarity 
persistence by increasing MAPK activation and focal adhesion 
turnover via GIT1-scaffolding functions [ 5 ,  13 ]. GIT1 plays an 
important role in cell motility as an adaptor protein promoting 
MAPK and Rac/PAK activation both at focal adhesions and at the 
cell leading edge [ 43 ,  44 ]. In response to either fi bronectin or S1P, 
GRK2 translocates to the plasma membrane of epithelial cells and 
dynamically interacts with GIT1, in a process modulated by the 
sequential phosphorylation of GRK2 by c-Src and MAPK. Such 
transient GRK2/GIT1 interaction at the leading edge enhances 
both Rac1 activation leading to F-actin cortical remodeling and 
MAPK activation in a β-arrestin-independent manner, thereby 
resulting in increased  migration   [ 13 ]. 

 On the other hand, GRK2 has been reported to control micro-
tubule (MT) dynamics through the activation of the cytosolic his-
tone deacetylase type II protein HDAC6 [ 5 ,  17 ], responsible for 
the de-acetylation of tubulin and other substrates involved in 
motility such as cortactin [ 45 ]. The protruding and retracting cell 
regions display different MT dynamics, polarization and posttrans-
lational modifi cations during cell  migration  . In particular, MTs 
become acetylated in the stable subset present in the lamella region, 
while highly dynamic MTs facing the lamellipodium are de- 
acetylated [ 17 ,  46 ]. GRK2 directly interacts with and phosphory-
lates HDAC6 at residues serine 1060/1062 and 1068, and this 

Cell-Specifi c GRK2 Interactomes



130

phosphorylation event enhances HDAC6-mediated α-tubulin (but 
not cortactin) deacetylation and is necessary for the positive effect 
of HDAC6 in the  migration   of epithelial cells and fi broblasts chal-
lenged by fi bronectin or EGF [ 17 ,  47 ]. The functional interactions 
of GRK2 with both GIT-1 and HDAC6 could also be relevant to 
increasing focal adhesion  turnover  , thus modulating cell adhesion 
and tension and increasing cell motility [ 5 ]. 

 One emerging question is how such different GRK2 interac-
tions are orchestrated during cell  migration  . We have suggested 
that changes in the subcellular localization and phosphorylation 
status of GRK2 would allow the dynamic and stimuli-specifi c 
switching of partners relevant to cell  migration  , allowing its 
sequential and coordinated participation in several steps of the 
motility process [ 5 ,  47 ]. Migratory stimuli would promote GRK2 
recruitment to activated GPCR in the leading edge membrane, 
and transient Src-mediated tyrosine phosphorylation of GRK2 at 
such locations, enhancing its interaction with GIT1 and facilitat-
ing localized activation of the  Rac/Pak/Mek/Erk pathway  . 
Subsequent phosphorylation of GRK2 at S670 by MAPK disrupts 
interactions with GIT-1 and GPCR, simultaneously switching on 
the ability of GRK2 to phosphorylate HDAC6 co-localized at the 
lamellipodium, resulting in dynamic, local HDAC6-mediated de-
acetylation of MTs. The concerted action of de-acetylated MTs 
and GIT1 signalosomes at the leading edge would contribute to 
cortical polarity and membrane protrusion and thus lead to 
enhanced cell motility [ 5 ,  13 ,  17 ,  40 ]. 

 It is important to note that several of the GRK2-interacting 
signaling modules in epithelial cell  migration   play well-known roles 
in invasive motility, including integrins, GPCRs (S1P, chemokine or 
PAR receptors), the EGFR family, RhoA, Rac1, or ERMs. HDAC6 
is overexpressed in a high proportion of breast tumors and contrib-
utes to cell motility and to invadopodia formation and maturation, 
through the regulation of acetylation–deacetylation of a growing 
number of proteins [ 48 – 50 ]. It is thus tempting to speculate that 
GRK2 levels may contribute to tumor cell invasiveness. In order to 
assess such potential role of GRK2 and to defi ne the underlying 
molecular mechanisms, it would be important to combine 2D, 3D, 
and in vivo experimental models, to take into account the different 
stimuli that can converge in  modulating   GRK2 function.  

5     GRK2 Plays a Role in the  Tumoral Angiogenic Switch   

 Tumor microvasculature is usually highly angiogenic and leaky, 
leading to defi cient blood supply and hypoxia [ 51 ]. In such micro-
environment, transformed cells often became more aggressive, dis-
playing increased proliferation, invasiveness, and drug resistance. 
The reciprocal interactions among tumor-associated vasculature, 
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tumor-infi ltrated immune cells and transformed cells emerge are the 
key factor for cancer progression. We have shown that downregula-
tion of GRK2 in endothelial cells (EC) is a relevant event in the 
tumoral angiogenic switch that impairs endothelial TGF-β signaling 
and EC interaction with mural cells, what results in the formation of 
immature and fragile vessels [ 28 ]. Moreover, decreased EC GRK2 
dosage is observed in the presence of cocultured breast transformed 
cells and occurs in human breast cancer vessels. Remarkably, reduced 
GRK2 in the endothelium accelerates tumor growth in mice, 
increases the size of intra-tumor vessels, reduces pericyte coverage, 
and enhances macrophage infi ltration, thereby strengthening many 
of the hallmarks of the tumor microvasculature [ 28 ]. 

  Angiogenesis   involves early steps during which ECs polarize, 
migrate, establish cell–cell contacts, and form vessel lumens, fol-
lowed by a stabilization period characterized by pericyte apposition 
to form mature vessels [ 52 ,  53 ]. The study of the effects of altering 
GRK2 dosage in cell and animal models indicates that this kinase 
acts as a hub in signaling pathways involved in vascular stabilization 
and remodeling. Upon GRK2 downregulation, primary microvas-
cular ECs display an increase in motility and enhanced downstream 
signaling in response to key angiogenic stimuli (VEGF, S1P, 
serum). In parallel, these cells lose the capability to organize into 
tubular structures, and the balanced secretion of pro-infl ammatory 
and pro-angiogenic factors is disrupted [ 28 ,  54 ]. 

 Moreover, endothelial GRK2 dosage modulates TGFβ1- 
mediated pathways. Cellular responses triggered by TGFβ1 in ECs 
are complex, contributing positive or negatively to endothelial 
activation, due to the coexistence of two receptors that drive oppo-
site effects, ALK1 and ALK5, and their functional cross- modulation 
[ 55 – 57 ]. Decreased GRK2 levels alter the balance in TGFβ1 sig-
naling through ALK5 and ALK1 receptors towards enhanced 
ALK5 signaling and impair the actions of the ALK1-specifi c BMP9 
ligand, a member of TGFβ family that functions as a vascular qui-
escence factor [ 28 ,  54 ]. GRK2 would inhibit the ALK5 pathway in 
endothelial cells at the level of Smad2/3, consistent with the previ-
ously reported effect in other cell types [ 58 ,  59 ], while the positive 
effect of the kinase in the ALK1 signaling branch does not involve 
a negative-crosstalk from ALK5 to ALK1 at the Smad level, which 
suggests the occurrence of additional mechanisms of GRK2 modu-
lation in the ALK1–Smad1,7 interface. Interestingly, a lower 
GRK2 abundance in EC alters the secretome of these cells, leading 
to  altered   levels of PDGF-BB, critical for pericyte recruitment, as 
well as of several chemokines as CCL2 or CCL5, relevant for the 
attraction and activation of mononuclear cells, suggesting that 
reduced EC GRK2 expression might help to recruit monocytes to 
tumors [ 28 ,  54 ]. Consistent with this array of cell-autonomous 
endothelial defects, neovascularization is impaired in both global 
and endothelium-specifi c GRK2 knockout mice, which develop 
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vessels with altered morphometrics and reduced mural coating 
[ 28 ]. Moreover, decreased EC GRK2 dosage accelerates tumor 
growth in mice, by impairing the pericytes ensheathing of vessels, 
thereby promoting hypoxia and macrophage infi ltration along 
with enhanced macrophage infi ltration [ 28 ]. 

 These results raise new questions regarding the mechanisms by 
which transformed cells trigger the decrease in GRK2 observed in 
 human   breast cancer vessels and as to how GRK2 can modulate the 
interactions between different cell types that occur in the tumor 
microenvironment [ 54 ].  

6    GRK2 as an  Oncomodulator  ? 

 The overall available data indicating that GRK2 can modulate several 
of the hallmarks of cancer (proliferation, survival,  migration  , angio-
genesis) suggest that this protein may act as an onco- modifi er, con-
tributing to tumoral transformation in a cell-specifi c manner. 
Moreover, the connection of GRK2 with the TGFβ signaling axis 
described in the previous section provides a means by which upregu-
lation of GRK2 may restrict the tumoral suppressor role of TGFβ. 
Indeed, this factor elicits paradoxical effects on cell proliferation and 
 migration   in a cellular context-dependent manner [ 60 ]. In response 
to TGFβ-bound ALK5, GRK2 can associate with and phosphorylate 
Smad2/3 in their regulatory linker domain, preventing activation 
and nuclear translocation of the Smad complex, thereby leading to 
the inhibition of pro-arresting and pro-apoptotic TGF-β effects [ 58 , 
 59 ]. Such regulation might favor a potential TGFβ switch from a 
tumor suppressor to a tumor promoter, akin to that induced by 
oncogenic H-Ras-dependent, Jnk-mediated phosphorylation of 
Smad3 [ 61 ]. On the other hand, a role for GRK2 in the regulation 
of centrosome dynamics has recently been demonstrated, with poten-
tial implications in cell transformation [ 62 ]. GRK2 mediates the 
EGF-induced separation of centrosomes during G2 progression, and 
“excessive” EGF signaling promotes centrosome amplifi cation that 
could lead to the formation of multipolar spindles and result in aneu-
ploidy, a hallmark of tumor cells. Therefore, cells with abnormal 
GRK2 levels may be more prone to genomic instability. 

 Consistent with these fi ndings, GRK2 levels are altered in 
granulose cell tumors, thyroid and prostate cancer (reviewed in 
refs.  4 ,  6 ) or upregulated in malignant mammary cell lines with 
aberrant activation of the PI3K/Akt pathway [ 63 ]. In support of 
the notion that upregulation of GRK2 in breast tumoral cells is 
not a bystander effect of the transformation process but instead 
an active player in aberrant proliferation and survival, depletion 
of GRK2 signifi cantly attenuated the cell viability and colony- 
formation ability of the basal breast tumor cell line MDA-MB231 
[ 64 ]. Moreover, GRK2 silencing in these cells led to a cell arrest 
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in the G0/G1 phase, which is consistent with our data suggesting 
that the G1/G0 and G2/M cell cycle phases have a different 
requirement for GRK2 levels. Ongoing research in our labora-
tory has shown that increased expression of GRK2 also plays a 
relevant role in luminal breast  cancer   (Nogues et al., submitted). 
Enhanced GRK2 functionality fosters proliferation, survival, 
anchorage- independent growth, and tumor growth in vivo, by 
mechanisms involving a reinforced  GRK2-HDAC6 signaling 
module  , putting forward GRK2 as an essential oncomodulator of 
breast tumor progression. Together with our previous data in 
tumoral endothelial cells ([ 28 ], see Sect.  5 ), these results suggest 
that concurrent and opposite changes of GRK2 in the epithelial 
(upregulation) and stromal (downregulation) components of 
breast tumors might act synergistically to promote tumor growth, 
stressing that a better knowledge of cell type-specifi c modulation 
and roles of GRK2 is key to understand its integrated role in 
pathophysiological processes.  

7     GRK2   and  Insulin Resistance-Related Conditions   

 Insulin resistance (IR) characterized by a reduced responsiveness 
to the effects of insulin is a common feature of obesity and a sus-
ceptibility factor for several pathological conditions, including glu-
cose intolerance, hypertension, dyslipidemias, nonalcoholic fatty 
liver disease (NAFLD), cardiovascular disease, and type 2 diabetes 
(T2D), that is becoming a global public health problem [ 65 ]. 
Thus, a better knowledge of how different intracellular pathways 
integrate to fi nely tune the response to insulin, body weight gain, 
and metabolic rate is needed that helps identify novel therapeutic 
strategies beyond diet, physical exercise, or drugs. 

 Interestingly, accumulating evidence indicates that GRK2 plays 
an important integrative role in the homeostasis of cellular metab-
olism, energy production and expenditure [ 66 – 68 ]. Consistent 
with this notion, GRK2 levels are elevated during IR in a cell line 
of human adipocytes, in  white adipose tissue (WAT)   and muscle in 
either TNFα, aging or high-fat diet (HFD)-induced murine mod-
els, also in peripheral blood cells from metabolic syndrome patients 
[ 69 ] and in cells chronically stimulated with insulin [ 70 ] or in the 
hearts of mice fed with a long-term high-fat diet (Lucas et al., in 
preparation). On the other hand,  peptide   inhibitors of GRK2 have 
been reported to ameliorate glucose  homeostasis   in several murine 
models [ 71 ], and mice hemizygous for GRK2 maintain glucose 
tolerance and insulin signaling in the major insulin-responsive tis-
sues during TNFα, aging or HFD-induced IR models [ 69 ]. These 
data indicate that high GRK2 levels markedly impair insulin sensi-
tivity in vivo and that a moderate decrease in GRK2 levels/activity 
could be a valid therapeutic strategy for T2D. 
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 Importantly, we have recently shown that lowering GRK2 
levels can not only prevent but also revert ongoing IR and obe-
sity, by using a tamoxifen (Tx)-inducible GRK2 deletion strategy 
during a HFD feeding [ 72 ]. A reduction of GRK2 levels reverts 
key aspects of an already established diabetic-linked phenotype: 
impedes further body weight gain in the face of high fat feeding, 
normalizes glucose intolerance and leads to preserved insulin 
sensitivity in skeletal muscle and in liver, thus maintaining glu-
cose homeostasis. Moreover, Tx-induced GRK2 knockout mice 
display reduced fat mass and smaller adipocyte size, are resistant 
to the development of liver steatosis and show reduced expres-
sion of pro-infl ammatory markers in the liver [ 72 ]. 

 These results put forward the GRK2 as a novel potential thera-
peutic target for IR and obesity and raise important questions as to 
the role of GRK2 in specifi c tissues/cell types, the integration of 
these effects in the organism and the molecular  mechanisms   involved. 

   There are a number of molecular mechanisms by which GRK2 may 
impact insulin signaling, glucose homeostasis, adiposity, and energy 
expenditure. Regarding canonical GPCR-modulating functions, 
GRK2 regulates key GPCR related to metabolic rate, such as 
 β-adrenergic receptors (βARs)  . βARs are necessary for diet-induced 
thermogenesis and play a critical role in the control of energy 
homeostasis, glucose metabolism, and in the body’s response to 
 diet-induced   obesity. Moreover, sympathetic downregulation is a 
hallmark of animal models of obesity. GRK2 has a well-established 
role in downregulating adrenergic receptor signaling, and decreased 
GRK2 levels enhance βAR signaling in WAT and BAT [ 67 ]. It also 
should be noted that some key determinants of insulin secretion 
belong to the GPCR family, such as the GLP-1 receptors or the 
recently identifi ed receptors for fatty acids and metabolites. GLP-1 
released from intestinal cells in response to nutrients promotes  glu-
cose-stimulated insulin secretion (GSIS)   by the pancreas and pro-
tects β cells from apoptosis. In fact, GLP-1R agonists are currently 
used for glycemic control in T2D patients [ 73 ]. GRK2 has been 
reported to translocate to the activated GLP-1R [ 74 ] but its possible 
role in GLP-1 signaling regulation remains to be established. Also, 
several GPCRs for intermediate metabolites such as FA, lactate, and 
ketone bodies detect changes in the levels of different energy sub-
strates, and use this information to regulate the metabolic activity of 
cells and tissues [ 75 ]. Most of these receptors show a causal involve-
ment in the pathophysiology of metabolic diseases such as T2D, 
dyslipidemia, and obesity, in addition to  cardiovascular diseases   [ 76 ]. 
The receptor for long chain FA GPR120 regulates the action of 
insulin, appetite control and adipogenesis. GPR120 also binds 
omega-3 fatty acids mediating potent anti- infl ammatory and insulin-
sensitizing effects [ 77 ]. This receptor is phosphorylated by GRKs 
and PKC [ 78 ]. Similarly, GPR40 agonists increase insulin-stimulated 
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glucose uptake, improve glucose tolerance and some have reached 
human clinical T2D trials [ 79 ]. The potential physiological role of 
GRK2 and other GRKs in the modulation of these receptors in 
pathophysiological contexts remains to be established. 

 As for noncanonical mechanisms, GRK2 has been reported to 
act as an inhibitor of insulin-mediated glucose transport in 3T3L1 
adipocytes by interfering with G q/11  function [ 80 ], and it inhibits 
basal and insulin-stimulated glycogen synthesis [ 81 ]. Our group 
has shown that in adipocytes and myoblasts, increased GRK2 levels 
inhibit, and GRK2 silencing enhances, insulin-dependent signaling 
by controlling GRK2/IRS1 complexes and IRS1 levels [ 69 ]. An 
inhibitory phosphorylation on IRS1 serines by GRK2 has also 
been reported [ 82 ]. In addition, it has been described that GRK2 
can localize to the mitochondrial outer membrane by means of a 
cellular stress-induced MAPK-mediated phosphorylation of GRK2 
and its subsequent interaction with Hsp90. The consequences of 
such mitochondrial translocation of GRK2 are controversial, 
because both detrimental (increased cytochrome C release and 
apoptosis) and protective (increased biogenesis and  ATP   produc-
tion) effects have been reported [ 83 ,  84 ].  

   At least four potentially interrelated tissue-specifi c processes have 
been found to be involved in the integrated physiological effects of 
GRK2 reduction in HFD-fed mice. First, insulin signaling is main-
tained in the face of HFD in peripheral insulin-targeted tissues. 
Second, enhanced lipolysis is detected in GRK2-defi cient WAT and 
BAT. Also, increased expression of thermogenic markers and FA 
oxidation are found in BAT that may help burn the excess fat 
spilled over by WAT lipolysis. Finally, reduced steatosis and 
 infl ammation and altered patterns of M1/M2 macrophages are 
detected in the liver [ 72 ]. 

 Based on our data, we believe that such pleiotropic effects of 
GRK2 are due to its unique ability to directly modulate in different 
tissues both the insulin receptor cascade and key GPCRs related to 
the control of adiposity and metabolic rate, such as β ARs. We next 
describe the effects of GRK2 and its cell-specifi c interactomes in 
different tissues. 

  WAT and BAT . WAT is a primary regulator of metabolism in 
food-deprived states: through its regulation of lipolysis, it infl u-
ences the availability of different substrates, and also secretes adipo-
kines (such as adiponectin, leptin, and resistin) controlling 
whole-body energy and fuel metabolism. WAT from GRK2 hemi-
zygous mice presents a reduced expression of perilipins A and B 
(essential lipid-droplet associated proteins), as well as key de novo 
lipogenic enzymes, such as  fatty acid synthase (FAS)  ,  acetyl-CoA 
carboxylase (ACC)  , and the FA transporter aP2 [ 67 ], which may 
indicate a decrease in lipogenesis and is consistent with the decreased 
size of white adipocytes in aged or HFD-fed mice [ 69 ]. GRK2 also 
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appears to play an important role in BAT function and architecture, 
as well as in brown adipocyte differentiation [ 67 ]. In this regard, 
the decreased weight observed in 9-month-old GRK2+/− mice 
seems to be due, at least in part, to an increased function of BAT in 
these animals [ 67 ],since a more pronounced increase upon cold 
exposure of the  expression   of UCP1 as well as of beta- oxidation 
markers (CPT1 and COXIV) was observed in the BAT of GRK2+/− 
animals. Furthermore, phosphorylation of proteins such as AMPK 
and ACC regulating lipid metabolism and brown fat function was 
also increased. Importantly, Tx-induced GRK2 loss enhances the 
β-adrenergic-dependent lipolytic capacity of WAT by increasing the 
response to adrenergic agonists and also the expression levels of 
HSL. The enhanced BAT function observed in GRK2+/− mice 
would make this tissue more able to consume the extra FFA released 
by WAT and thus prevent lipotoxicity in these animals [ 67 ,  72 ]. 

   The liver’s metabolic buffering system controls macronutrient and 
micronutrient homeostasis, allowing other tissues to perform nor-
mally under physiological stresses, thus playing a signifi cant role in 
how the body responds to changing fuel needs and nutritional 
challenges. Hepatic IR and steatosis triggered by HFD or other 
conditions is an essential element in the pathogenesis of  nonalco-
holic fatty liver disease (NAFLD)  . NAFLD is the liver manifesta-
tion of the metabolic syndrome and is independently associated 
with obesity, IR, cardiovascular  disease   and T2D, and has been 
associated with metabolic infl exibility [ 85 ]. Interestingly, GRK2 
levels are increased in the liver of mice fed HFD [ 69 ]. Along the 
same lines, Sprague-Dawley rats fed HFD for two weeks presented 
increased hepatic plasma membrane GRK2 [ 86 ]. Moreover, 
insulin- mediated Akt phosphorylation was preserved in the liver of 
GRK2+/− mice in the face of different IR-inducing conditions 
[ 69 ]. In vitro experiments in mouse liver FL83B cells demon-
strated that GRK2 negatively regulates basal and insulin-stimulated 
glycogen synthesis downstream of the insulin receptor. 
Mechanistically, GRK2 seems to affect phosphorylation of Ser307 
on IRS1, reducing insulin receptor-IRS1 interaction and, thus, 
insulin receptor-mediated phosphorylation of Tyr612 on IRS1 
[ 81 ]. Accordingly, an increase of IRS1 phosphorylation at Tyr612 
was found in HepG2 cells with reduced GRK2 protein levels after 
IGF-1 treatment [ 24 ]. Whether GRK2 is directly or indirectly 
causing the phosphorylation of Ser307 on IRS1, as detected in 
other cell types [ 82 ], remains a subject for future investigation, but 
undoubtedly IRS1 and components of the insulin receptor cascade 
represent some of the most relevant directly interacting partners to 
explain the regulation of hepatic functions by GRK2. 

 Notably, reduced GRK2 level protects against HFD-induced 
hepatic insulin resistance and lipid accumulation, an effect that was 
associated with reduced expression of the genes encoding fatty acid 

7.2.1   Liver  

Federico Mayor Jr. et al.



137

synthase (FAS) and PPARγ, which are increased in  fatty   liver. 
Moreover, the accumulation of M1-like macrophages and pro- 
infl ammatory markers observed in control HFD-fed mice was not 
present in livers from HFD-fed tamoxifen-induced GRK2−/− ani-
mals, which were characterized by lower activation of infl ammatory 
pathways such as that of JNK, scattered distribution of macrophages, 
and elevated M2 to M1 ratio [ 72 ]. Although the actual mechanisms 
and molecules involved are currently unknown, they may involve a 
direct effect on the polarization or  migration   of these cells. These data 
warrant further investigation of the role of GRK2 in the control of 
hepatic steatosis and metabolism and in the development of NAFLD.  

   Skeletal muscle is the critical tissue for glycemic control. It repre-
sents the quantitatively major site of insulin-stimulated glucose 
clearance in the postprandial state, accounting for approximately 
80 % of glucose disposal under insulin-stimulated conditions [ 87 ] 
and also represents the largest glycogen storage organ. Thus, IR 
and metabolic dysfunction in the skeletal muscle play a major role 
in the development of the metabolic syndrome and T2D. GRK2 
levels are elevated in the muscle in either TNFα, aging or HFD-fed 
murine models, whereas GRK2+/− mice retain enhanced insulin 
signaling in this tissue [ 69 ], and tamoxifen-induced GRK2 dele-
tion enhances insulin signaling to Akt in HFD-fed animals [ 72 ]. 
This is consistent with the suggested negative role for GRK2 in the 
regulation of insulin signaling in skeletal muscle both in cultured 
myocytes and in vivo, most probably by mechanisms independent 
of kinase activity and involving the formation of dynamic GRK2/
IRS1 complexes [ 69 ]. It is worth noting that the skeletal muscle 
fi bers in GRK2+/− mice are hypertrophied as compared to those 
of WT littermates [ 88 ], but whether this fact contributes to the 
improved glucose homeostasis observed in hemizygous GRK2 
mice is still unknown. In addition, in C2C12 myoblasts, GRK2 
levels and functionality have been reported to affect muscle cell 
differentiation networks by mechanisms involving timely modula-
tion of the p38MAPK and Akt pathways. The impaired differentia-
tion promoted by increased GRK2 levels were recapitulated by a 
p38MAPK mutant mimicking the inhibitory phosphorylation of 
p38MAPK by GRK2 [ 88 ]. These data suggest that noncanonical 
kinase functions of GRK2, and, in particular, p38MAPK phos-
phorylation, represent the most relevant GRK2 interactome to 
explain its effects on  muscle   differentiation.    

8    New Players in the  GRK2   Interactome in  Cardiovascular Disease   

 GRK2 is known to be a key regulator of the cardiovascular function 
and dysfunction, and its levels are increased in hypertension, cardiac 
ischemia, and in early stages of maladaptive myocardial remodeling 
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and heart failure in patients and in animal experimental models 
(reviewed in refs.  82 ,  89 ,  90 ). Emerging evidence indicates that the 
integrated regulation of GPCR, in addition to noncanonical  path-
ways  , underlies the role of GRK2 in such physiological and patho-
logical contexts (Fig.  2 ).

     The impact of increased GRK2 levels in hypertension has been 
largely ascribed to its effects on the modulation of a variety of 
vasoconstrictor and vasodilator GPCRs. We have recently com-
pared vascular responses using global adult (9 months old) 
GRK2 hemizygous mice and found that these GRK2+/− animals 
are resistant to the development of vascular remodeling, mechan-
ical alterations, endothelial dysfunction, increased vasoconstric-
tor responses, and hypertension-induced by AngII. The 
underlying mechanisms involve differential GPCR modulation 
and the preservation of the impaired  Akt/eNOS pathway   and 
eNOS levels leading to enhanced NO availability [ 91 ]. Earlier 
studies demonstrated that Akt physically interacts with GRK2 
and this interaction inhibits Akt activity and NO production 
[ 33 ]. In addition, lower GRK2 abundance might potentiate the 
activation of endothelial muscarinic GPCR triggering alternative 

8.1   GRK2   
and the Molecular 
Mechanisms 
of  Hypertension  

  Fig. 2    GRK2 as an integrative node in cardiovascular and metabolic diseases. Several pathogenic stimuli (high 
circulating levels of catecholamines or angiotensin, high-fat diet feeding) converge in promoting increased 
GRK2 abundance in several relevant tissues/cell types (adipose, muscle, liver, heart, endothelial cells (EC), …). 
This increase in the GRK2 levels would simultaneously alter GPCR and insulin receptor-dependent signaling 
cascades or other signaling pathways, thus contributing to disease progression. On the contrary, downregula-
tion of GRK2 functionality has a protective role       
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NO synthesis modulatory pathways. The mechanisms leading to 
preservation of total eNOS levels in GRK2+/− mice deserve fur-
ther investigation. 

 It should be noted that different mediators involved in the 
development of hypertension and vascular damage during obe-
sity/diabetes appear to converge in upregulating the  GRK2 expres-
sion   in the vasculature. Increased GRK2 expression observed in 
vessels from diabetic mice [ 92 – 95 ] is abolished by AngII type I 
 receptor   blockade [ 93 ] suggesting that AngII is per se able to 
increase the GRK2 expression, as also shown by our group [ 91 ]. 
Moreover, high glucose/high insulin enhances GRK2 abundance 
in cultured endothelial cells by an unknown mechanism, what 
results in the inhibition of the  insulin/Akt/eNOS pathway   [ 96 ]. 
In diabetes, the increased levels of GRK2 seem to prevent the 
translocation of β-arrestin2 to the membrane where it acts as a 
scaffold molecule for Akt and the insulin receptor [ 97 ], thereby 
contributing to impaired Akt/eNOS/NO production in response 
to insulin and other agonists [ 92 ,  94 – 96 ]. The fact that GRK2 
inhibition or partial GRK2 deletion improved the endothelial dys-
function observed in obese/diabetic [ 93 ,  95 ,  98 ] or hypertensive 
[ 91 ] animal models strongly supports the notion that GRK2 is an 
 important   signaling hub in vascular function.  

   The overall importance of GRK2 in the heart has been demonstrated 
through several studies with genetically engineered mice (see refer-
ences above) and in zebrafi sh [ 90 ,  99 ]. The global loss of GRK2 
leads to embryonic lethality with cardiac malformations and dysplasia 
[ 10 ]. However, cardiac-specifi c GRK2 knockout mice developed 
normally and exhibited no adult cardiac phenotype at baseline other 
than a modestly enhanced contractile function [ 100 ], which demon-
strated that GRK2 has a broader extra-cardiac role in embryogenesis. 
For instance, GRK2 KO mice embryos display marked vascular mal-
formations involving impaired recruitment of mural cells [ 28 ]. On 
the other hand, in the conditional cardiac GRK2 ablation mouse 
model, in which cardiac myocyte GRK2 expression was normal dur-
ing embryonic development, but was ablated after birth, improved 
function and prevention of heart failure (HF) development was 
observed after myocardial infarction. Moreover, when the downreg-
ulation of GRK2 is induced in the cardiomyocytes after HF develop-
ment by tamoxifen administration (αMHC-MerCreMer × GRK2 fl /
fl ), there is an active reverse remodeling and improved cardiac func-
tion [ 101 ]. On the contrary, cardiac-specifi c GRK2-overexpressing 
mice display the loss of β-AR-mediated inotropic reserve, as well as 
desensitized AngII receptors (AT1R) in their hearts [ 102 ]. To study 
the contribution of GRK2 to different cellular processes in the car-
diovascular disease, animal models that overexpress a carboxy- 
terminal peptide of GRK2 (βARKct) have been extensively used. 
 βARKct overexpression   seems to act by inhibiting endogenous GRK2 
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activation by competing with Gβγ binding. Transgenic βARKct mice 
have increased function at baseline and in response to the β-AR ago-
nist isoproterenol [ 102 ]. In fact, overexpression of βARKct rescued 
several mouse models of HF, such as after pressure overload induced 
by transverse aortic constriction [ 103 ] or after acute myocardial isch-
emia/reperfusion injury [ 104 ]. Furthermore, the cross breeding of 
βARKct mice with different animal models of chronic HF induced by 
genetic manipulation also rescued overt cardiac failure in these ani-
mals [ 105 ,  106 ]. A recent report indicates that paroxetine-mediated 
GRK2 inhibition reverses cardiac dysfunction and remodeling after 
myocardial infarction [ 107 ]. 

 The molecular mechanisms underlying both the deleterious and 
benefi cial effects in cardiovascular function of the reported changes in 
GRK2 levels are not fully understood. GRK2 is known to attenuate 
cardiac contractile responses to β-AR stimulation and to modulate 
Ang II receptor-mediated contraction [ 102 ,  108 ], and heterozygous 
GRK2 knockout mice show increased cardiac function and responses 
to adrenergic input [ 109 ]. It was proposed that increased GRK2 lev-
els resulted from  enhanced   neurohumoral activation would further 
alter β-adrenergic signaling, leading to HF. However, the fact that 
GRK2 inhibition acts in a synergistic manner with established 
β-blocker treatments in HF models suggests that the functional impact 
of altered GRK2 levels involves cellular partners additional to the 
β-adrenergic axis. Recent fi ndings [ 68 ,  82 ,  110 ] suggest that GRK2 
upregulation may inhibit cardiac insulin signaling, a critical cardiopro-
tective pathway, thus putting forward GRK2 as a new  molecular   link 
among insulin resistance/obesity and cardiovascular comorbidities. 

 It has been shown that increased GRK2 levels upon chronic 
β-AR stimulation can lead to IRS1 phosphorylation and insulin 
resistance in cardiomyocytes [ 82 ]. On the other hand, activation of 
insulin receptor induces GRK2-mediated phosphorylation of the 
β2AR, which attenuates adrenergic stimulation [ 111 ]. The insulin- 
induced phosphorylation of the β-AR seems to be dependent on 
IRS1 and IRS2 and involve PKA and GRK2 activity. Thus GRK2 
would link the cardiac remodeling and IR to impaired contractility 
and cardiac dysfunction, features that are present in obese indi-
viduals and may contribute to heart failure. In this context, we 
have recently uncovered that cardiac GRK2 levels increase in situ-
ations where IR develops, such as in ob/ob mice or after HFD, 
whereas 9-month-old GRK2+/− mice display preserved cardiac 
insulin sensitivity and the gene expression reprogramming that 
would confer cardioprotection [ 110 ]. 

 We have observed that GLUT4 translocation and glucose 
uptake as well as insulin-dependent Akt and p70S6K activation 
were impaired in WT but not in 9-month-old GRK2+/− animals 
[ 110 ]. Interestingly, although GRK2+/− mice displayed a slightly 
larger cardiac area and cardiomyocyte diameter, they did not exhibit 
pathological cardiac hypertrophy, consistent with a physiological 
hypertrophy situation. In this line, decreased GRK2 levels correlate 
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with higher expression of key genes implicated in physiological 
hypertrophy and cardioprotection. Notably, such difference in car-
diac gene expression profi les between WT and GRK2+/− geno-
types was detected at 9 but not at 4 months of age, suggesting that 
they are the consequence of GRK2 dosage together with age-related 
factors, such as the systemic prediabetic state with higher insulin 
and glucose levels in plasma present in WT compared to GRK2+/− 
animals [ 69 ]. In support of this notion, cardiac GRK2 expression is 
increased in adult ob/ob mice and upon HFD feeding for 12 weeks, 
leading to higher amounts of GRK2/IRS1 complexes and impaired 
cardiac insulin sensitivity observed in these situations [ 110 ]. 

 Overall, our data indicate that age- and HFD-induced insulin 
resistance in the heart can be prevented by maintaining the GRK2 
levels below a certain threshold. In this regard, it is worth keeping 
in mind that the incidence of pathological conditions such as T2D, 
metabolic syndrome and cardiovascular diseases is signifi cantly 
higher in the adult/elderly population as compared to young 
 individuals. It should be stressed, however, that most studies in the 
fi eld use young animals (2–3 months old) that would not ade-
quately mimic the “physiological environment” present in older 
animals (such as mild insulin resistance) when these  pathologies   
begin to  develop  . Thus, the use of adequate experimental models 
is necessary, if the differential molecular mechanisms underlying 
these conditions are to be accurately identifi ed. 

 The available evidence suggests that, in addition to the previ-
ously reported upregulation of cardiac GRK2 levels by increased 
catecholamine levels, systemic insulin resistance-inducing condi-
tions such as high dietary fat, also cause enhanced GRK2 expres-
sion in the heart. GRK2 levels would thus act as an integrative 
sensor of a variety of pathological inputs, triggering dysfunction-
ality both in the adrenergic and insulin signaling cascades and 
allowing progression towards maladaptive remodeling. Sustained 
β-AR desensitization could fuel a detrimental cycle where the 
adrenal glands would try to compensate the lower β-adrenergic 
output by increasing catecholamine secretion. This in turn fur-
ther upregulates GRK2 levels in the cardiac tissue [ 112 ], thus 
triggering an impairment of cardiac insulin signaling and cardiac 
metabolism. Altered GRK2 levels may also affect the function of 
other relevant GPCRs in HF, such as the adiponectin receptor 
[ 113 ]. Together, these events would eventually bring about mal-
adaptive changes in global gene expression patterns. On the con-
trary, exercise, which is critical for the prevention and treatment 
of obesity, is able to decrease myocardial GRK2 levels [ 114 ] in 
accordance with the cardioprotective role of lowering GRK2 lev-
els for the obese heart. 

 Overall, our data put forward GRK2 as a new molecular link 
among aging, insulin resistance/obesity, and cardiovascular comor-
bidities. Since circulating GRK2 levels have been shown to mirror 
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cardiac expression [ 115 ], and increased GRK2 expression is present 
in peripheral blood cells from metabolic syndrome and from heart 
failure patients, in particular those with diabetes mellitus [ 116 ], it 
will be  interesting   to explore the potential use of  GRK2   as a prog-
nostic cardiovascular risk marker in such conditions [ 117 ].   

9    Conclusions and Future Perspectives 

 As summarized in this review, available data indicate that GRK2 is 
a critical signaling node with important roles in cellular functions 
and in the whole body homeostasis. Depending on the stimuli, the 
cell type and the physiological or pathological context, diverse 
 canonical and noncanonical functions   of GRK2 are coordinately 
engaged, thus contributing to integrated cellular responses orches-
trated by different stimuli and guided by various extracellular cues. 
Moreover, several factors altered in prevalent pathologies appear to 
converge in modulating the GRK2 expression and or phosphoryla-
tion/functionality status, putting forward this kinase as an integra-
tive homeostatic sensor, which would in turn simultaneously target 
GPCR, RTK, and other noncanonical networks, leading to coordi-
nated adaptive (or maladaptive) responses (Fig.  3 ). The 

  Fig. 3    The GRK2 signaling hub. Factors altered in prevalent pathologies acting through GPCR, growth factor 
receptors or via other mechanisms converge in modulating the GRK2 expression and/or phosphorylation sta-
tus. These parameters modulate the functionality of GRK2 towards its target GPCR and RTK in a given cell, and 
determine its preferential/sequential interactions with specifi c substrates and partners. The integrated modu-
lation of signaling cascades achieved through these combination of canonical and noncanonical GRK2 func-
tions allow for coordinated adaptive (or maladaptive) physiological responses       
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mechanisms controlling changes in GRK2 levels and functionality 
in specifi c cell types, how GPCR activation infl uences noncanoni-
cal functions of GRK2 (or vice versa), and how concurrent changes 
in GRK2 functionality taking place in different cell types/tissues 
impact the whole body homeostasis in pathological conditions 
remain exciting areas of research for the future.
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    Chapter 7   

 Differential Regulation of IGF-1 and Insulin 
Signaling by GRKs                     

     Leonard     Girnita      ,     Ada     Girnita    , and     Caitrin     Crudden     

  Abstract 

   Textbooks depict box-to-box signaling schematics downstream of G-protein-coupled receptors (GPCRs) 
and receptor tyrosine kinases (RTKs), yet it is now widely accepted that cellular signaling is much more 
web-like than linear, and the nodes of crosstalk between pathways and receptors increase in complexity and 
intricacy with each additional study. A complex network involving bidirectional crosstalk between GPCRs 
and RTKs is emerging, and this phenomenon is commonly termed “transactivation.” In this process, RTKs 
or components of RTK pathways are utilized by GPCRs or, conversely, components of classical GPCRs 
such as G proteins, GRKs, and β-arrestins are recruited downstream of activated RTKs. This chapter aims 
to summarize the emerging evidence of RTKs utilizing GPCR components, thus blurring the boundaries 
we have given them. In particular, we will follow how all of the functional components of the GPCR sys-
tem have been described for the insulin receptor (IR) and the insulin-like growth factor type 1 receptor 
(IGF-1R) and hence the rationale behind the development of a functional RTK/GPCR hybrid model. 
Given the IGF-1R’s important role in the development and maintenance of a malignant phenotype, GPCR 
components, such as the GRK/β-arrestin system, may yield important future targets in anti-IGF-1R 
therapeutics.  

  Key words     Receptor tyrosine kinase  ,   RTK  ,   Insulin-like growth factor type 1 receptor  ,   IGF-1R  , 
  Insulin receptor  ,   IR  ,   Cancer  ,   GRK  ,   Beta-arrestin  

1      Introduction 

 Shakespeare’s famous line  “That which we call a rose, by any other 
name, would smell as sweet , ”  aimed to remind us that it does not 
matter what names or categories we choose to give to things, it does 
not change what they truly are or how things truly exist. In that 
respect, the naming of RTKs solely on their tyrosine kinase activity 
masks the fact that they can also work completely independent of 
their kinase domain and outside of the “group” characteristics we 
have given them. Indeed, it is now clear that RTKs can utilize all 
components of the GPCR machinery, giving rise to new perspec-
tives on functional classifi cations. In this chapter, we describe 
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the IR/IGF-1R signaling from the GPCR-paradigm  perspective, 
focusing specifi cally on the roles played in this process by GRKs and 
β-arrestins. 

   Second to the GPCRs, the RTKs represent another major  cell sur-
face receptor family  , containing around 60 members, subdivided 
into at least 13 families [ 1 ,  2 ]. RTKs are structurally defi ned by the 
presence of a  tyrosine kinase domain  . In most cases this is joined to 
the extracellular ligand binding domain via a single transmembrane 
anchor [ 3 ]. RTKs are traditionally defi ned by their ligands and 
hence the ligand binding domains vary between receptors to 
encode specifi city. In addition, there are also signifi cant differences 
in terms of cytoplasmic kinase regions, juxtamembrane domain 
and carboxyl (C)-terminal tail among members of the same family 
and these differences are often even more important between dif-
ferent RTK classes. 

 The canonical  signaling activation model   describes the major-
ity of RTKs as an “OFF/ON” system. The  “switch-ON” mecha-
nism   is a two-step process: binding of their respective ligand 
induces the formation of receptor dimers which initiate conforma-
tional changes within intracellular domains, and secondly, trans- 
autophosphorylation of tyrosine residues within the kinase domain 
stabilizes this “ON” state [ 4 ,  5 ]. Dimerization can take place 
between two identical receptors (homodimerization), between dif-
ferent members of the same receptor family (heterodimerization), 
or in some cases, between a receptor and an accessory protein [ 6 , 
 7 ]. Autophosphorylation of adjacent receptors results in an expo-
nential increase in kinase activity and subsequent activation of 
intracellular signaling pathways [ 8 ]. The main two signaling cas-
cades emanating from RTKs are MAPK/ERK and PI3K/Akt, 
which culminate in biological effects on cell survival, cell cycle pro-
gression, proliferation, and metabolism [ 9 ]. 

 Over the last few decades, RTKs have received particular atten-
tion, not only as essential regulators of normal cellular processes 
but also as key factors involved in the development and  progres-
sion of human cancers  . In 1983, two groups published their obser-
vations of sequence homology between an oncogene and an RTK, 
namely the simian sarcoma virus oncogene  v-sis  and the platelet- 
derived growth factor (PDGF) [ 10 ,  11 ]. A year later came the fi rst 
description of a mutated RTK in cancer [ 12 ], and the list of growth 
factors, RTKs, or molecules within their signaling cascade which 
contribute to transformation and malignancy began to grow. 
Clinical data supported the fact that RTKs were intimately linked 
to  tumorigenesis   through various mechanisms: gene amplifi cation, 
overexpression, mutation, or autocrine growth factor loops [ 13 ]. 
As such, RTK therapeutic exploration has been a large research 
focus, and many strategies targeting RTKs have been developed 
and successfully translated into clinic, e.g. trastuzumab (Herceptin), 

1.1  RTK Classical 
Paradigm
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an anti-HER2 antibody used in the treatment of breast cancers [ 14 ], 
PDGFR inhibitors for gastrointestinal cancers [ 15 ], and c-KIT tar-
geting in cancers containing these oncogenic mutations [ 16 ].  

   Among RTKs, the IGF system of ligands, receptors, and binding 
proteins is undoubtedly a major player in normal cellular growth 
and differentiation, as well as in aberrant growth or metabolic dys-
regulation such as in cancer or diabetes. The IGF system is orga-
nized on three distinct levels: (1) the input layer of ligands, 
receptors, and regulatory proteins of  ligand–receptor interaction  ; 
(2) the second layer, transmission, is orchestrated by adaptors and 
enzymes of the signaling cascades, directing the information 
toward the (3) output layer of effectors through transcription fac-
tors, ultimately controlling the biological responses (Fig.  1 ). The 
input layer is represented by three ligands: insulin, IGF-1, and 
IGF-2, and although some cross activation can occur at supra- 
physiological concentrations [ 17 ], the receptors bind to their 
respective ligands with by far the greatest affi nity. IGF ligand avail-
ability is controlled by  insulin-like growth factor binding proteins 
(IGFBPs)   of which at least 7 are described [ 18 ]. The cell mem-
brane receptor members are the IR, the IGF-1R, and the 
IGF-2R. Both the IR and the IGF-1R consist of two α and two β 
subunits linked together by disulfi de bonds. Overall there is high 
sequence homology (≈70 %) between the IGF-1R and the IR [ 19 ], 
each domain to different degrees: TK domain ≈84 %, juxtamem-
brane domain ≈61 %, C-terminal domain ≈44 % [ 9 ]. Recent work 
has extended the family with additional members, including the 
antimicrobial peptide LL-37 [ 20 ], the orphan insulin-related 
receptor (IRR) [ 21 ], and the insulin-IGF-1R hybrid receptor [ 22 ].

   Whilst two-step  ligand-induced dimerization and kinase acti-
vation   is the RTK rule, the IR and the IGF-1R are the major excep-
tions. The IGF-1R and the IR both exist within the cell membrane 
as preformed dimers. Much like GPCRs, these receptors are already 
expressed as fully assembled functional units, and ligand binding 
triggers the second step only: conformational changes within the 
receptor that trans-activates the kinases located on the β-subunits. 
In an unphosphorylated state, the kinase activity is kept very low 
by the inhibitory conformation of an activation loop (A-loop) 
within the kinase region that interferes with ATP-binding [ 23 ]. 
Once agonist activated, receptor-kinase-dependent autophosphor-
ylation of tyrosine residues within this A-loop; 1131, 1135, and 
1136 in the IGF-1R and 1161, 1165, and 1166 in the IR, expo-
nentially increase the receptor kinase effi ciency. This activation in 
turn phosphorylates other residues within the β subunit that  creates 
docking sites for the signal transduction molecules of the second 
layer, including insulin receptor substrates (IRSs) and the src 
homology 2 (SH2)-domain containing transforming protein 1 
(Shc) [ 9 ]. These molecules set up the transmission of two main 

1.2  IGF-1R and IR

GRKs and IGF-1 and Insulin Signaling



154

signaling cascades: RAS/RAF/ERK and PI3K/Akt. The IRS family 
consists of 4 proteins, and IRS1 and IRS2 are well known to play 
important roles in  IGF’s metabolic effects  . IRS binding reaches 
maximum 1–2 min after phosphorylation of the tyrosine residues. 
The C-terminal domain of IRS contains multiple phosphorylation 
sites, which bind with high affi nity to SH2 domain- containing pro-
teins, guided by the specifi c phosphorylation tyrosine motif [ 9 ]. 
IRS interaction with a p85 subunit of PI3K leads to its activation 
and induces phospholipid activation of the downstream signaling 
pathway. The second major pathway begins with the binding of 
Shc, reaching maximal phosphorylation 5–10 min after IGF-1 
stimulation. Shc family consists of four members (A, B, C, and D), 
which contain a PTB domain and an SH2 domain at the N-terminal 

  Fig. 1    Classical RTK and GPCR  pathways  . The canonical IGF system can be categorized into three distinct lay-
ers. The input layer (1) is made up of ligands (insulin, IGF-1, IGF-2), IGFBPs, and surface receptors. Upon stimu-
lation, entry into layer (2) (the signaling cascade) is initiated by two main adaptor proteins: Shc and the IRSs 
(1–4). Through stepwise enzymatic activation the signal cascade is set up, following two main routes: the 
mitogen-activated protein kinase (MAPK) route and the phosphoinositide 3-kinase (PI3K) route. The signaling 
cascade arms culminate in the activation of transcription factors in layer (3), which control site-specifi c tran-
scription and generate the resulting biological effects. ( a ,  b ) GPCR functional classifi cation is based on: (1) 
ligand-induced receptor activation leading to the activation of heterotrimeric G proteins. (2) Subsequent GRK- 
dependent phosphorylation of C-terminal serine and/or threonine residues allowing β-arrestin binding to these 
specifi c phosphorylated residues with (3) β-arrestin recruitment. (4) Subsequent signaling desensitization, (5) 
activation of a β-arrestin-dependent second signaling wave, and (6) receptor endocytosis with the β-arrestin/
GRK isoform determining receptor degradation or recycling       
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and C-terminal regions respectively. Either Shc or IRS can mediate 
the activation of the MAPK cascade via Grb2 interaction. Grb2 
acts as an adaptor protein, bringing son of sevenless (sos), a gua-
nine nucleotide exchange protein that promotes the release of 
GDP and binding of GTP to the membrane bound Ras protein. 
Ras then sets up a phosphorylation cascade through Raf and the 
MAPKs pathway. Both signals culminate in nuclear translocation 
of transcription factors such as STAT3, CREB, and ElK1 orches-
trating the output later through various biological activities such as 
cell growth, proliferation, survival, and metabolism (Fig.  1 ). 

 Despite their similarities in structure and signaling, the 
IGF-1R and the IR have distinct  biological roles  . The IR is a key 
regulator of metabolic processes such as  glucose transport   and 
 biosysnthesis of fat and glycogen  , whereas the IGF-1R functions 
primarily in cell growth, proliferation, and differentiation. Mice 
with the IGF-1R gene knocked out (−/−) die at birth of respira-
tory failure and display a generalized growth defi ciency (≈50 % of 
normal size) [ 24 ]. Mice lacking IR are born almost phenotypically 
normal (≈10 % growth retardation), but develop early postnatal 
diabetes and die from ketoacidosis [ 25 ]. Interestingly, combined 
abolition of both IGF-1R and IR results in a more severe growth 
phenotype (≈30 % normal size) highlighting the redundancy of 
the two systems [ 26 ]. 

 In addition to its physiological role in normal cell  growth  , the 
IGF-1R turned out to be an important player in  cancer develop-
ment  . The fundamental evidence for this was the demonstration 
that IGF-1R knock-out mouse embryonic cells are refractory to 
transformation by several oncogenes, viruses, or overexpression of 
other RTKs [ 27 ]. Cells from wild-type littermates, as well as these 
knockout cells (R-) with the IGF-1R reinserted were readily trans-
formed. Subsequently, IGF-1R has been demonstrated to regulate 
multiple cellular functions that are intrinsically essential for the 
malignant phenotype, e.g. proliferation, survival, anchorage- 
independent growth, tumor neovascularization, migration, and 
invasion [ 28 ,  29 ]. 

 Accumulating new data suggest that insulin also plays a key 
role in tumorigenesis, both in the fact that it can act in a redun-
dant manner when the IGF-1R is inhibited, and in the formation 
of hybrid receptors. In a transgenic mouse model of  pancreatic 
β-cell neuroendocrine tumor  , upregulating IGF-1R accelerates 
 tumorigenesis  , however, antibody inhibition of IGF-1R alone had 
only modest effects on tumor growth. Notably, only combined 
IGF-1R and IR blockage signifi cantly hindered tumor growth 
[ 30 ]. In addition to their structural similarity, it has been shown 
in multiple studies that the IGF-1R and the IR can heterodimer-
ize to form IGF-1R/IR hybrid receptors [ 22 ,  31 ,  32 ]. The role of 
hybrid receptors is not clear, but some studies suggest that they 
may be expressed by cancer cells to make use of additional ligands 
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for signaling activation [ 33 ]. There are studies that show that one 
of the two IR isoforms (IR-A) is especially overexpressed in cancer. 
IR-A is the fetal isoform and importantly can bind IGF-2 as well 
as insulin [ 34 ].  Epidemiology   also supports their interaction, as 
several types of cancer (including liver, breast, colorectal, urinary 
tract, and female reproductive organs) are increased in diabetic 
patients, both in terms of incidence and mortality [ 35 ]. 

 Lending support to the  cell transformation studies  , a wide 
range of experimental data clearly demonstrate that inhibition of 
IGF-1R would be benefi cial for cancer  treatmen  t [ 36 – 39 ]. In vivo 
and in vitro studies targeting IGF-1R, including antibodies, small 
molecule inhibitors, and antisense technology, have shown that 
IGF-1R is functionally essential for tumor cell growth and prolif-
eration [ 40 ,  41 ]. However, unlike other RTKs, no clear mecha-
nism of aberrant IGF-1R can be recognized: IGF-1 or IGF-1R 
overexpression is not a general rule [ 42 ], nor does the receptor 
show intrinsic abnormalities [ 43 ]. Altogether, this suggests that 
other regulatory pathways and as yet unappreciated changes are 
likely to be involved. One recently recognized characteristic is the 
GPCR-like capabilities of the IR and the IGF-1R.   

2    IR/IGF-1R Utilize  GPCR Component  s 

   The term G-protein-coupled receptor was selected to highlight the 
main functional characteristic of the cell surface receptors that cou-
ple to and activate heterotrimeric G protein signaling and this term 
was used mainly for the seven-transmembrane receptors (7TMRs). 
Yet, the 7TMRs are not the only receptor family initiating G pro-
tein signaling and a major advancement in RTK biology is their 
recognition as activators of G-protein-mediated  signalin  g [ 9 ,  44 ]. 
At least two mechanisms were described for the G-protein signal-
ing activation downstream of RTKs: direct recruitment and activa-
tion of heterotrimeric G protein or transactivation of a 7TMR by 
an RTK or its ligands [ 45 ]. In the case of the IR family, over two 
decades ago, Luttrell et al. reported that IR was sensitive to pertus-
sis toxin [ 46 ], a toxin that uncouples the G protein subunit Gαi 
from an activated receptor. IR subjected to pertussis toxin showed 
decreased insulin-induced inhibition of adenylyl cyclase in isolated 
hepatocytes [ 47 ], which lead to altered insulin-mediated biological 
outcomes [ 48 ]. In addition, Imamura et al. found that insulin 
stimulation lead to tyrosine phosphorylation of Gα q/11  and anti-
bodies against this form inhibited insulin-stimulated translocation 
of the GLUT4 glucose transporter. Overexpression of a constitu-
tively active form of Gα q/11 , in the absence of insulin, stimulated 
glucose uptake and GLUT4 translocation to 70 % of an insulin- 
stimulated effect [ 49 ]. Given their high degree of similarity, it may 
be not surprising that the pertussis toxin sensitivity was also 

2.1  G-Protein 
Signaling Activation
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described to occur at the IGF-1R. Lefkowitz’s laboratory reported 
that IGF-1R activation of the MAPK pathway was sensitive to both 
pertussis toxin and sequestration of the G protein βγ subunits [ 50 ]. 
In rat fi broblasts, stimulation of MAPK via the IGF-1R was also 
demonstrated to be sensitive to cellular expression of a specifi c 
Gβγ-binding peptide [ 50 ]. This study clearly demonstrated that in 
addition to kinase signaling, the IGF-1R employs a GPCR-like 
mechanism for activation of  mitogenic signaling  . Strengthening 
this fi nding, subsequent studies went on to demonstrate the asso-
ciation of Gαi and Gβ with the IGF-1R in rat neuronal cells and 
mouse fi broblasts [ 51 ,  52 ]. Importantly, Gαi inhibition (pertussis 
toxin) or Gβγ sequestration selectively inhibited IGF-1-induced 
proliferation with no effect on EGFR or insulin action [ 52 ]. 

 The IGF-1R and the IR are not the only RTKs employing G 
proteins for downstream signaling activation. In an excellent 
review, Waters et al. [ 53 ] described the state of results by which 
many RTKs, such as PDGFR, EGFR, and VEGFR, can use proxi-
mal heterotrimeric G proteins to exert their biological activities. In 
addition, signaling downstream of several RTKs (e.g. TRK A, the 
receptor for the  neuronal growth factor neurotrophin (NGF)),   is 
pertussis toxin-sensitive, suggesting the involvement of G proteins 
[ 53 ,  54 ]. The authors postulate the existence of what they term 
“RTK-GPCR signaling platforms” which come about due to close 
receptor proximity and allow sharing of signaling components 
[ 55 ]. Most, if not all, RTKs either directly associate with the het-
erotrimeric G proteins or “hijack” them from neighboring GPCRs 
(Table  1 ). Yet, in addition to G-protein signaling activation, as a 
distinctive functional hallmark, GPCRs employ the  GRK/arrestin 
system   to control the intensity and duration of the signals as well 
as receptor traffi cking. Thus, a key question arises in how the IR/
IGF-1R and other RTKs fi t within this paradigm?

        The IGF-1R is probably the fi rst acknowledged case of an RTK 
engaging β-arrestins [ 56 ]. Following the discovery of Gβγ- 
mediated MAPK activation by a ligand-occupied IGF-1R [ 50 ], it 
has been recognized that both β-arrestin isoforms are recruited by 
the IGF-1R in a ligand-dependent manner [ 56 ]. In line with this, 
β-arrestins were found to orchestrate receptor endocytosis and a 
dominant negative β-arrestin1 mutant was shown to impair 
IGF-1R internalization [ 56 ]. Classically, IGF-1R internalization 
was known to be ubiquitin-dependent, through both clathrin and 
caveolin routes [ 57 – 60 ]. Following endocytosis, the receptor 
either follows a degradation or recycling route, and the balance 
between the two can be manipulated in different instances [ 60 ]. 
The mechanism was further elucidated by a distinct line of research 
investigating IGF-1R traffi cking [ 42 ], identifying MDM2 as a 
ubiquitin ligase for the IGF-1R [ 60 ]. Subsequent studies revealed that 
both β-arrestins isoforms mediate MDM2/IGF-1R interaction as 

2.2  IGF-1R/IR 
Engage the β-Arrestin/
GRK System

2.2.1   β-Arrestin 
and IGF- 1R   Traffi cking
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    Table 1  
   RTKs   utilize GPCR components   

 G-protein activation  GRK recruitment 
 β-Arrestin 
recruitment/signaling 

 β-Arrestin- 
mediated receptor 
degradation 

 IGF-1R  Sensitive to G-protein 
toxin [ 50 ] 

 Ligand-dependent 
phosphorylation of 
G-protein subunit 
[ 51 ] 

 GRK2 and GRK6 
phosphorylation 
(also possibly 
GRK3 and 
GRK5) [ 66 ] 

 β-Arrestin binding [ 52 ] 
 IGF-1R MAPK 

signaling through 
β-arrestin [ 63 ] 

 Ubiquitination and 
downregulation 
of IGF-1R 
dependent on 
β-arrestin [ 61 ] 

 IR  Sensitive to G-protein 
toxin [ 46 ] 

 Ligand-dependent 
phosphorylation of 
G-protein subunit 
[ 49 ] 

 GRK2 inhibits the 
G-protein 
signaling [ 81 ] 
(kinase 
independent) 

 PDGFR  Sensitive to G-protein 
toxin [ 102 ] 

 GRK2 
phosphorylates 
PDGF for 
desensitization 
[ 85 ] 

 PDGFβ-R 
internalization via 
GRK2/β-arrestin 
[ 83 ] possibly 
indirect through 
S1P (GPCR) 

 EGFR  Sensitivity to G-protein 
toxin [ 103 ] 

 Ligand promotes G 
subunit associated 
with receptor [ 104 ] 

 GRK2 serine 
phosphorylation 
[ 85 ] (but does 
not desensitize)    

 VEGFR  G-protein utilization 
for MAPK activation 
[ 105 ] 

 β-Arrestin2 controls 
VE-cadherin 
endocytosis after 
VEGF stimulation 
[ 106 ] (indirect) 

 TRK A  Sensitive to G-protein 
toxin—possibly 
indirect through 
GPCR LPA [ 54 ] 

 GRK2 promotes 
β-arrestin 
binding [ 54 ] 

 Overexpression of 
β-arrestin increased 
NGF-dependent 
ERK activation [ 83 ] 

 FGFR  FGF-2 migration 
sensitive  to   
G-protein toxin 
[ 107 ], proliferation 
not [ 108 ] 

  Summary of receptor tyrosine kinase members and the experimental evidence of their use of GPCR pathway compo-
nents. RTKs stated are the insulin-like growth factor type 1 receptor (IGF-1R), insulin receptor (IR), platelet derived 
growth factor receptor (PDGFR), epidermal growth factor receptor (EGFR), vascular endothelial growth factor recep-
tor (VEGFR), nerve growth factor receptor (TRK A), and fi broblast growth factor receptor (FGFR)  
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MDM2 and β-arrestins co-immunoprecipitated with the IGF-1R. 
Both in vitro and in vivo, β-arrestins enhanced MDM2- mediated 
ligand-dependent IGF-1R ubiquitination [ 61 ] and degradation, 
yet the β-arrestin isoform 1 appeared to be more strongly associ-
ated with receptor downregulation than isoform 2. Altogether, 
β-arrestin 1 was demonstrated to act as an essential component in 
the ubiquitination and endocytosis of the IGF-1R [ 61 ].  

   Whilst initially categorized  as   GPCR’s desensitization route, 
β-arrestin is now understood to be a multi-task protein. Integral to 
retaining receptor sensitivity, β-arrestin uncouples G proteins from 
an activated receptor and internalizes the receptor via clathrin- 
mediated endocytosis, for degradation or recycling. In addition, 
β-arrestin activates a second wave of signaling, independent of G 
proteins by acting as a scaffold to the MAPK components [ 62 ]. At 
least three lines of evidence indicate that the IGF-1R/β-arrestin 
interaction follows this model. Firstly, IGF-1R’s mitogenic signal-
ing is sensitive to β-arrestin1 inhibition, demonstrated through 
microinjection of a β-arrestin1-specifi c antibody [ 52 ]. Secondly, it 
was shown that IGF-1R stimulation leads to the ubiquitination of 
β-arrestin1, which regulates vesicular traffi cking and activation of 
ERK1/2. This β-arrestin1-dependent ERK activity occurred even 
when the classical tyrosine kinase signaling was impaired. Through 
siRNA suppression of β-arrestin1, this ERK signaling was shown to 
contribute to cell cycle progression, and thus is an integral part of 
IGF-1R’s mitogenic signaling [ 63 ]. The  corollary   of these studies 
is that in addition to kinase-mediated signaling, the IGF-1R acti-
vates MAPK through G proteins and β-arrestin1 (Fig.  2 ). Yet, a key 
question to be answered is whether the latter are mutually exclusive 
thus supporting the desensitizing paradigm. For an RTK, due to 
the intrinsic kinase activity, separating different branches of MAPK 
activation is more complicated than for a prototypical GPCR. 
Nevertheless, the third line of evidence supports a β-arrestin-
desenzitization model for the IGF-1R. Experimental models pro-
moting a IGF-1R/β-arrestin association, without kinase activation, 
revealed the tendency for unbalanced IGF-1- induced MAPK sig-
naling with a decreased early (G-protein) and enhanced late 
(β-arrestin) component, supporting a desensitizing role for the 
β-arrestin [ 63 – 65 ]. Moreover, identifi cation of the GRKs, as medi-
ators of β-arrestin recruitment to an activated IGF-1R, further sup-
ports a GPCR-like mechanism (see below and [ 9 ,  44 ,  66 ]).

   There are different ways by which β-arrestin mediates signaling 
downstream of the IGF-1R. Signaling mediation can be through 
β-arrestin’s control of  IGF-1R endocytosis  . It has been shown 
that IGF-1-mediated Shc phosophorylation and p42/44 activa-
tion rely on endocytosis of the IGF-1R [ 56 ], as demonstrated by 
using low temperature and dansylcadaverine (chemical inhibitor 
of endocytosis) [ 67 ]. In addition, β-arrestin regulates IGF-1R 

2.2.2   β-Arrestin 
and IGF-1R Signaling
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endocytosis by controlling its ubiquitination [ 61 ]. While not yet 
studied directly in the case of the IGF-1R, it is well documented 
in the GPCR fi eld, as well as for IR (see below), that β-arrestin 
acts as a scaffold for the components of the MAPK pathway [ 68 ]. 
By acting as a physical scaffold β-arrestin can create functional 
signaling modules that control MAPK signal specifi city [ 69 ,  70 ]. 
In the case of the IGF-1R, β-arrestin is also required for an anti-
apoptotic response through Akt activation and this action is inde-
pendent of G proteins and ERK activity [ 71 ].  

   The IR, like most receptors, undergoes degradation upon persis-
tent ligand stimulation. The IR shares 85 % sequence homology 
with the IGF-1R, yet their C-terminal (β-arrestin binding domain) 
tails are less conserved (44 %) explaining why the two receptors 
respond differently to β-arrestin perturbations [ 1 ]. The IR has 
been shown to bind β-arrestin1 in a ligand-dependent manner 
[ 52 ] with similar kinetics to IGF-1R, however, IR traffi cking is not 
modifi ed by β-arrestin alterations. Nevertheless, in the case of IR, 

2.2.3   β-Arrestin and IR 
Traffi cking and  Signalin  g

  Fig. 2    RTK/GPCR hybrid  model  . Experimental evidence has shown that in addition to the prototypical kinase 
signaling, the IGF-1R (in a ligand-dependent fashion) (1) leads to the activation of heterotrimeric G proteins, (2) 
subsequent GRK-dependent phosphorylation of C-terminal serine residues which leads to (3) β-arrestin 
recruitment, (4) subsequent signaling desensitization, (5) activation of a β-arrestin-dependent second signal-
ing wave followed by (6) receptor degradation or recycling. Altogether it is concluded that by all functional defi -
nitions the IGF-1R can act as a GPCR       

 

Leonard Girnita et al.



161

β-arrestins recruitment has a major impact on IR biological activities 
by controlling the signaling pathways downstream of an activated 
receptor. Upon insulin stimulation, the major IR substrate (IRS-1) 
is ubiquitinated [ 72 ,  73 ] by the same E3 ligase as IGF-1R, MDM2. 
Usui et al. demonstrated that MDM2 associates with IRS-1 in a 
ligand-dependent manner and is targeting IRS-1 for proteasomal 
degradation. This process was demonstrated to be dependent on 
β-arrestin1, yet in the opposite way to IGF-1R. Overexpressing 
β-arrestin1 prevented insulin-induced IRS-1 ubiquitination, and 
β-arrestin1 downregulation enhanced IRS-1 degradation. One 
possible scenario is that IRS-1 and IGF-1R compete for the same 
ligase, while β-arrestin1 directs MDM2 toward either substrate. 
Another possibility is that IGF-1R and IR preferentially utilize dif-
ferent arrestin isoform and the competition is at this level. This 
scenario is supported by the studies investigating the effects of 
β-arrestin1-mediated signaling downstream of IR. β-arrestin1 inhi-
bition, which impaired IGF-1 signaling, had no effect on insulin 
mediated metabolic (GLUT4 translocation, glucose uptake) or 
mitogenic effects (ERK phosphorylation, DNA synthesis, or ERK-
mediated transcriptional activity) [ 52 ,  74 ]. On the other hand, a 
crucial role has been reported for β-arrestin2 in controlling IR 
metabolic effects [ 75 ]. Insulin resistance, a hallmark of type 2 
diabetes, includes a defective IR that is less responsive to insulin 
stimulation. Diabetic mouse models show decreased expression of 
β-arrestin2. In addition, knockdown of β-arrestin2 exacerbates 
insulin resistance, whereas administration of β-arrestin2 restores 
insulin sensitivity by scaffolding Akt and Src to the IR [ 75 ]. 
Increasing the complexity of the system, competition between 
IGF-1R and IR for β-arrestins was demonstrated by heterologous 
desensitization of IGF-1R (and adrenergic receptor) following 
prolonged IR stimulation. Insulin treatment for 12 h reduced 
IGF-1R mitogenic signaling ability, by inducing ≈50 % decrease in 
cellular β-arrestin levels [ 74 ]. In contrast to utilizing it for signal-
ing activation, IR activation leads to β-arrestin ubiquitination and 
proteasome-mediated degradation, impairing both IGF-1R and 
GPCR signaling. 

 Through numerous studies, the IR’s use of β- arrestin   is being 
built. It is clear that although both the IR and the IGF-1R utilize 
β-arrestin, their exact mechanisms differ. At multiple points, use of 
the same substrate infers points of competition and crosstalk 
between the closely related receptors.  

   In the case of the IGF-1R, β-arrestins play a dual regulatory role; 
 receptor downregulation   (with subsequent kinase and possible 
G-protein signaling attenuation), and a new wave of  β-arrestin- 
dependent signaling activation  . This model fully resembles the 
β-arrestin paradigm for the larger GPCR family; while internalizing 
the GPCR and ending G-protein signaling, β-arrestins activate the 

2.2.4   GRKs   and IGF-1R/
IR Signaling
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MAPK pathway [ 62 ,  76 ,  77 ]. The next logical question is whether 
the mechanism of GRK-dependent serine phosphorylation to cre-
ate β-arrestins binding sites [ 62 ,  78 ,  79 ] is conserved in the case of 
IGF-1R. 

 Investigating this scenario we uncovered that an activated 
IGF-1R allows recruitment of GRK proteins, specifi cally with bal-
ancing effects between GRK2 and GRK6 [ 66 ]. The GRK isoform 
employed, as well as phosphorylated serine residue, confer specifi c-
ity for the β-arrestin action by controlling the duration and strength 
of its interaction with the IGF-1R [ 49 ]. GRK2 and GRK6 co- 
immunoprecipitate with the IGF-1R and increase IGF-1R serine 
phosphorylation, promoting β-arrestin1 association. By suppress-
ing GRK expression with siRNA, we found that GRK5/6 inhibi-
tion mitigates IGF-1-mediated ERK and AKT activation, whereas 
GRK2 inhibition has opposing effects on ERK signaling. 
Conversely, β-arrestin-mediated ERK activation is enhanced by 
overexpression of GRK6 and diminished by GRK2. The same bal-
ancing effects of GRK2 and GRK6 were observed for IGF-1R 
downregulation: GRK2 decreases whereas GRK6 enhances ligand- 
induced degradation. Mutation analysis identifi ed serine 1248 and 
1291 as the major serine phosphorylation sites and potential 
β-arrestin binding sites of the IGF-1R. Targeted mutation of 
S1248 recapitulates GRK2 modulation, promoting a transient 
receptor/arrestin interaction whereas S1291 mutation resembles 
GRK6 effects and a stable IGF-1R/arrestin association with 
enhanced receptor degradation and signaling activation. The cor-
ollary of this study is that GRK2 or GRK5/6-dependent phos-
phorylation of IGF-1R C-terminal serine residues 1248 or 1291, 
respectively, allows β-arrestin1 recruitment, with the residue that is 
 phosphorylated   controlling the duration and strength of the 
β-arrestin/IGF-1R association.  

   Building on the fi ndings that an activated IR can phosphorylate 
the heterotrimeric protein component Gαq/11 with downstream 
glucose transport stimulation [ 49 ,  80 ] and taking into consider-
ation the GRK2 specifi city for Gαq/11, Olefsky et al. investigated 
the G-protein signaling desensitization by GRK2. Confi rming the 
working hypothesis, inhibition of GRK2 by antibody microinjec-
tion, dominant-negative GRK2 expression, or siRNA-mediated 
GRK2 knockdown enhanced 3T3-L1 adipocytes response to insu-
lin stimulation in terms of GLUT4 translocation and activation of 
glucose transport [ 81 ]. Conversely, in the rescue experiments, 
overexpression of GRK2 inhibits insulin-stimulated glucose trans-
port, validating GRK2 as an endogenous protein inhibitor of insu-
lin signaling and glucose uptake [ 81 ]. Yet, the GRK2 desensitizing 
effects on Gαq/11 signaling downstream of IR is not completely 
equivalent to the GPCR paradigm as expression of a kinase- 
defective GRK2 mutant showed increased glucose uptake, sug-

2.2.5   GRKs   and IR 
Signaling
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gesting a kinase-independent mechanism. As endogenous GRK2 
co-precipitates with Gαq/11 in an insulin-dependent manner, 
further experiments demonstrated that the amino (N′)-termini of 
GRKs that contain an RGS-like domain are necessary for the 
inhibitory function of GRK2 on insulin-stimulated GLUT4 
translocation.  

   Clearly, the  GRK/β-arrestin system   modulates signaling and bio-
logical activities downstream of the IGF-1R and IR. In addition, 
the activity of several other RTKs is also controlled by different 
GRK isoforms, either alone or in a β-arrestin-dependent manner 
(for extensive review see [ 1 ] and Table  1 ). EGFR and its cognate 
ligand EGF have been shown to recruit β-arrestin1 in a ligand- 
dependent manner [ 52 ] and a C-terminal β-arrestin1 fragment 
which cannot direct receptor endocytosis, impairs EGF-induced 
MAPK activation, suggesting β-arrestin1’s signaling involvement. 
There are also other studies indicating that inhibition of β-arrestin1 
had no effect on MAPK activation [ 12 ,  49 ]. However, ligand- 
activated EGFR led to translocation of GRK2 to the plasma mem-
brane in a Gβγ subunit-dependent manner and increased p42/44 
phosphorylation [ 1 ,  82 ]. 

 Similarly, in the platelet-derived growth factor (PDGF) system, 
β-arrestin1 and GRK2 were associated with the receptor in a 
ligand-dependent manner [ 83 ], however this association depends 
upon the formation of a complex between the PDGFR and a 
GPCR, the endothelial differentiation gene 1 receptor (EDG-1R). 
PDGF binds to its receptor, the PDGFR trans-activates the 
EDG-1R, which causes β-arrestin1 translocation to the plasma 
membrane and subsequent complex internalization via clathrin- 
mediated endocytosis [ 84 ]. GRK2 recruitment to PDGFR was 
demonstrated to increase the phosphorylation of PDGFR serines 
and initiate a ligand-dependent inhibitory feedback on the recep-
tor kinase activity and its downstream signaling [ 1 ]. Reciprocally, 
GRK2 was also shown to be activated following interaction with an 
activated PDGFR. In a similar manner to IGF-1R [ 66 ], ligand- 
induced ubiquitination of the PDGFR was enhanced in cells over-
expressing GRK2 without increasing its downregulation [ 85 ]. 
More importantly, this study suggested that specifi city of GRK2 
for RTKs may be controlled by the ability to recruit and activate 
the G-protein signaling.   

   Whilst recognizing RTK’s essential role in initiating, maintaining, 
and promoting the malignant  phenotype  , and secondly, identifying 
GRK’s role in routing downstream signaling, one must question 
what the GRK’s roles are in cancer, and whether they may provide 
a suitable therapeutic target. 

 It is becoming increasingly clear that GRK’s cellular role is by 
no means limited to promoting β-arrestin binding to activated 

2.2.6   GRK/β-Arrestin 
System   and Other RTKs
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GPCRs. Instead, GRKs are multi-domain proteins with diverse 
cellular functions, and in particular, GRK2 is being recognized as a 
key node in signal transduction pathways [ 86 ] downstream of both 
GPCRs and RTKs. Emerging evidence points at GRK2 as an 
important cell cycle regulator. GRK2 knockout mice are embry-
onic lethal [ 87 ] and the mechanism goes beyond cardiac-specifi c 
abnormalities, as the complete GRK2 KO embryos display gener-
alized growth retardation as well as some other developmental 
abnormalities as opposed to the viable and normal growth pheno-
type of the GRK2 cardiac-specifi c deletion [ 88 ]. The growth retar-
dation of GRK2 KO embryos strongly suggests that the protein 
plays a role in basic cellular functions such as growth, proliferation, 
and differentiation [ 86 ]. Of note, zebrafi sh models using knock-
down of the GRK2 ortholog that have shown a similar develop-
mental growth arrest to murine models can be partially restored by 
expression of a kinase-inactive GRK2 mutant [ 89 ], reinforcing the 
important GRK2 roles on the growth phenotype, both kinase 
dependent and independent. In a HEK293T system, response to 
EGF relied on GRK2 to potentiate MAPK activation [ 90 ], as in 
normal osteoblasts; a dominant negative GRK2 mutant (K220R) 
reduced MAPK activation in response to IGF-1 and EGF, which 
translated into a blunted cellular proliferation [ 91 ]. 

 There are a few studies investigating GRK expression and func-
tion in the context of cancer [ 92 ]. King et al. reported an increased 
expression of GRK2 protein in a malignant human ovarian granu-
losa tumor cell line as well as in patient-derived tissue samples. 
These tumor cells express signifi cantly less GRK4 α/β protein and 
higher levels of GRK2 and GRK4 γ/δ protein as compared to non-
malignant human granulosa cells [ 93 ]. Likewise, increased GRK2 
was observed in differentiated thyroid carcinoma (DTC), with a 
signifi cant decrease in GRK5 expression [ 94 ]. Functional studies 
demonstrated that growth of prostate tumor xenografts were 
retarded in mice following GRK2 inhibition by GRK2ct [ 95 ]. 
GRK2 acts to inhibit TGF-mediated growth arrest and apoptosis 
in human hepatocarcinoma cells [ 96 ], however this action is likely 
to be cell type specifi c as GRK2 seems to reduce PDGF-induced 
proliferation of thyroid cancer cell lines [ 97 ]. 

 GRKs are also emerging as important nodes in modulation of 
signaling controlling cell migration. GRK2 can play a role in the 
organization of  actin and microtubule networks   and in adhesion 
dynamics, through interaction with substrates such as the GIT1 
scaffold or the cytoplasmic α-tubulin deacetylase histone deacety-
lase 6 (HDAC6). Overall the emerging effect of GRK2 modula-
tion on cell migration is not straightforward, and seems to depend 
upon cell type and physiological context (for review see [ 98 ]). In a 
physiologically normal context, GRK2 was demonstrated to pro-
mote migration toward fi bronectin in numerous epithelial cell lines 
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and fi broblasts, in a kinase-independent fashion [ 99 ]. In contrast, in 
mesenchymal-derived cells such as immune T cells, GRK2 silenc-
ing increases chemotaxis and signaling in response to CCL4 [ 100 ]. 
In this context, GRK2 plays a role more intuitive of GPCR desen-
sitization, in the integral turnover of GPCR chemokine receptors 
at the leading edge of a migrating cell [ 86 ,  101 ]. The role GRKs 
play in migration is clearly very context-dependent; however their 
clear upregulation in certain malignant cancers warrants explora-
tion of their potential in metastatic control.  

   The instances examined  here   account for two separate processes. 
First, transactivation or receptor crosstalk is an indirect method by 
which an RTK can utilize GPCR components. Many of the RTKs 
use this platform, whereby their ligand-induced activation can in 
turn activate a GPCR or vice versa. The second scenario, high-
lighted in this chapter for the case of the IGF-1R, is the direct 
utilization of GPCR components by an RTK, completely indepen-
dent of a GPCR. In this respect, in addition to its classical kinase 
activity, the IGF-1R has been recognized to operate as a prototypi-
cal GPCR with all functional characteristics: (1) G-protein signal-
ing activation [ 50 ,  52 ], (2) GRK-dependent phosphorylation of 
the receptor serine residues [ 66 ], (3) β-arrestin binding to the 
phosphorylated serine residues [ 61 ,  63 ,  66 ], (4) desensitization of 
G-protein signaling, (5) activation of the second signaling wave, 
originating from β-arrestins [ 63 ,  66 ], and (6) receptor endocytosis 
with subsequent recycling or degradation [ 61 ,  66 ]. Altogether this 
strongly supports the updating of the IGF-1R from a prototypical 
RTK to an RTK/GPCR functional hybrid. This model takes into 
consideration that the IGF-1R can initiate both G-protein signal-
ing and classical kinase signaling. In this scenario, the regulatory 
role of β-arrestin, on receptor signaling activation [ 63 ] could be 
interpreted as desenzitization of the G-protein signaling, kinase 
signaling attenuation through endocytosis in connection with a 
new wave of β-arrestin-dependent MAPK activation [ 62 ,  76 ,  77 ]. 
This paradigm is endorsed by the key mechanism switching 
between downstream signaling pathways as well as between traf-
fi cking routes: phosphorylation of specifi c serine residues by the 
GRKs [ 62 ,  78 ,  79 ] (Fig.  2 ). 

 Featuring a GPCR-like pattern within the  RTK   perspective 
could explain the impossible behavior of the “kinase-only” IGF-1R, 
such as kinase-independent signaling or kinase-independent down-
regulation. Far from being simply a theoretical exercise, such an 
updating would have at least two major implications. First, high-
lighting the evidence of non-tyrosine-kinase signaling, so far 
neglected in targeting strategies, reveals the shortcomings of a 
kinase inhibitor in this system as well as strategies to counteract 
them (for review see [ 44 ]). On the bright side, this also points to 
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new possibilities in anti-IGF-1R therapeutic strategies. In the 
model, we propose that the receptor conformation that activates 
the kinase cascade can be distinct from that which interacts with 
β-arrestins, thus indicating that IGF-1R signaling could be acti-
vated and/or downregulated in a “biased manner” via β-arrestins, 
even by IGF-1R inhibitors or GRK modulators. In addition, rec-
ognizing the β-arrestin/GRK system as a central modulator of the 
intracellular signaling may open new perspectives in the search for 
molecular-designed treatments of cancer. In particular, proteins 
that modify IGF-1R (as well as other major RTKs) function have 
potential as biomarkers in diagnosis and in evaluating the outcome 
of therapy. Such proteins also have potential to be new targets and 
may ultimately be better targets than the IGF-1R itself.   

3    Conclusions 

 Today, targeting the IGF-1R and components of its signaling path-
way in different forms of cancer is a major research area. Although 
clearly insuffi cient to explain the complexities of IGF-1R signaling, 
the classical RTK “kinase only” paradigm has been used thus far in 
selecting anti-IGF-1R agents. The present review highlights the 
facts that in addition to the classical kinase pathway, IGF-1R activ-
ity and its biological effects are controlled by the prototypical com-
ponents of the GPCR signaling pathway including the  GRK/
arrestin system. In this context, the complexity of IGF-1R behav-
ior following exposure to agonists or inhibitors reinforces the need 
to understand the relationships between different signaling path-
ways and between signaling and biological effects. Only an updat-
ing of the working model and a true appreciation of signaling 
complexities across receptor subfamilies, can unearth an effective 
anti-IGF-1R therapeutic and make use of these crucial GPCR 
“borrowed” components. This stands true not only for the IGF-1R 
but also for other RTKs, whose aberrant activity is associated with 
ageing, diabetes, metabolic syndrome, cancer, and Alzheimer’s dis-
ease, to name but a few, and therefore such an updating cannot be 
underappreciated in drug development.     

  Acknowledgements  

 Research support for Leonard Girnita’s group: Swedish Research 
Council, Swedish Cancer Society, Children Cancer Society, Crown 
Princess Margareta’s Foundation for the Visually Impaired, 
Welander Finsen Foundation, King Gustaf V Jubilee Foundation, 
Stockholm Cancer Society, the Stockholm County, and Karolinska 
Institutet.  

Leonard Girnita et al.



167

   References 

        1.    Hupfeld CJ, Olefsky JM (2007) Regulation 
of receptor tyrosine kinase signaling by GRKs 
and beta-arrestins. Annu Rev Physiol 
69:561–577  

    2.    Aaronson SA (1991) Growth-factors and can-
cer. Science 254(5035):1146–1153  

    3.    Ullrich A, Schlessinger J (1990) Signal trans-
duction by receptors with tyrosine kinase- 
activity. Cell 61(2):203–212  

    4.    Heldin CH (1995) Dimerization of cell- 
surface receptors in signal-transduction. Cell 
80(2):213–223  

    5.    Weiss A, Schlessinger J (1998) Switching sig-
nals on or off by receptor dimerization. Cell 
94(3):277–280  

    6.    Heldin CH, Ostman A (1996) Ligand- 
induced dimerization of growth factor recep-
tors: variations on the theme. Cytokine 
Growth Factor Rev 7(1):3–10  

    7.    Lemmon MA, Schlessinger J (1994) 
Regulation of signal-transduction and signal 
diversity by receptor oligomerization. Trends 
Biochem Sci 19(11):459–463  

    8.    Lemmon MA, Schlessinger J (2010) Cell sig-
naling by receptor tyrosine kinases. Cell 
141(7):1117–1134  

         9.    Girnita L, Worrall C, Takahashi S, Seregard S, 
Girnita A (2014) Something old, something 
new and something borrowed: emerging par-
adigm of insulin-like growth factor type 1 
receptor (IGF-1R) signaling regulation. Cell 
Mol Life Sci 71(13):2403–2427  

    10.    Waterfi eld MD, Scrace GT, Whittle N, 
Stroobant P, Johnsson A, Wasteson A, 
Westermark B, Heldin CH, Huang JS, Deuel 
TF (1983) Platelet-derived growth factor is 
structurally related to the putative transform-
ing protein p28sis of simian sarcoma virus. 
Nature 304(5921):35–39  

    11.    Doolittle RF, Hunkapiller MW, Hood LE, 
Devare SG, Robbins KC, Aaronson SA, 
Antoniades HN (1983) Simian sarcoma virus 
onc gene, v-sis, is derived from the gene (or 
genes) encoding a platelet-derived growth 
factor. Science 221(4607):275–277  

     12.    Ullrich A, Coussens L, Hayfl ick JS, Dull TJ, 
Gray A, Tam AW, Lee J, Yarden Y, 
Libermann TA, Schlessinger J, Downward J, 
Mayes ELV, Whittle N, Waterfi eld MD, 
Seeburg PH (1984) Human epidermal 
growth-factor receptor CDNA sequence 
and aberrant expression of the amplifi ed 
gene in A431  epidermoid carcinoma-cells. 
Nature 309(5967):418–425  

    13.    Roberts PJ, Der CJ (2007) Targeting the Raf- 
MEK- ERK mitogen-activated protein kinase 

cascade for the treatment of cancer. Oncogene 
26(22):3291–3310  

    14.    Wong WM (1999) Trastuzumab: anti-HER2 
antibody for treatment of metastatic breast 
cancer. Cancer Pract 7(1):48–50  

    15.    Abdel-Rahman O (2015) Targeting platelet- 
derived growth factor (PDGF) signaling in 
gastrointestinal cancers: preclinical and clini-
cal considerations. Tumor Biol 36(1):21–31  

    16.    Ashman LK, Griffi th R (2013) Therapeutic 
targeting of c-KIT in cancer. Expert Opin Inv 
Drug 22(1):103–115  

    17.    Baserga R (1995) The insulin-like growth fac-
tor I receptor: a key to tumor growth? Cancer 
Res 55(2):249–252  

    18.    Jones JI, Clemmons DR (1995) Insulin-like 
growth-factors and their binding-proteins—
biological actions. Endocr Rev 16(1):3–34  

    19.    Ullrich A, Gray A, Tam AW, Yangfeng T, 
Tsubokawa M, Collins C, Henzel W, Lebon 
T, Kathuria S, Chen E, Jacobs S, Francke U, 
Ramachandran J, Fujitayamaguchi Y (1986) 
Insulin-like growth factor-I receptor pri-
mary structure—comparison with insulin-
receptor suggests structural determinants 
that defi ne functional specifi city. EMBO 
J 5(10):2503–2512  

    20.    Girnita A, Zheng H, Gronberg A, Girnita L, 
Stahle M (2012) Identifi cation of the catheli-
cidin peptide LL-37 as agonist for the type I 
insulin-like growth factor receptor. Oncogene 
31(3):352–365  

    21.    Raizada MK (1993) Insulin receptor-related 
receptor—an orphan with neurotrophic neu-
romodulatory potential. Endocrinology 
133(1):1–2  

     22.    Soos MA, Whittaker J, Lammers R, Ullrich A, 
Siddle K (1990) Receptors for insulin and 
insulin-like growth factor-I can form hybrid 
dimers—characterization of hybrid receptors 
in transfected cells. Biochem J 270(2):
383–390  

    23.    Favelyukis S, Till JH, Hubbard SR, Miller 
WT (2001) Structure and autoregulation of 
the insulin-like growth factor 1 receptor 
kinase. Nat Struct Biol 8(12):1058–1063  

    24.    Liu JP, Baker J, Perkins AS, Robertson EJ, 
Efstratiadis A (1993) Mice carrying null 
mutations of the genes encoding insulin-like 
growth factor-I (Igf-1) and type-1 Igf recep-
tor (Igf1r). Cell 75(1):59–72  

    25.    Kitamura T, Kahn CR, Accili E (2003) Insulin 
receptor knockout mice. Annu Rev Physiol 
65:313–332  

    26.    Efstratiadis A (1998) Genetics of mouse 
growth. Int J Dev Biol 42(7):955–976  

GRKs and IGF-1 and Insulin Signaling



168

    27.    Sell C, Dumenil G, Deveaud C, Miura M, 
Coppola D, DeAngelis T, Rubin R, 
Efstratiadis A, Baserga R (1994) Effect of a 
null mutation of the insulin-like growth factor 
I receptor gene on growth and transforma-
tion of mouse embryo fi broblasts. Mol Cell 
Biol 14(6):3604–3612  

    28.    Baserga R, Peruzzi F, Reiss K (2003) The 
IGF-1 receptor in cancer biology. Int J Cancer 
107(6):873–877  

    29.    Girnita A, All-Ericsson C, Economou MA, 
Astrom K, Axelson M, Seregard S, Larsson 
O, Girnita L (2006) The insulin-like growth 
factor- I receptor inhibitor picropodophyllin 
causes tumor regression and attenuates 
mechanisms involved in invasion of uveal 
melanoma cells. Clin Cancer Res 12(4):
1383–1391  

    30.    Ulanet DB, Ludwig DL, Kahn CR, Hanahan 
D (2010) Insulin receptor functionally 
enhances multistage tumor progression and 
conveys intrinsic resistance to IGF-1R tar-
geted therapy. Proc Natl Acad Sci U S A 
107(24):10791–10798  

    31.    Soos MA, Siddle K (1989) Immunological 
relationships between receptors for insulin 
and insulin-like growth factor-I—evidence 
for structural heterogeneity of insulin-like 
growth factor-I receptors involving hybrids 
with insulin- receptors. Biochem J 263(2):
553–563  

    32.    Moxham CP, Duronio V, Jacobs S (1989) 
Insulin-like growth factor-I receptor beta- 
subunit heterogeneity—evidence for hybrid 
tetramers composed of insulin-like growth 
factor-I and insulin-receptor heterodimers. 
J Biol Chem 264(22):13238–13244  

    33.    Pandini G, Frasca F, Mineo R, Sciacca L, 
Vigneri R, Belfi ore A (2002) Insulin/insulin- 
like growth factor I hybrid receptors have dif-
ferent biological characteristics depending on 
the insulin receptor isoform involved. J Biol 
Chem 277(42):39684–39695  

    34.    Belfi ore A (2007) The role of insulin receptor 
isoforms and hybrid insulin/IGF-I receptors 
in human cancer. Curr Pharm Des 13(7):
671–686  

    35.    Vigneri P, Frasca F, Sciacca L, Pandini G, 
Vigneri R (2009) Diabetes and cancer. 
Endocr Relat Cancer 16(4):1103–1123  

    36.    Girnita L, Wang M, Xie Y, Nilsson G, Dricu 
A, Wejde J, Larsson O (2000) Inhibition of 
N-linked glycosylation down-regulates 
insulin- like growth factor-1 receptor at the 
cell surface and kills Ewing’s sarcoma cells: 
therapeutic implications. Anticancer Drug 
Des 15(1):67–72  

   37.    Wang M, Xie Y, Girnita L, Nilsson G, Dricu 
A, Wejde J, Larsson O (1999) Regulatory 
role of mevalonate and N-linked glycosylation 
in proliferation and expression of the EWS/
FLI-1 fusion protein in Ewing's sarcoma cells. 
Exp Cell Res 246(1):38–46  

   38.    Girnita A, Girnita L, del Prete F, Bartolazzi 
A, Larsson O, Axelson M (2004) Cyclolignans 
as inhibitors of the insulin-like growth fac-
tor-1 receptor and malignant cell growth. 
Cancer Res 64(1):236–242  

    39.    Baserga R (2005) The insulin-like growth 
factor-I receptor as a target for cancer therapy. 
Expert Opin Ther Targets 9(4):753–768  

    40.    Gualberto A, Pollak M (2009) Emerging 
role of insulin-like growth factor receptor 
inhibitors in oncology: early clinical trial 
results and future directions. Oncogene 
28(34):3009–3021  

    41.    Furukawa J, Miyake H, Fujisawa M (2012) 
Antisense oligonucleotide targeting Insulin- 
like growth factor-1 receptor (IGF-1R) 
enhances paclitaxel sensitivity in a castrate- 
resistant and paclitaxel-resistant prostate can-
cer model. Eur Urol Suppl 11(1):E234  

     42.    Girnita L, Girnita A, Brodin B, Xie Y, Nilsson 
G, Dricu A, Lundeberg J, Wejde J, Bartolazzi 
A, Wiman KG, Larsson O (2000) Increased 
expression of insulin-like growth factor I 
receptor in malignant cells expressing aber-
rant p53: functional impact. Cancer Res 
60(18):5278–5283  

    43.    Beauchamp MC, Yasmeen A, Knafo A, 
Gotlieb WH (2010) Targeting insulin and 
insulin-like growth factor pathways in epithe-
lial ovarian cancer. J Oncol 2010:257058  

      44.    Crudden C, Ilic M, Suleymanova N, Worrall 
C, Girnita A, Girnita L (2015) The dichot-
omy of the Insulin-like growth factor 1 recep-
tor: RTK and GPCR: friend or foe for cancer 
treatment? Growth Horm IGF Res 25(1):
2–12  

    45.    Natarajan K, Berk BC (2006) Crosstalk 
coregulation mechanisms of G protein- 
coupled receptors and receptor tyrosine 
kinases. Methods Mol Biol 332:51–77  

     46.    Luttrell L, Kilgour E, Larner J, Romero G 
(1990) A pertussis toxin-sensitive G-protein 
mediates some aspects of insulin action in 
BC3H-1 murine myocytes. J Biol Chem 
265(28):16873–16879  

    47.    Heyworth CM, Grey AM, Wilson SR, Hanski 
E, Houslay MD (1986) The action of islet 
activating protein (pertussis toxin) on insulin 
ability to inhibit adenylate-cyclase and acti-
vate cyclic-AMP phosphodiesterases in hepa-
tocytes. Biochem J 235(1):145–149  

Leonard Girnita et al.



169

    48.    Rothenberg PL, Kahn CR (1988) Insulin 
inhibits pertussis toxin-catalyzed ADP- 
ribosylation of G-proteins—evidence for a 
novel interaction between insulin-receptors 
and G-proteins. J Biol Chem 263(30):
15546–15552  

        49.    Imamura T, Vollenweider P, Egawa K, Clodi 
M, Ishibashi K, Nakashima N, Ugi S, Adams 
JW, Brown JH, Olefsky JM (1999) G alpha-
 q/11 protein plays a key role in insulin- 
induced glucose transport in 3T3-L1 
adipocytes. Mol Cell Biol 19(10):6765–6774  

        50.    Luttrell LM, van Biesen T, Hawes BE, Koch 
WJ, Touhara K, Lefkowitz RJ (1995) G beta 
gamma subunits mediate mitogen-activated 
protein kinase activation by the tyrosine 
kinase insulin-like growth factor 1 receptor. 
J Biol Chem 270(28):16495–16498  

     51.    Hallak H, Seiler AEM, Green JS, Ross BN, 
Rubin R (2000) Association of heterotrimeric 
G(i) with the insulin-like growth factor-I 
receptor—Release of G(beta gamma) sub-
units upon receptor activation. J Biol Chem 
275(4):2255–2258  

           52.    Dalle S, Ricketts W, Imamura T, Vollenweider 
P, Olefsky JM (2001) Insulin and insulin-like 
growth factor I receptors utilize different G 
protein signaling components. J Biol Chem 
276(19):15688–15695  

     53.    Waters C, Pyne S, Pyne NJ (2004) The role of 
G-protein coupled receptors and associated 
proteins in receptor tyrosine kinase signal 
transduction. Semin Cell Dev Biol 15(3):
309–323  

      54.    Rakhit S, Pyne S, Pyne NJ (2001) Nerve 
growth factor stimulation of p42/p44 
mitogen- activated protein kinase in PC12 
cells: role of G(i/o), G protein-coupled 
receptor kinase 2, beta-arrestin I, and endo-
cytic processing. Mol Pharmacol 60(1):
63–70  

    55.    Pyne NJ, Pyne S (2011) Receptor tyrosine 
kinase-G-protein-coupled receptor signalling 
platforms: out of the shadow? Trends 
Pharmacol Sci 32(8):443–450  

       56.    Lin FT, Daaka Y, Lefkowitz RJ (1998) beta- 
arrestins regulate mitogenic signaling and 
clathrin-mediated endocytosis of the insulin- 
like growth factor I receptor. J Biol Chem 
273(48):31640–31643  

    57.    Sehat B, Andersson S, Vasilcanu R, Girnita L, 
Larsson O (2007) Role of ubiquitination in 
IGF-1 receptor signaling and degradation. 
PLoS One 2(4):e340  

   58.    Vecchione A, Marchese A, Henry P, Rotin D, 
Morrione A (2003) The Grb10/Nedd4 com-
plex regulates ligand-induced ubiquitination 

and stability of the insulin-like growth factor I 
receptor. Mol Cell Biol 23(9):3363–3372  

   59.    Larsson O, Girnita A, Girnita L (2005) Role 
of insulin-like growth factor 1 receptor 
 signalling in cancer. Br J Cancer 92(12):
2097–2101  

      60.    Girnita L, Girnita A, Larsson O (2003) 
Mdm2-dependent ubiquitination and degra-
dation of the insulin-like growth factor 1 
receptor. Proc Natl Acad Sci U S A 
100(14):8247–8252  

         61.    Girnita L, Shenoy SK, Sehat B, Vasilcanu R, 
Girnita A, Lefkowitz RJ, Larsson O (2005) 
{beta}-Arrestin is crucial for ubiquitination 
and down-regulation of the insulin-like 
growth factor-1 receptor by acting as adaptor 
for the MDM2 E3 ligase. J Biol Chem 
280(26):24412–24419  

        62.    Lefkowitz RJ, Shenoy SK (2005) Transduction 
of receptor signals by beta-arrestins. Science 
308(5721):512–517  

         63.    Girnita L, Shenoy SK, Sehat B, Vasilcanu R, 
Vasilcanu D, Girnita A, Lefkowitz RJ, Larsson 
O (2007) Beta-arrestin and Mdm2 mediate 
IGF-1 receptor-stimulated ERK activation 
and cell cycle progression. J Biol Chem 
282(15):11329–11338  

   64.    Zheng H, Shen H, Oprea I, Worrall C, 
Stefanescu R, Girnita A, Girnita L (2012) 
beta-Arrestin-biased agonism as the central 
mechanism of action for insulin-like growth 
factor 1 receptor-targeting antibodies in 
Ewing’s sarcoma. Proc Natl Acad Sci U S A 
109(50):20620–20625  

    65.    Vasilcanu R, Vasilcanu D, Sehat B, Yin S, 
Girnita A, Axelson M, Girnita L (2008) 
Insulin-like growth factor type-I receptor- 
dependent phosphorylation of extracellular 
signal-regulated kinase 1/2 but not Akt (pro-
tein kinase B) can be induced by picropodo-
phyllin. Mol Pharmacol 73(3):930–939  

           66.    Zheng H, Worrall C, Shen H, Issad T, 
Seregard S, Girnita A, Girnita L (2012) 
Selective recruitment of G protein-coupled 
receptor kinases (GRKs) controls signaling of 
the insulin-like growth factor 1 receptor. Proc 
Natl Acad Sci U S A 109(18):7055–7060  

    67.    Chow JC, Condorelli G, Smith RJ (1998) 
Insulin-like growth factor-1 receptor internal-
ization regulates signaling via the Shc/
mitogen- activated protein kinase pathway, 
but not the insulin receptor substrate-1 path-
way. J Biol Chem 273(8):4672–4680  

    68.    Morrison DK, Davis RJ (2003) Regulation of 
map kinase signaling modules by scaffold pro-
teins in mammals. Annu Rev Cell Dev Biol 
19:91–118  

GRKs and IGF-1 and Insulin Signaling



170

    69.    McDonald PH, Chow CW, Miller WE, 
Laporte SA, Field ME, Lin FT, Davis RJ, 
Lefkowitz RJ (2000) Beta-arrestin 2: a 
receptor- regulated MAPK scaffold for the 
activation of JNK3. Science 290(5496):
1574–1577  

    70.    Sacks DB (2006) The role of scaffold proteins 
in MEK/ERK signalling. Biochem Soc Trans 
34:833–836  

    71.    Povsic TJ, Kohout TA, Lefkowitz RJ (2003) 
beta-arrestin1 mediates insulin-like growth 
factor 1 (IGF-1) activation of phosphatidylino-
sitol 3-kinase (PI3K) and anti- apoptosis. J Biol 
Chem 278(51):51334–51339  

    72.    Zhande R, Mitchell JJ, Wu J, Sun XJ (2002) 
Molecular mechanism of insulin-induced 
degradation of insulin receptor substrate 1. 
Mol Cell Biol 22(4):1016–1026  

    73.    Rui LY, Yuan MS, Frantz D, Shoelson S, 
White MF (2002) SOCS-1 and SOCS-3 
block insulin signaling by ubiquitin-mediated 
degradation of IRS1 and IRS2. J Biol Chem 
277(44):42394–42398  

     74.    Dalle S, Imamura T, Rose DW, Worrall DS, 
Ugi S, Hupfeld CJ, Olefsky JM (2002) 
Insulin induces heterologous desensitization 
of G-protein-coupled receptor and insulin-
like growth factor I signaling by downregulat-
ing beta-arrestin-1. Mol Cell Biol 22(17):
6272–6285  

     75.    Luan B, Zhao J, Wu HY, Duan BY, Shu GW, 
Wang XY, Li DS, Jia WP, Kang JH, Pei G 
(2009) Defi ciency of a beta-arrestin-2 signal 
complex contributes to insulin resistance. 
Nature 457(7233):1146–1149  

     76.    Shenoy SK, Drake MT, Nelson CD, Houtz 
DA, Xiao K, Madabushi S, Reiter E, Premont 
RT, Lichtarge O, Lefkowitz RJ (2006) beta- 
arrestin- dependent, G protein-independent 
ERK1/2 activation by the beta2 adrenergic 
receptor. J Biol Chem 281(2):1261–1273  

     77.    Lefkowitz RJ (2004) Historical review: a brief 
history and personal retrospective of seven- 
transmembrane receptors. Trends Pharmacol 
Sci 25(8):413–422  

     78.    Shenoy SK, Lefkowitz RJ (2003) Multifaceted 
roles of beta-arrestins in the regulation of 
seven-membrane-spanning receptor traffi ck-
ing and signalling. Biochem J 375(Pt 3):
503–515  

     79.    DeWire SM, Ahn S, Lefkowitz RJ, Shenoy SK 
(2007) Beta-arrestins and cell signaling. Annu 
Rev Physiol 69:483–510  

    80.    Usui I, Imamura T, Huang J, Satoh H, 
Olefsky JM (2003) Cdc42 is a rho GTPase 
family member that can mediate insulin sig-
naling to glucose transport in 3T3-L1 adipo-
cytes. J Biol Chem 278(16):13765–13774  

      81.    Usui I, Imamura T, Satoh H, Huang J, 
Babendure JL, Hupfeld CJ, Olefsky JM 
(2004) GRK2 is an endogenous protein 
inhibitor of the insulin signaling pathway 
for glucose transport stimulation. EMBO 
J 23(14):2821–2829  

    82.    Gao JX, Li JL, Ma L (2005) Regulation of 
EGF-induced ERK/MAPK activation and 
EGFR internalization by G protein-coupled 
receptor kinase 2. Acta Biochim Biophys Sin 
37(8):525–531  

      83.    Alderton F, Rakhit S, Kong KC, Palmer T, 
Sambi B, Pyne S, Pyne NJ (2001) Tethering 
of the platelet-derived growth factor ss recep-
tor to G-protein-coupled receptors—a novel 
platform for integrative signaling by these 
receptor classes in mammalian cells. J Biol 
Chem 276(30):28578–28585  

    84.    Hobson JP, Rosenfeldt HM, Barak LS, 
Olivera A, Poulton S, Caron MG, Milstien S, 
Spiegel S (2001) Role of the sphingosine- 1- 
phosphate receptor EDG-1 in PDGF-induced 
cell motility. Science 291(5509):1800–1803  

      85.    Freedman NJ, Kim LK, Murray JP, Exum ST, 
Brian L, Wu JH, Peppel K (2002) 
Phosphorylation of the platelet-derived 
growth factor receptor-beta and epidermal 
growth factor receptor by G protein-coupled 
receptor kinase-2—mechanisms for selectivity 
of desensitization. J Biol Chem 
277(50):48261–48269  

      86.    Penela P, Murga C, Ribas C, Lafarga V, 
Mayor F (2010) The complex G protein-
coupled receptor kinase 2 (GRK2) interac-
tome unveils new physiopathological targets. 
Br J Pharmacol 160(4):821–832  

    87.    Jaber M, Koch WJ, Rockman H, Smith B, 
Bond RA, Sulik KK, Ross J Jr, Lefkowitz RJ, 
Caron MG, Giros B (1996) Essential role of 
beta-adrenergic receptor kinase 1 in cardiac 
development and function. Proc Natl Acad 
Sci U S A 93(23):12974–12979  

    88.    Matkovich SJ, Marreez Y, Diwan A, Odley 
AM, Koch WJ, Schwartz RJ, Brunskill EW, 
Dorn GW (2006) Cardiac-specifi c ablation of 
GRK2 re-defi nes its roles in heart development 
and beta-adrenergic signaling. Circulation 
114(18):159  

    89.    Jiang X, Yang P, Ma L (2009) Kinase activity- 
independent regulation of cyclin pathway by 
GRK2 is essential for zebrafi sh early develop-
ment. Proc Natl Acad Sci U S A 106(25):
10183–10188  

    90.    Wan KF, Sambi BS, Tate R, Waters C, Pyne 
NJ (2003) The inhibitory gamma subunit of 
the type 6 retinal cGMP phosphodiesterase 
functions to link c-Src and G-protein-
coupled receptor kinase 2 in a signaling unit 

Leonard Girnita et al.



171

that regulates p42/p44 mitogen-activated 
protein kinase by epidermal growth factor. 
J Biol Chem 278(20):18658–18663  

    91.    Bliziotes M, Gunness M, Zhang XW, 
Nissenson R, Wiren K (2000) Reduced 
G-protein-coupled-receptor kinase 2 activity 
results in impairment of osteoblast function. 
Bone 27(3):367–373  

    92.    Metaye T, Gibelin H, Perdrisot R, Kraimps JL 
(2005) Pathophysiological roles of G-protein- 
coupled receptor kinases. Cell Signal 17(8):
917–928  

    93.    King DW, Steinmetz R, Wagoner HA, 
Hannon TS, Chen LY, Eugster EA, Pescovitz 
OH (2003) Differential expression of GRK 
isoforms in nonmalignant and malignant 
human granulosa cells. Endocrine 22(2):
135–141  

    94.    Metaye T, Menet E, Guilhot J, Kraimps JL 
(2002) Expression and activity of G protein- 
coupled receptor kinases in differentiated thy-
roid carcinoma. J Clin Endocr Metab 87(7):
3279–3286  

    95.    Bookout AL, Finney AE, Guo RS, Peppel K, 
Koch WJ, Daaka Y (2003) Targeting G beta 
gamma signaling to inhibit prostate tumor 
formation and growth. J Biol Chem 278(39):
37569–37573  

    96.    Ho J, Cocolakis E, Dumas VM, Posner BI, 
Laporte PA, Lebrun JJ (2005) The G protein- 
coupled receptor kinase-2 is a TGF beta- 
inducible antagonist of TGF beta signal 
transduction. EMBO J 24(18):3247–3258  

    97.    Metaye T, Levillain P, Kraimps JL, Perdrisot 
R (2008) Immunohistochemical detection, 
regulation and antiproliferative function of 
G-protein-coupled receptor kinase 2 in thy-
roid carcinomas. J Endocrinol 198(1):
101–110  

    98.    Penela P, Nogues L, Mayor F Jr (2014) Role 
of G protein-coupled receptor kinases in cell 
migration. Curr Opin Cell Biol 27:10–17  

    99.    Penela P, Ribas C, Aymerich I, Eijkelkamp N, 
Barreiro O, Heijnen CJ, Kavelaars A, Sanchez- 
Madrid F, Mayor F (2008) G protein-coupled 
receptor kinase 2 positively regulates epithelial 
cell migration. EMBO J 27(8):1206–1218  

    100.    Vroon A, Heijnen CJ, Lombardi MS, 
Cobelens PM, Mayor F, Caron MG, Kavelaars 

A (2004) Reduced GRK2 level in T cells 
potentiates chemotaxis and signaling in 
response to CCL4. J Leukocyte Biol 75(5):
901–909  

    101.    Vroon A, Heijnen CJ, Kavelaars A (2006) 
GRKs and arrestins: regulators of migration 
and infl ammation. J Leukocyte Biol 80(6):
1214–1221  

    102.    Conway AM, Rakhit S, Pyne S, Pyne NJ 
(1999) Platelet-derived-growth-factor stimu-
lation of the p42/p44 mitogen-activated pro-
tein kinase pathway in airway smooth muscle: 
role of pertussis-toxin-sensitive G-proteins, 
c-Src tyrosine kinases and phosphoinositide 
3-kinase. Biochem J 337(Pt 2):171–177  

    103.    Zhang BH, Ho V, Farrell GC (2001) Specifi c 
involvement of G(alpha i2) with epidermal 
growth factor receptor signaling in rat hepa-
tocytes, and the inhibitory effect of chronic 
ethanol. Biochem Pharmacol 61(8):
1021–1027  

    104.    Piiper A, StryjekKaminska D, Zeuzem S 
(1997) Epidermal growth factor activates 
phospholipase C-gamma(1) via G(i1-2) pro-
teins in isolated pancreatic acinar membranes. 
Am J Physiol 272(5):G1276–G1284  

    105.    Zeng HY, Zhao DZ, Yang SP, Datta K, 
Mukhopadhyay D (2003) Heterotrimeric G 
alpha(q)/G alpha(11) proteins function 
upstream of vascular endothelial growth 
factor (VEGF) receptor-2 (KDR) phos-
phorylation in vascular permeability factor/
VEGF signaling. J Biol Chem 278(23):
20738–20745  

    106.    Gavard J, Gutkind JS (2006) VEGF controls 
endothelial-cell permeability by promoting 
the beta-arrestin-dependent endocytosis of 
VE-cadherin. Nat Cell Biol 8(11):
1223–1234  

    107.    Rieck PW, Cholidis S, Hartmann C (2001) 
Intracellular signaling pathway of FGF-2- 
modulated corneal endothelial cell migration 
during wound healing in vitro. Exp Eye Res 
73(5):639–650  

    108.    Sa G, Fox PL (1994) Basic fi broblast growth 
factor-stimulated endothelial-cell movement 
is mediated by a pertussis-toxin-sensitive 
pathway regulating phospholipase-A(2) 
activity. J Biol Chem 269(5):3219–3225    

GRKs and IGF-1 and Insulin Signaling



173

Vsevolod V. Gurevich et al. (eds.), G Protein-Coupled Receptor Kinases, Methods in Pharmacology and Toxicology,
DOI 10.1007/978-1-4939-3798-1_8, © Springer Science+Business Media New York 2016

    Chapter 8   

 Differential Control of Potassium Channel Activity by GRK2                     

     Adi     Raveh    ,     Liora     Guy-David    , and     Eitan     Reuveny      

  Abstract 

   Extending their accepted role in downregulating GPCRs from the cell membrane following GPCR activation, 
GRK shows an additional novel role, to rapidly control GPCRs activation of effectors that depend on the G 
protein βγ subunits (Gβγ), independent of their catalytic activity. GPCR-coupled potassium channels (GIRK) 
are found in excitable tissues such as neurons, heart, and endocrine organs, where they are known to decrease 
cells’ excitability following their activation by Gi/o-coupled GPCRs. In these tissues, GIRK participate in 
signaling systems that demand a precise temporal control, such as the regulation of heart rate and synaptic 
activity. While GPCRs activation can be prolonged by agonists, a constrained temporal response of GIRK 
channel activity can be achieved by GRKs capable of binding Gβγ subunit (GRK2 and 3). Simultaneously with 
GPCR activation, GRK2 binds the free Gβγ subunits through its pleckstrin homology domain immediately 
ceasing GIRK channel activity, in a process of fast desensitization. GIRK fast desensitization occurs with the 
mass action of cytosolic GRK2 recruited to the cell membrane upon receptor activation which appears simul-
taneously with channel current desensitization. Interestingly, GRK- mediated desensitization of GIRK currents 
is mediated by many but not all different Gi/o-linked GPCRs. The question whether a GPCR-mediated GRK 
fast desensitization relies on a specifi c Gβγ subunits pair coupled to a specifi c receptor, or on a direct precou-
pling of GRK to a specifi c subset of the GPCRs is still an open question.  

  Key words     G-protein-coupled potassium channel  ,   G-protein-coupled receptor kinase  ,   Desensitization  

1      Introduction 

   Numerous neurotransmitters exert their inhibitory effect by the 
activation of Gi/o-coupled G-protein-coupled receptors (GPCRs), 
which in turn activate G-protein-coupled K+ (GIRK) channels. 
GIRK channels are mainly found in excitable tissues such as neu-
rons, heart atrial cells, and endocrine tissues, where they hyperpo-
larize the cell membrane upon activation to reduce excitability [ 1 ]. 
Their  postsynaptic localization   and unique activation mechanism 
endows GIRK channels with a dominant role in the slow regula-
tion of synaptic excitability [ 2 ]. In addition, GIRK channels (also 
known as IK(ACh)) play a pivotal role in the cholinergic regulation 
of the heart beat [ 3 – 5 ]. GPCR activation stimulates the exchange 
of GTP for the GDP that is associated with the Gα of the trimeric 

1.1  G-Protein- 
Coupled K+ (GIRK) 
Channels
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G protein, leading to dissociation of Gα-GTP and Gβγ (for review, 
see [ 6 ]). G-protein Gβγ subunits were identifi ed as the key 
G-protein component that mediates GIRK channel activation [ 7 –
 13 ]. More recently Gα subunits were also implicated in channel 
regulation, by controlling basal channel activity and the robustness 
of GPCR-mediated activation [ 14 – 18 ]. 

 At the molecular level, the GIRK channel subfamily is com-
prised of four distinct subunits (GIRK1-4/Kir3.1-4) that form 
functional channels, either as a homotetramers (mainly  GIRK2   in 
selected areas of the brain) or various heterotetramers, depending 
on the specifi c tissue [ 1 ]. Many studies have shown that animals 
missing one or more of the channel subunits have various cardiac 
[ 19 ], metabolic [ 20 ], or neuronal abnormalities (for review see 
[ 21 ]). In addition, excess of channel gene has also been shown to 
affect  neuronal function  . These genetic studies highlight not only 
the importance of GIRK channels in normal physiological pro-
cesses, but also the need to avoid excessive GIRK activity to keep 
neuronal functionality intact.  

   GIRK is the effector of different GPCRs, some of these are 
activated by ligands that are retained in the synaptic cleft for pro-
longed time, such as opioids and adenosine [ 22 – 24 ]. Thus, differ-
ent mechanisms are needed for limiting the response time of their 
effectors thus avoiding excessive GIRK activity over time. This 
need becomes even clearer considering that GIRK is involved in 
different organ systems where precise timing is the main concern. 
For example, in atrial cells GIRK channels are an integral part of 
the pacemaking mechanism. Therefore, any fault in GIRK signal 
termination might affect the pacemaker cycle and consequently the 
heart beat [ 25 ,  26 ]. It was indeed shown that rapid specifi c inhibi-
tion of GIRK channel activity in response to atrial stretch increased 
the heart rate [ 27 ]. 

 In the central nervous system (CNS), a timed and accurate 
neuronal signaling is essential, even in response to a prolonged 
presence of GPCR agonists. For example, in  locus ceruleus  neu-
rons, Blanchet and Luscher [ 28 ] demonstrated that a prolonged 
activation of the μ-opioid receptor (μ-OR) leads to the inhibition 
of GIRK function. The μOR-mediated inhibition was constant 
over time at presynaptic locations whereas postsynaptic inhibition, 
mediated by GIRK activation, exhibited strong time-dependent 
desensitization of the response, indicating that the GIRK activity 
is further regulated downstream of the μOR receptors. GIRK cur-
rent desensitization was observed in GABAergic neurons in the 
ventral tegmental area (VTA) [ 29 ], as well as in hippocampal 
 neurons [ 30 – 32 ]. In addition, distinct GIRK desensitization was 
detected for adenosine, serotonin, and baclofen responses in pyra-
midal neurons of the neocortex [ 24 ,  33 ]. 

1.2  Fast 
Desensitization 
Ensures the Precise 
Timing and Magnitude 
of GIRK  Activit  y
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 One mode of regulation of GIRK response over time 
originates from the kinetic properties of the G-protein activa-
tion/deactivation cycle, i.e., the rates of GDP–GTP exchange 
and GTP hydrolysis by Gα [ 24 ,  34 ,  35 ], which limits the amount 
of heterotrimeric G protein available for activation during pro-
longed agonist exposure. In addition, the response to an acti-
vated receptor can be downregulated by different proteins acting 
 downstream   of the G proteins, to reduce overall receptor-medi-
ated effector responses. This mode of fast (“acute”/“short-
term”) desensitization can be mediated by several proteins [ 36 ], 
one of which is the GRK2.   

2    Regulation of GIRK by GRKs 

   The role of GRK2 in GPCR desensitization has been long attrib-
uted to its enzymatic activity, namely, phosphorylation of active 
GPCRs. GPCR phosphorylation is then followed by the recruit-
ment of arrestin to initiate  clathrin-mediated endocytosis   that 
decreases the density of receptors on the cell surface. This process 
of receptor downregulation involves several steps and is considered 
to be slow (minutes–hours), as compared to the electrical activity 
in excitable tissues, and is therefore referred to as slow/long-term 
desensitization. Thus, it cannot account for the fast desensitization 
of GIRK currents that occurs within seconds following channel 
activation [ 28 ]. Work from our laboratory described a new, nonen-
zymatic, role of GRK2 that can mediate fast desensitization [ 37 ]. 
In this mode GRK2 acts downstream of the receptor, to titer the 
active G-protein levels that can potentially activate the GIRK chan-
nel (Fig.  1 ). This mode of desensitization does not involve the 
GPCR phosphorylation by GRK2, as it is induced also by GRK2/
K220R that lacks kinase catalytic activity [ 38 ] and is associated 
only with GRK molecules that are capable of binding the Gβγ sub-
units of the G protein.

      The fast desensitization by GRK2 starts concomitantly with 
receptor activation by an agonist. Receptor activation leads to the 
dissociation of Gβγ subunits from the Gα subunit. At the same 
time that Gβγ is free to interact with the  Gβγ-binding   domains on 
the channel and gating it, GRK2 starts its role in fast desensitiza-
tion. GRK2 binds Gβγ subunits via its C-terminal Pleckstrin 
homology (PH) domain [ 39 ], which competitively reduces the 
amounts of the Gβγ subunits available to gate the channel. This 
leads to GIRK closure in the process of fast desensitization [ 37 ]. 
GRK2 binds Gβ at the interface of Gβγ with Gα [ 39 ,  40 ] at the 
spot where different Gβ subunits are identical at all amino acids, 
and Gβ genes sequence is highly conserved throughout species 
and subunits [ 39 ,  40 ]. 

2.1  Fast GIRK 
Desensitization Is 
Mediated by GRK2

2.2  GIRK Fast 
Desensitization 
by GRK2 Involves 
Gβγ Binding
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 While we and others observed a signifi cant  GRK2   membrane 
recruitment from the cytosol following receptor activation [ 37 , 
 41 ] and simultaneous with GIRK desensitization [ 37 ] (Fig.  2 ), 
another GRK2 population is also known to be at the membrane 
even before receptor activation [ 42 – 44 ]. In addition, it is also 
possible that GRK2 is already precoupled to GIRK [ 45 ] and 
undergoes an orientation/conformation change upon activa-
tion. All these might contribute to the immediate competition 
with the channels for Gβγ subunits, and enable virtually instan-
taneous fast desensitization.

   GRK2 competition for Gβγ with the channel is enabled due to 
the fact that GRK2 has a higher affi nity for Gβγ than does the 
channel. Indeed, the binding studies have shown that Gβγ 

  Fig. 1    A cartoon describing the mechanism by which GRK2 is regulating GIRK current desensitization. At rest, 
the GPCR is coupled with G-protein trimer. Upon ligand application, Gβγ dimer is released from Gα subunit to 
activate GIRK channels. In the presence of GRK2, upon ligand application, Gβγ dimer is quickly sequestered by 
GRK2 and GIRK current is then desensitized in a rapid manner (adapted from ref. [ 37 ])       

  Fig. 2    GIRK current desensitization  in HEK293 cells   transfected with A1R or mGluR2 in the presence and 
absence of GRK2. ( a ) Adenosine-evoked currents desensitization is signifi cantly increased when GRK2 is over-
expressed. ( b ) Glutamate-invoked currents desensitization is not affected by overexpression of GRK2. ( c ) 
Recruitment of GRK2-GFP to the membrane following A1R activation occurs simultaneously with GIRK current 
desensitization (adapted from ref. [ 37 ])       
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subunits bind recombinant GIRK1 or GIRK4 subunits with dis-
sociation constants of ~125 nM and ~50 nM, respectively [ 46 ], 
whereas Gβγ affi nity for GRK2 is ~20 nM [ 41 ,  47 ]. 

 Several lines of evidence support the binding of Gβγ as the 
mechanism of GIRK desensitization by GRK2: (1) GRK2 mutants 
with impaired Gβγ binding capability, GRK2/R587Q [ 48 ] and 
GRK2/K663E;K665E;K667E [ 49 ], failed to accelerate GIRK 
desensitization; (2) constituently active, Gβγ-independent, GIRK 
mutants GIRK1/S170P;GIRK4/S176P [ 50 ] were insensitive to 
GRK2; (3) the interaction between YFP-tagged Gβ1 and mCherry- 
tagged GRK2 increased following A1R activation in a time course 
typical to GIRK desensitization as was shown by FRET measure-
ments [ 37 ]. In addition, (4) GRK isoforms that lack the ability to 
bind Gβγ subunits were incapable of desensitizing GIRK 
currents.  

   It was shown that GRK2 is involved in the fast desensitization 
of GIRK currents induced by a variety, but not all, GPCRs. 
GRK2 desensitizes GIRK current responses of adenosine A1 
receptors [ 37 ], μ-opioid receptors [ 37 ], muscarinic acetylcho-
line M2 receptors [ 51 ], GABA B  receptors [ 32 ], and α2 adrener-
gic receptors [ 52 ]. 

 However, GRK2 failed to desensitize the responses of metabo-
tropic glutamate receptors 2 [ 37 ], muscarinic acetylcholine M4 
receptors [ 37 ], and adenosine A3 receptors [ 52 ]. 

 The mechanism that provides GRK2 with the differential con-
trol over GIRK currents induced only by specifi c receptors and not 
by the others is still unknown. One possibility might result from a 
precoupling of GRK2 just to a subset of the receptors. However, 
GIRK currents gated by α2 adrenergic receptor mutants (R225A, 
K320A, K358A) with impaired GRK2 binding [ 53 ] were not dif-
ferent from the wild type receptor in their fast desensitization and 
in its GRK2 membrane recruitment [ 52 ]. Likewise, fl uorescence 
recovery after photobleaching (FRAP) experiments measure the 
mobility of GRK2 within the membrane milieu, using membrane- 
associated GRK2 (myristoylated GRK2-GFP, myrGRK2-GFP), 
showed that the fl uorescence recovery of myrGRK2-GFP is much 
faster than that of the α2AR, which implies that prior to activation 
the two molecules are mostly not precoupled (Fig.  3 ). Following 
ligand application, a signifi cant reduction in myrGRK2-GFP 
mobility was observed only in the presence of α2AR. Abolishing 
GRK2 binding to the receptor using the α2AR mutant did not 
alter the myrGRK2-GFP mobility, confi rming again that direct 
binding of GRK2 to α2AR is not necessary for this process.

   Another possibility is differential ability of GPCRs to recruit 
cytosolic GRK2 to the membrane upon activation. It was already 
shown that GRK2 membrane recruitment is receptor-specifi c [ 54 ]. 
Indeed, we showed that current desensitization happens 

2.3  Receptor 
Specifi city of  GRK2 
Response   Allowing 
a Differential GIRK 
Regulation
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simultaneously with the recruitment of cytosolic GFP-tagged  GRK2 
  to the membrane, using TIRF microscopy [ 37 ], and that GIRK cur-
rents mediated by the GPCRs that induced GRK2 recruitment were 
the ones sensitive to GRK2 fast desensitization [ 37 ]. However, fol-
low-up experiments showed that this is not always the case, as addi-
tional GPCRs could recruit GRK2 to the membrane upon their 
activation, but their GIRK currents were insensitive to GRK2 desen-
sitization (muscarinic acetylcholine receptors 4 (M4R) and adenos-
ine A3 receptors (A3R)) [ 52 ] (Table  1 ). Of note, while there is no 
complete overlap between the processes of GRK membrane recruit-
ment and regulation of GIRK desensitization, all GPCRs that were 
found by us to induce GIRK desensitization were also able to pro-
mote apparent membrane recruitment. In order to verify whether 
these two processes are independent, an extensive screen, studying 
more GPCRs, should be conducted.

  Fig. 3    FRAP of myrGRK2- GFP   in the presence of α2AR. FRAP was measured in HEK293 cells expressing either 
myrGRK2-GFP or α2AR-GFP. ( a ) Average fl uorescence recovery traces of the different groups measured. ( b ) 
Average normalized fl uorescence recovery at 4 s ( P  < 0.005) of myrGRK2-GFP, in the presence of either 
wt-α2AR or α2AR-mut before and after adrenalin application       
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   Last possibility is that the specifi c composition of the G-protein 
subunits constituting the activated G-protein trimer is involved in 
setting regulation specifi city. In such case, receptors that are capa-
ble of inducing GIRK desensitization release Gβγ subtypes that 
bind GIRK channels with moderate affi nity, while GPCRs that do 
not induce GIRK desensitization release Gβγ subtypes that bind 
GIRK channels strongly. The tighter association of the former with 
the GIRK channels precludes their sequestration by GRK2, thus 
maintaining the channels in an open state. It is known that hetero-
trimeric G proteins with different subunit composition display dif-
ferent affi nity for distinct GRK subtypes [ 54 – 56 ]. If activated 
receptor specifi cally activates downstream G proteins subsets with 
high GRK2 binding affi nity [ 57 – 61 ], its activated GIRK current 
will be sensitive to GRK2-mediated desensitization.   

3    Conclusion 

 Based on our continued studies of the differential control of GIRK 
channel activity by GRK2 (Fig.  1 ), it appears that a pool of GRK2 
molecules resides next to the membrane but mostly not in complex 
with GPCRs or GIRK channels. Upon activation of GPCRs, GRK2 
may sequester Gβγ that were uncoupled from GPCRs. We propose a 
balance between affi nities of Gβγ subunits for GRKs and for GIRK 
channels. Therefore, probably not all available Gβ subunits are pres-
ent in specifi c GPCR-G-protein- GIRK complexes. The activation of 
GIRK currents seems not to be selective for β subunits (as previously 
reported). But in contrast, enhancement of GIRK current desensiti-
zation by GRK2 can only be conducted effectively when GRK is able 
to compete with the channel for the specifi c G-protein resources. A 
change in affi nities balance, for example knocking out a specifi c β 
subunit, or forced coupling to other βγ subunits, can affect the 

   Table 1  
  Specifi city of GRK2 response to different  GPCR  s   

 GPCR  GIRK current desensitization  GRK2-GFP membrane association 

 A1R  V  V 

 A3R  X  V 

 α2AR  V  V 

 M4R  X  V 

 μOR  V  V 

 mGluR2  X  X 

  The effect of different GPCRs activation on GRK2-GFP membrane recruitment and on 
GIRK currents gating is detailed  
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effi ciency of GRK2 to sequester βγ subunits, thus slow down or even 
abolish current desensitization. This may also explain why some 
GPCRs do not promote GIRK current desensitization enhancement 
by GRK2, possibly having preferred coupling to a different set of Gβγ 
subunits. The selectivity of Gβγ complex for the GPCRs, the GIRK 
channels, and the GRK2 may probably result from the sum of speci-
fi cities of α, β, and γ subunits [ 62 – 65 ]. 

 Several questions still need to be answered to completely 
understand the molecular mechanism of  GRK2-mediated fast 
desensitization process  . While the desensitization of GIRK current 
by GRK2 competition binding of Gβγ is well characterized now, 
the exact molecular mechanism that differentially sets GRK2 sensi-
tivity of GIRK currents induced by some receptors but not by the 
others is still unclear. In addition, the exact relation between the 
GIRK desensitization and GRK2 membrane recruitment is unclear. 
Is the membrane recruitment of cytosolic GRK2 an indispensable 
part of GIRK current desensitization or the membrane basal distri-
bution of GRK2 molecules is suffi cient? It would be also important 
to know whether there is a heterologous aspect of GRK2 fast 
desensitization, letting GRK2 activated by one active GPCR to 
desensitize the signaling pathway of a second one. 

 Another open question is whether GRK2 can regulate also 
other effector systems that are regulated by Gβγ subunits. For 
example, will GRK2 be able to regulate the activity of voltage- 
gated calcium channels [ 66 ,  67 ] by competitively removing Gβγ 
inhibition of these channels via its own Gβγ binding capability? 

 Another aspect that is missing, in order to evaluate better the 
importance GRK2 under physiological conditions, is the implica-
tion of lack of GRK2 activity on heart or CNS physiology. This is 
mainly due the fact that a full knockout of GRK2 is lethal [ 68 ]. To 
overcome this problem, more experiments should be done using 
GRK2 conditional knockout mice or stereotactic injection that tar-
get GRK2 expression in specifi c organs. Such experiments might 
supply answers about the physiological importance of GRK2 
desensitization in the system level.     
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    Chapter 9   

 Critical Role of GRK2 in the Prevention of Chronic Pain                     

     Faiza     Baameur    ,     Pooja     Singhmar    ,     Cobi     J.     Heijnen    , 
and     Annemieke     Kavelaars       

  Abstract 

   Chronic pain is an incapacitating condition that arises from diverse origins, including infl ammatory disor-
ders, nerve damage, chemotherapy, and diabetes, implicating numerous signaling mechanisms. The pain 
response involves multiple cell types including neurons, microglia, and astrocytes. Recently our group and 
others have elucidated a crucial role for G protein coupled receptor kinase 2 (GRK2) in the development 
and maintenance of chronic pain using mice with global and cell specifi c deletion of GRK2 in vivo. The 
studies summarized here indicate that GRK2 controls multiple pathways in order to regulate severity and 
duration of pain in a cell-specifi c manner. For instance, reduced GRK2 in nociceptive neurons leads to 
increased G protein coupled receptor signaling and increased pain in response to a chemokine. Low 
GRK2 in nociceptors leads to transition to chronic pain by promoting biased cAMP signaling to Epac/
PKCε/ERK- mediated pathway. Via mechanisms that remain to be elucidated, low monocyte GRK2 leads 
to IL-10 defi ciency and prolonged infl ammatory pain. The clinical relevance of these fi ndings is dis-
cussed in the light of the observed decrease of GRK2 in nociceptors, glia and leukocytes in response to 
nerve injury in rodents and in patients and rodents with infl ammatory conditions such as arthritis or 
multiple sclerosis.  

  Key words     GRK2  ,   Neuropathy  ,   Chronic pain  ,   Infl ammation  ,   Hyperalgesia  ,   Nociceptor  

  Abbreviations 

   6-Bnz-cAMP    N 6 -Benzoyladenosine cAMP   
  8-Br-cAMP    8-Bromoadenosine cAMP   
  8-pCPT    8-(4-Chlorophenylthio)-2′-O-methyladenosine cAMP   
  asODN    Antisense oligodeoxynucleotide   
  cAMP    Cyclic adenosine monophosphate   
  CCL2/3    Chemokine (C-C motif) ligand 2/3   
  CCR1/5    CC-chemokine receptor 1/5   
  cdk1    Cyclin-dependent kinase 1   
  CFA    Complete Freund’s adjuvant   
  DRG    Dorsal root ganglion   
  Epac    Exchange protein directly activated by cAMP   
  EPI    Epinephrine   
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  ERK    Extracellular signal-regulated kinase   
  GDNF    Glial cell-derived neurotrophic factor   
  GLAST    Glutamate aspartate transporter   
  GPCR    G-protein-coupled receptor   
  GRK    G-protein-coupled receptor kinase   
  HI    Hypoxic–ischemic   
  IFNγ    Interferon γ   
  IL-1R    Interleukin 1 receptor   
  IL-1β    Interleukin-1β   
  LPS    Lipopolysaccharide   
  LysM    Lysozyme M   
  MAPK    Mitogen-activated protein kinase   
  miRNA    MicroRNA   
  MS    Multiple sclerosis   
  mTOR    Mechanistic target of rapamycin   
  NGF    Nerve growth factor   
  PBMC    Peripheral blood mononuclear cells   
  PGE2    Prostaglandin E2   
  PKA/C    Protein kinase A or C   
  RA    Rheumatoid arthritis   
  ROS    Reactive oxygen species   
  SNS    Small sensory neuron   
  TAM    Tamoxifen   
  TNFα    Tumor necrosis factor α   
  TRPV1    Transient receptor potential cation channel V1   
  WT    Wild type   
  α/βAR    α or β adrenergic receptor   
  ΨRACK    PKCε activator   

1        Introduction 

 The G-protein-coupled receptor kinase (GRK) family of kinases 
consists of seven members (GRK1–7); these kinases phosphorylate 
agonist-stimulated G protein-coupled receptors (GPCRs) to initi-
ate a receptor desensitization pathway leading to termination of 
signaling. GRKs also regulate the activity of downstream signaling 
pathways by directly interacting with a number of signaling kinases 
including protein kinase C (PKC), Akt, PI3K, p38/MAPK, 
ERK1/2, and c-Src [ 1 – 6 ], as well as with cytoskeletal proteins, 
e.g. α-actinin, tubulin, and ezrin [ 7 – 11 ]. Changes in expression 
levels of GRKs greatly affect cellular signaling and function; there-
fore, expression levels of GRKs should be minutely regulated for 
the maintenance of homeostasis. It has been well-established that 
intracellular GRK levels are altered in multiple pathological condi-
tions and these changes in the level of GRKs can have a major 
impact on cardiovascular functioning, blood pressure, immune sys-
tem, tumor proliferation, opiate, and dopamine sensitivity, to cite 
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a few [ 12 – 23 ]. More recent evidence indicates that changes in 
GRK expression levels also affect metabolic pathways and contrib-
ute to type 2 diabetes [ 24 ]. Here, we will review the role of GRKs, 
and in particular of GRK2, in infl ammatory and neuropathic pain. 
We will also describe regulation of intracellular GRK2 levels by 
infl ammatory processes  .  

2    Pain 

 Pain is defi ned as “an unpleasant sensory and emotional experience 
associated with actual or potential tissue damage or described in 
terms of such damage” by the International Association for the 
Study of Pain (IASP) [ 25 ]. In other words, pain is a normal physi-
ological response associated with a specifi c injury, infl ammation, or 
disease. Acute, transient pain is adaptive and subsides when the 
underlying cause gets treated or spontaneously resolves. However, 
in many cases pain lasts longer than its usefulness as a protective 
mechanism and turns into chronic pain thereby becoming a prob-
lem in itself. Chronic pain can persist for months to years and 
severely affects quality of life. Nearly 25 million adult Americans 
suffer from chronic pain and another 23 million from severe pain 
[ 26 ]. Chronic pain is associated with multiple pathological condi-
tions and disorders; examples include post-herpetic neuralgia, 
chronic low back pain, and neuropathic pain, which can be induced 
by infl ammation, trauma, diabetes, or chemotherapy. Patients suf-
fering from chronic pain often develop increased sensitivity to 
painful stimuli and perceive normally innocuous stimuli as painful; 
sensitization of peripheral sensory neurons is thought to play a key 
role in these phenomena. The sensory pathway involved in pain 
signaling consists of a primary sensory neuron (nociceptor) with its 
nerve endings in the periphery where it senses potential or actual 
tissue-damaging stimuli (Fig.  1 ). It transmits the information 
through the axon to the cell body located in the dorsal root gan-
glion (DRG). Subsequently, a central nerve terminal carries the 
information to secondary pain neurons in the dorsal horn of the 
spinal cord followed by transmission of the signal to the brain. 
Several mediators (e.g. prostaglandin E2 (PGE2), epinephrine 
(EPI), chemokines (CCL3) and cytokines) produced at the site of 
infl ammation or damage bind to their cognate GPCR and non-
GPCR receptors on nociceptors to increase their excitability, caus-
ing hyperalgesia; a phenomenon known as peripheral sensitization. 
Especially in the case of chronic pain, infl ammatory mediators pro-
duced in the spinal cord further sensitize the pain signaling path-
way and this process is referred to as central sensitization (Fig.  1 ).  

 Peripheral and central sensitization modulates pain transmis-
sion by posttranslational modifi cations or transcriptional activation 
of different targets, including ion channels that facilitate neuronal 
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activation. Evidence from numerous studies has implicated the sec-
ond messenger cAMP in the process of sensitization of sensory 
neurons; several infl ammatory mediators signal via Gs-coupled 
receptors to increase intracellular cAMP [ 27 ,  28 ]. Elevated cAMP 
levels lead in turn to activation of the downstream sensors protein 
kinase A (PKA) and exchange protein directly activated by cAMP 
(Epac). While PKA is involved in the acute phase of pain sensitivity 
and enhances neuronal excitability [ 29 ,  30 ] without affecting the 
development of chronic hyperalgesia [ 31 ,  32 ], Epac1 on the other 
hand enhances and prolongs hyperalgesia through activation of the 
small G protein Rap1. In non-peptidergic neurons, Epac1 signals 
to PKCε to induce chronic hyperalgesia [ 31 ,  33 ,  34 ]. 

 Intrathecal administration of GPCR agonists like substance P 
(via neurokinin-1 receptors), monocyte chemoattractant protein 1 
(via CCR2 receptors), PGE2 (via EP receptors), EPI (via adrener-
gic receptors), 5-hydroxytryptamine (via 5-HT receptors), and A2 
adenosine receptor agonist target DRG and spinal cord to induce 
hyperalgesia in rodents [ 35 – 39 ]. These same mediators also 
enhance pain sensitivity when they are applied peripherally, e.g. in 
the paw. Conversely, antagonists to these GPCRs inhibit behav-
ioral symptoms of pain [ 38 ,  40 – 42 ]. 

  Fig. 1    A schematic overview of pain pathway. Noxious thermal, mechanical, or chemical stimuli are detected 
by peripheral endings of afferent nociceptive neurons and carried to second-order afferent neurons in the 
spinal cord dorsal horn from where the signal is propagated to brain [ 69 ,  121 ,  122 ]. The cell bodies of primary 
nociceptors are located in the dorsal root ganglion along with other non-neuronal cells like satellite cells and 
infi ltrating macrophages. Microglia and astrocytes in the spinal cord can sensitize the pain pathway by local 
production of infl ammatory mediators. Local infl ammation in the paw leading to release of mediators such as 
PGE2, ATP, IL-1β, TNFα, NGF, or injection of these mediators themselves sensitizes the primary nociceptors 
leading to increased sensitivity (hyperalgesia) to various stimuli, including heat and mechanical stimulation. In 
animal models, the change in threshold to elicit paw withdrawal in response to application of ascending force 
intensities using von Frey hairs gives a measure of mechanical hyperalgesia. The decrease in latency to with-
drawal from a heat source (laser beam) in the Hargreaves test is an indicator of heat hyperalgesia       
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 It is likely that GRKs modulate the pain response as they regu-
late the responsiveness of GRCR signaling by initiating their desen-
sitization. In addition, as mentioned above, GRKs interact with 
several downstream GPCR signaling molecules and regulate their 
activity via phosphorylation-dependent or independent mecha-
nisms; e.g. GRK2 modulates non-GPCR pathways like MAPK by 
interacting with p38 and MEK1/2 directly [ 43 ]. These kinases are 
all known to play a role in pain signaling and, thus, represent 
another potential pathway, by which GRKs can regulate pain [ 43 ].  

3    Role of GRKs in Pain 

 In view of the prominent role of  GPCR signaling   in pain, we 
started to investigate the role of GRKs in pain using GRK  knockout 
mouse models. So far, most of these studies have focused on 
GRK2. To investigate the role of GRK2 in the development and 
course of pain, hemizygous GRK2 knockout (GRK2+/−) mice 
with approximately 50 % reduction in all tissues, were used. 
Homozygous GRK2 knockout mice are embryonically lethal [ 44 ]. 

 It has been well established that local injection of  infl ammatory 
mediators  , such as carrageenan, IL-1β, CCL3, or PGE2, in the hind 
paw, results in increased sensitivity toward normally non- noxious 
mechanical and thermal stimuli as quantifi ed using von Frey hairs 
and the Hargreaves test, respectively. Under baseline conditions, the 
pain threshold for mechanical or thermal stimuli is similar in 
GRK2+/− and wild type (WT) mice, indicating that GRK2 does not 
contribute to the basal sensitivity to pain. The transient sensitization 
to pain in response to local infl ammation was increased for some, 
but not all infl ammatory stimuli in GRK2+/− as compared to WT 
mice. For example, the transient increase in pain sensitivity induced 
by PGE2 or the chemokine CCL3 was augmented, whereas hyper-
algesia induced by IL-1β was not affected by hemizygous deletion of 
GRK2. We will come back to this aspect later. The most prominent 
effect of partial deletion of GRK2 was that upon the induction of 
transient local infl ammation in the paw, with both thermal and 
mechanical hyperalgesia markedly  prolonged   (Table  1 ) [ 31 ,  45 ,  46 ]. 
 Infl ammation-induced hyperalgesia   lasted up to 21 days in GRK2+/− 
mice as compared to the transient/acute hyperalgesia in WT mice, 
which lasted less than 1 or up to 3–4 days, depending on the stimu-
lus (Table  1 ). This means that GRK2 determines the severity and 
duration of the increased sensitivity to pain that occurs upon infl am-
mation. The prolongation of the pain response in GRK2-defi cient 
mice was not the result of lifelong adaptation to the decreased GRK2 
protein level, since prolongation of the pain response was similar in 
mice with tamoxifen-inducible deletion of GRK2 (TAM-GRK2+/−). 
Use of the tamoxifen-inducible deletion of GRK2 also allowed for 
comparison of the effect of partial versus complete deletion of GRK2 
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              Table 1  
  Effects of GRK2 defi ciency in specifi c cells on  hyperalgesia   induced by various stimuli (h: hour; d: 
day; w: week; vs: versus)   

 Model system  Agent/receptor 
 Thermal
hyperalgesia vs WT 

 Mechanical 
hyperalgesia 
vs WT  References 

 GRK2+/−  IL-1β/IL-1R1 and 
IL-1R2 

 8–15 d vs 1–2 d  [ 45 ,  46 ] 

 Carrageenan  More pronounced 
during fi rst 24 h 

 >20 d vs 3 d 

 More pronounced 
during fi rst 24 h 

 30 d vs 3 d 

 [ 46 ] 

 CCL3/CCR1 and 
CCR5 

 More pronounced 
during fi rst 24 h 

 >10 d vs 1 d 

 More pronounced 
and prolonged 

 [ 46 ] 

 Epinephrine/βAR  18–21 d vs 3–4 d  21 d vs 3–4 d  [ 47 ] 
 PGE2/EP4  >21 d vs 6 h  [ 31 ] 

 TAM-GRK2+/− and
 TAM-GRK2−/− 

 Epinephrine/βAR  21 d vs 3–4 d  [ 47 ] 
 PGE2/EP4  >3 d vs 1 d  [ 31 ] 

 SNS-GRK2+/− and
 SNS-GRK2−/− 

 IL-1β/IL-1R1 and 
IL-1R2 

 No difference  [ 45 ,  46 ] 

  Carrageenan    Enhanced during fi rst 
24 h 

 8–10 d vs 2–4 d 

 [ 46 ] 

 CCL3/CCR1 and 
CCR5 

 Enhanced during fi rst 
12 h but not 
prolonged 

 [ 46 ] 

 PGE2/EP4  4–6 d vs 4–6 h  [ 31 ] 
 L-902688/EP4  3 d vs 4 h  [ 31 ] 
 Sulprostone/EP1 

and EP3 
 No hyperalgesia  [ 31 ] 

 8-Br-cAMP/Epac1 
and PKA 

 4–6 d vs 6 h  [ 31 ] 

 8-pCPT/Epac1  8 d vs 6 h  [ 31 ] 
 6-Bnz-cAMP/PKA  No difference  [ 31 ] 
 Epinephrine/βAR  21 d vs 3 d  21 d vs 4 d  [ 47 ] 

 LysMGRK2+/− vs
 LysMGRK2−/− 

 IL-1β/IL-1R1 and 
IL- 1R2   

 >8 d vs 6–24 h  15 d vs 1 d  [ 45 ,  46 ,  90 ] 

 Carrageenan  >30 d vs 2–4 d  [ 46 ] 
 CCL3/CCR1 and 

CCR5 
 15 d vs 1 d  [ 46 ] 

 Epinephrine/βAR  10 d vs 3 d  10 d vs 2–3 d  [ 47 ] 

 GFAP-GRK2+/−  IL-1β/IL-1R1 and 
IL-1R2 

 No difference  [ 45 ,  46 ] 

 Carrageenan  No difference  [ 46 ] 
 CCL3/CCR1 and 

CCR5 
 No difference  [ 46 ] 

 Epinephrine/ βAR    No difference  [ 47 ] 
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on the course of the pain response (Table  1 ) [ 47 ]. Interestingly, 
there was no additive effect of  homozygous versus hemizygous dele-
tion   of GRK2. For example, treatment with the adrenergic receptor 
agonist EPI prolonged mechanical hyperalgesia in TAM-GRK2+/− 
as well as in TAM-GRK2−/− mice to 21 days as compared to 3 days 
in WT mice [ 47 ]. It is of interest to note that there was no further 
prolongation of hyperalgesia when comparing the effect of homo- 
to hemizygous deletion of GRK2. Thus, even a partial reduction in 
GRK2 is suffi cient for the maximal effect, and this is of interest in 
view of the changes in the level of GRK2 that are observed in the 
context of, e.g. chronic infl ammation (see below).

   There is evidence that another member of the GRK family, 
 GRK6  , can also regulate the pain response, in particular, in the 
context of colonic infl ammation and in the case of intraplantar 
cytokine-induced hyperalgesia [ 48 – 50 ]. 

 Ferrari et al. used intrathecal administration of  antisense oligo-
deoxynucleotides (asODN)         to reduce GRK2 mRNA in sensory 
neurons in the DRG, although it should be noted that this approach 
likely also reduces GRK2 in other cells in the DRG as well as in 
cells in the spinal cord. Similar to our results in GRK2+/− mice, 
intrathecal injection of asODN against GRK2 enhanced and pro-
longed hyperalgesia induced by PGE2, carrageenan, and EPI [ 51 ]. 
Surprisingly,  hyperalgesia   induced by PGE2 administration even 1 
week post asODN administration when GRK2 levels had recov-
ered was still prolonged. Low GRK2 likely leads to neuroplastic 
changes in the  nociceptors  , which predisposes the animals to a 
latent hyper-responsiveness state resulting in chronic pain upon 
subsequent exposure to a stimulus that normally would induce 
only transient pain [ 51 ]. This phenomenon is defi ned as hyperalge-
sic priming [ 52 ]. It is unclear at present how transient reduction of 
GRK2 causes hyperalgesic priming and the long-lasting conse-
quences for the duration of pain. 

 There is evidence that GRK2 defi ciency not only alters the 
duration of the pain response, but also modifi es in vivo infl amma-
tory disease activity. For example, GRK2+/− mice show an 
advanced onset but decreased severity of experimental autoim-
mune encephalomyelitis [ 53 ]. The course of arthritis in mice is also 
altered by  hemizygous deletion   of GRK2; it aggravates this infl am-
matory disease [ 54 ]. Moreover, depletion of GRK2 in myeloid 
cells resulted in marked increase of  lipopolysaccharide (LPS)  -
induced cytokines and chemokines production [ 55 ]. 

 However, in our model of  infl ammatory pain  , there is no evi-
dence for an effect of GRK2 deletion on duration or severity of 
local infl ammation in the paw, into which the sensitizing infl amma-
tory stimulus was injected. For example, GRK2 levels did not affect 
either carrageenan or CCL3-induced paw  infl ammation  , as no sig-
nifi cant differences were observed in myeloperoxidase activity 
(neutrophil infi ltration), IL-1β, CCL3, and TNFα mRNA levels, 
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or paw thickness between WT and GRK2+/− mice [ 45 ,  46 ]. 
Moreover, depletion of mice from granulocytes did not affect the 
prolongation of the pain response in GRK2-defi cient mice [ 46 ]. 

 From studies in models of chronic pain induced by chronic 
infl ammation or peripheral nerve  injury  , it is known that spinal 
cord microglial activation contributes to the persistence of 
hyperalgesia [ 56 ,  57 ]. Interestingly, the same is true for the pro-
longed pain response in GRK2-defi cient mice. Specifi cally,  Iba-
1+ microglia   in spinal cord of GRK2-defi cient mice displayed a 
more activated phenotype relative to WT mice in the intraplan-
tar carrageenan model of paw infl ammation [ 46 ]. Furthermore, 
the prolonged thermal hyperalgesia induced by intraplantar 
injection of IL-1β into the hind paws of GRK2+/− mice was 
associated with persistent spinal cord microglial activation and 
increased mRNA levels of IL-1β, cathepsin S (fractalkine-releas-
ing enzyme), and CX3CR1 (fractalkine receptor) in lumbar but 
not thoracic spinal cord in GRK2+/− mice.  Intrathecal treat-
ment   to target the dorsal root ganglia and spinal cord with 
minocycline, an inhibitor of microglia/macrophage activation, 
prevented the prolongation of carrageenan, IL-1β- or CCL3-
induced thermal hyperalgesia but did not reduce the maximal 
response in GRK2-defi cient mice, suggesting spinal cord 
microglial/macrophage activity is required to maintain the pro-
longed hyperalgesic state in GRK2+/− mice in response to these 
stimuli [ 45 ]. In a rat model of  trigeminal neuropathic pain  , 
GRK2 was shown to be decreased in the medullary dorsal horn 
neurons. Administration of a calpain inhibitor, minocycline, or 
an astrocyte inhibitor, prevented downregulation of GRK2 and 
blocked the development of the neuropathic pain [ 58 ]. 

 Additionally, injection of either a CX3CR1 antibody, IL-1 
receptor antagonist (IL-1RA) or soluble TNF receptor (inhibitor 
of TNF signaling) reversed the prolonged infl ammatory hyperalge-
sia in GRK2-defi cient mice. Together these fi ndings demonstrate 
that the prolonged hyperalgesia in GRK2-defi cient mice is associ-
ated with persistent activation of a microglia-dependent local 
infl ammatory pathway in the spinal cord, while peripheral infl am-
matory activity in the paw is not affected. 

 The  MAPKinase p38   is an important regulator of microglial 
activity and cytokine production [ 59 – 61 ]. Consistent with a key 
role for p38 in spinal cord microglial activation and local cytokine 
production, the prolonged infl ammatory hyperalgesia in GRK2- 
defi cient mice was reversed by intrathecal administration of two 
different p38 inhibitors. The inhibitors also reduced microglial 
activation in the  spinal cord   [ 45 ,  62 ]. Administration of the p38 
inhibitor also showed promise in a human study of neuropathic 
pain [ 63 ]; moreover, intrathecal administration of p38 inhibitors 
has been shown to inhibit spinal cord microglial activation and 
chronic neuropathic pain [ 62 ,  64 ,  65 ]. In a mouse model of  painful 
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diabetic neuropathy, inhibition of p38 was effective in preventing 
mechanical hyperalgesia [ 66 ]. 

 In a  rat model   of complex regional pain syndrome type I fol-
lowing ischemia–reperfusion, treatment with either an 
α2-adrenergic receptor agonist (dexmedetomidine) or a serotonin 
reuptake inhibitor (paroxetine) normalized GRK2 expression lev-
els in the superior cervical ganglion and prevented the develop-
ment of mechanical hyperalgesia [ 67 ,  68 ]. In summary,  hemizygous 
GRK2 knockout mice   show prolonged hyperalgesia. Moreover, in 
response to specifi c GPCR ligands, hyperalgesia is increased in 
GRK2-defi cient mice (see also below) [ 45 – 47 ]. 

 Pain response involves multiple cell types and 
pain enhancement or suppression can occur at different levels.  Glia   
(microglia and astrocytes) interacts with neurons to modulate their 
excitability and release infl ammatory factors like cytokines and che-
mokines, which in turn act on neurons. To further understand the 
mechanisms via which GRK2 defi ciency increases and prolongs 
hyperalgesia, the contribution of GRK2 in different cell types was 
determined using conditional knockout mice with cell-specifi c 
deletions of GRK2 in peripheral sensory neurons, monocytes/
macrophages, and astrocytes (Fig.  1 ). 

   Different sets of  sensory neurons   respond to different stimuli and 
contribute to infl ammatory, neuropathic, spontaneous, or chemo-
therapy pain. Small-diameter neurons in DRG (0.4–1.2 μm) are 
unmyelinated and belong to the family of C-afferent fi bers, and 
contribute to 85 % of the DRG nociceptive neurons [ 69 ,  70 ]. 
 C-fi bers   are divided into peptidergic neurons (NGF and/or 
GDNF-positive IB4-negative) and non-peptidergic (GDNF- 
negative IB4-positive) neurons. In addition, large diameter neu-
rons in the DRG also contribute to pain signaling. Distribution of 
GRK2 varies in different neuronal subtypes in the DRG. It is highly 
expressed in IB4(+) small diameter neurons, and levels are much 
lower in medium and large diameter neurons. Approximately 90 % 
of the small diameter neurons expresses sodium channel Na v 1.8. 
Na v 1.8-positive small sensory neurons (also known as SNS) play a 
major role in infl ammatory pain [ 71 ]. Therefore, to determine spe-
cifi c role of GRK2 in sensory neurons in determining the duration 
and severity of infl ammatory pain, GRK2 was knocked down in 
Na v 1.8+ small-diameter peripheral sensory neurons using a  Cre- 
Lox recombination system   (SNS-GRK2+/− mice) [ 31 ,  46 ]. 

 As briefl y mentioned above, global GRK2 defi ciency in all cells 
not only prolongs but also increases hyperalgesia induced by the 
GPCR ligands CCL3, PGE2, and EPI. In contrast, the response to 
IL-1β (a non-GPCR ligand) was prolonged but not increased. 
GRK2 defi ciency in Na V 1.8+ nociceptors was suffi cient to increase 
hyperalgesia induced by CCL3 and PGE2. One potential explana-
tion for this observation would be that GRK2 defi ciency leads to 

3.1  Neuronal GRK2 
Defi ciency
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impaired desensitization of the GPCRs for these ligands, resulting 
in increased signaling. Indeed, the existing evidence indicates that 
for CCL3, which binds to CCR1 and CCR5, this is the case.  CCR1 
and CCR5 receptors   couple to G i/o  proteins [ 72 ,  73 ], and activa-
tion of these receptors by CCL3 induces an increase in intracellular 
calcium concentrations [ 74 ]. Notably, the CCL3-induced calcium 
response was larger in primary sensory neurons from GRK2+/− 
relative to WT mice [ 46 ,  75 ].  CCL3   is thought to induce thermal 
hyperalgesia via sensitizing the temperature- and capsaicin- sensitive 
ion channel transient receptor potential V1 (TRPV1) (Fig.  2 ). 
Interestingly, in the absence of CCL3, reduced levels of GRK2 did 

  Fig. 2    GRK2 defi ciency enhances CCL3-induced hyperalgesia through classical 
regulation of GPCR activity by GRK2. GRK2 regulates cellular responses by phos-
phorylating specifi c agonist-occupied GPCRs leading to termination of signaling 
by receptor desensitization. CCR1 and CCR5 activation by the chemokine CCL3 
sensitizes TRPV1 channels in nociceptors leading to hyperalgesia. Low GRK2 
leads to prolonged pain response by increasing CCL3-induced calcium signaling 
through the GPCRs CCR1/5 thereby enhancing TRPV1 sensitization [ 46 ]       
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not affect TRPV1 signaling, which is consistent with the normal 
thermal sensitivity of GRK2-defi cient mice under baseline condi-
tions. However, CCL3-induced TRPV1 sensitization was potenti-
ated in GRK2+/− relative to WT mice [ 46 ]. Moreover, injection 
of the  TRPV1 antagonist   capsazepine before CCL3 administration 
reversed the acute thermal hyperalgesia in both WT and GRK2+/− 
mice [ 46 ]. These fi ndings indicate that  low   nociceptor GRK2 
causes an increase in CCR1/CCR5 sensitivity leading to increased 
sensitization of TRPV1 and increased thermal hyperalgesia. 
Consistent with a role of decreased sensitization in the aggravation 
of hyperalgesia in mice with low nociceptor GRK2, the pain 
response to IL-1β, which is not a GPCR ligand, was not affected. 
It is known that IL-1β promotes hyperalgesia via a p38/MAPK- 
dependent pathway in neurons leading to increased tetrodotoxin- 
resistant sodium currents causing thermal hypersensitivity. Notably, 
there is evidence that GRK2 directly inhibits  p38/MAPK activa-
tion  , independently of GPCR signaling, GRK2 defi ciency is 
thought to promote cytokine production via this pathway [ 5 ]. 
Nevertheless, reduced levels of nociceptor GRK2 did not lead to 
an increase in the p38-mediated sensitization of these neurons by 
IL-1β treatment [ 45 ], indicating that the regulation of p38 activity 
by GRK2 may represent a cell-specifi c phenomenon.

   The  Gs-coupled β adrenergic receptors (βAR)   were the fi rst 
identifi ed receptors regulated by GRK2 [ 76 ,  77 ]; their activation 
leads to increased cellular cAMP, and in vitro studies have clearly 
shown that decreased GRK2 leads to increased and prolonged 
β-adrenergic agonist-induced cAMP responses. In both global 
 GRK2+/− and SNS-GRK2+/− mice  , thermal and mechanical 
hyperalgesia induced by the adrenergic receptor agonist EPI were 
increased and prolonged (Table  1 ) [ 47 ]. ICI-118551 (βAR inverse 
agonist) but not phentolamine (αAR antagonist) reversed the EPI- 
induced mechanical hyperalgesia in both WT and GRK2-defi cient 
mice indicating that βAR are responsible for mediating EPI- induced 
hyperalgesia in both genotypes [ 47 ]. PGE2, another GPCR ligand 
that signals via cAMP, also induced an enhanced and prolonged 
heat hyperalgesia in GRK2+/− as well as in SNS- GRK2+/− mice as 
compared to WT mice. The prolonged hyperalgesia in GRK2+/− 
mice in response to PGE2 was not caused by a change in the use of 
PGE2 receptor subtypes (Table  1 ) [ 31 ]. One potential explanation 
for these fi ndings would be that GRK2 defi ciency results in impaired 
desensitization of the βAR and EP receptors. Surprisingly, however, 
the prolongation of the pain response in  SNS-GRK2+/− mice   was 
also observed after intraplantar injection of 8-Br-cAMP, which 
induces hyperalgesia independently of GPCR stimulation [ 31 ]. 
Thus, it is unlikely that defi cient GPCR desensitization is the main 
factor underlying the prolongation of the pain response in GRK2-
defi cient mice. Further studies into the underlying mechanism 
point toward a switch in cAMP signaling toward downstream 
kinases in mice with low GRK2 in nociceptors [ 29 ,  31 ]. 
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 It is well established that  cAMP signals   to PKA to enhance pain 
sensitivity [ 27 ,  29 ,  31 ]. Indeed, in WT mice, inhibition of the activa-
tion of the cAMP sensor protein kinase A (PKA) by H89 prevented 
EPI- and PGE2-induced mechanical hyperalgesia. However, EPI- 
and PGE2-induced hyperalgesia was not affected by inhibition of 
PKA in GRK2-defi cient mice. Conversely, inhibition of PKCε by 
TAT-PKCεv1-2 or MEK by U0126 prevented EPI- and PGE2-
induced hyperalgesia in SNS-GRK2+/− mice but not in their WT 
littermates [ 31 ,  47 ]. It has been shown that activation of the alterna-
tive  cAMP-sensor Epac   by intraplantar injection of its specifi c agonist 
8-pCPT (8-(4-chlorophenylthio)-2′-O- methyladenosine 3′,5′-cyclic 
monophosphate monosodium) leads to prolonged pain via a PKCε- 
and ERK-dependent pathway as well [ 31 ,  78 ,  79 ]. Based on these 
fi ndings, we propose a model, in which reduced GRK2 levels induce 
a switch in  cAMP signaling   from a PKA- to an Epac1-mediated 
PKCε/ERK-dependent pathway [ 31 ] as illustrated in Fig.  3 .

   In support of this model,  SNS-GRK2+/− mice   injected with the 
Epac-specifi c agonist 8-pCPT, or the Epac/PKA agonist 8-Br-cAMP 
(cell-permeable cAMP analog) also exhibited prolonged thermal and 
mechanical hyperalgesia relative to WT control mice (Table  1 ). 
However, when the PKA-specifi c cAMP analog 6-Bnz-cAMP was 
used, there was no prolongation of the pain response in GRK2-
defi cient mice (Table  1 ) [ 31 ]. Interestingly, a similar shift in cAMP-
induced pain signaling from a PKA- to a PKCε-dependent pathway 
has been described before in a model of hyperalgesic priming by 
Levine and co-workers. In this model, transient hyperalgesia induced 
by, e.g. carrageenan or the PKCε activator ΨεRACK results in a long-
lasting change in  the   nociceptor including a prolongation of hyperal-
gesia in response to subsequent exposure to PGE2 [ 33 ,  36 ]. This 
switch in signaling from PKA to PKCε was accompanied by a marked 
reduction in nociceptor GRK2 (in the case of carrageenan priming) 
or an increase in Epac1 (in the case of priming with ΨεRACK) expres-
sion levels in the DRG [ 33 ,  36 ,  80 ]. In vivo interventions to either 
increase intracellular GRK2 levels via administration of  HSV   ( Herpes 
Simplex Virus  ) amplicons expressing GRK2 or to decrease Epac1 
using asODN prevented the prolongation of the PGE2 response in 
primed mice [ 33 ,  81 ]. The model that emerges from studies in 
GRK2- defi cient mice and in the model of priming is that the balance 
between GRK2 and Epac1 levels in primary nociceptors plays a key 
role in determining how cAMP signaling induces hyperalgesia. When 
GRK2 and Epac1 are normal, cAMP-inducing mediators will use 
PKA pathway to induce transient pain. When GRK2 is low and/or 
Epac1 is high, cAMP will also signal to an  Epac1- and PKCε-mediated 
pathway   that causes prolonged pain. In line with this model, DRG 
Epac1 levels are increased and GRK2 levels are decreased in the com-
plete Freund’s adjuvant model of chronic pain; increasing GRK2 or 
reducing Epac1 using the strategies mentioned above inhibits  com-
plete Freund's adjuvant (CFA)  -induced hyperalgesia [ 33 ,  81 ]. 
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  Epac1 mRNA and protein expression levels   are increased in 
models of chronic neuropathic pain caused by spinal nerve transec-
tion or chronic constriction injury of the sciatic nerve. The neuro-
pathic pain that develops in these models is markedly attenuated in 
Epac1−/− and Epac1+/− mice as compared to their WT litter-
mates. It is not completely clear at present how Epac1 activation 
leads to chronic pain. Proposed pathways include  PKCε-mediated 
sensitization   of specifi c ion channels, and/or sensitization of the 

  Fig. 3    Regulation of cAMP signaling to PKA and Epac1 signaling by GRK2. Under 
normal conditions, cAMP signals to protein kinase A leading to a transient 
increase in sensitivity to pain [ 29 ,  123 ]. cAMP can also signal to the cAMP sensor 
Epac1. GRK2 interacts with Epac1 and acts as an endogenous inhibitor of Epac1- 
to- RAP1 signaling. GRK2 defi ciency in nociceptors prolongs hyperalgesia in 
response to cAMP-inducing agents like PGE2 by facilitating cAMP-to-Epac1 sig-
naling [ 31 ,  33 ,  46 ]. Epac1 serves as guanine nucleotide exchange factor and 
catalyzes the exchange of GDP for GTP for Rap1 and Rap2, resulting in activation 
of these small GTP-binding proteins [ 124 ,  125 ]. Epac1 leads to hyperalgesia via 
activation of PKCε- and ERK-dependent signaling pathways [ 78 ]. Epac1 is also 
reported to sensitive Piezo2-dependent mechanical currents thereby contribut-
ing to hyperalgesia [ 34 ]. Rap1 crosstalks with RhoGTPases (Rho and Rac) and 
RapL to modulate cell adhesion and cell-to-cell junctions, which can interfere 
with integrin signaling and thereby contribute to pain [ 82 ]       
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mechanosensitive ion channel Piezo2 through an Epac1-mediated 
pathway [ 34 ,  82 ] (Fig.  3 ). 

 It is of interest to note that PGE2-induced thermal hyperalge-
sia in WT mice resolved within 4–6 h, and within 4–8 days in 
SNS- GRK2+/− mice, whereas in GRK2+/− mice it lasted 21 
days. Similar results were obtained with 8-pCPT and 8-Br-cAMP 
(Table  1 ) [ 31 ]. In addition,  CCL3-induced hyperalgesia   was 
increased in SNS-GRK2-defi cient mice, but not prolonged like in 
global GRK2-defi cient mice. Moreover, carrageenan-induced 
hyperalgesia was less persistent in SNS-GRK2+/− as compared to 
GRK2+/− animals (Table  1 ) [ 46 ]. These fi ndings indicate that 
low GRK2 in cell types other than the primary nociceptors con-
tribute to the prolonged pain response observed in mice with 
global reduction of GRK2. The most likely candidates are  astro-
cytes and microglia/monocytes   that are known to contribute to 
pain signaling (Fig.  1 ) [ 46 ].  

   It is well established that spinal cord astrocytes play a key role in 
the chronic pain that develops in models of neuropathic pain such 
as that induced by surgical damage to peripheral nerves or chemo-
therapy [ 83 – 86 ]. Astrocytes can regulate pain via multiple path-
ways, including production of chemokines and cytokines,    and the 
uptake of glutamate. GRK2 is expressed in astrocytes and in vitro 
studies of primary cultures of murine astrocytes have shown that 
GRK2 defi ciency in astrocytes increases the level of the membrane 
glutamate transporter GLAST, leading to increased glutamate 
uptake in GRK2-defi cient astrocytes as compared to WT astrocytes 
[ 87 ]. GRK2 also regulates the response of astrocytes to the che-
mokine CCL2; GRK2 defi ciency increases CCL2 signaling to Akt 
and ERK1/2. Conversely, culture of WT astrocytes with the pro- 
infl ammatory cytokine IL-1β increases endogenous GRK2, which 
in turn led to a decrease in the CCL2-induced activation of Akt 
and of ERK1/2 [ 88 ]. In addition, although both chemokine and 
glutamate signaling are thought to contribute to persistent pain, 
we did not detect a role for astrocyte GRK2 in regulation of the 
pain response. The course of hyperalgesia induced by PGE2, 
 carrageenan, EPI, CCL3, or IL-1β was not affected by cell-specifi c 
deletion of GRK2 in astrocytes [ 45 – 47 ].  

   The prolonged hyperalgesic response of mice with global GRK2 
defi ciency is associated with persistent infl ammatory activity in the 
spinal cord, as evidenced by microglial/macrophage activation and 
production of infl ammatory mediators such as IL-1β and TNFα in 
the spinal cord [ 45 ,  46 ,  89 ]. In addition, chronic neuropathic pain 
in rats and chronic infl ammatory pain in mice are associated with a 
decrease in GRK2 in spinal cord microglia/macrophages [ 45 ]. We 
did not directly assess the contribution of resting microglial GRK2 
to the pain response. However, we determined the contribution of 

3.2   Astrocyte GRK2 
Defi ciency  

3.3   Monocyte/
Macrophage GRK2 
Defi ciency  
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GRK2 in systemic monocytes/macrophages to infl ammatory pain 
using mice with reduced GRK2 specifi cally in lysozyme M (LysM)-
positive myeloid cells. The LysM promoter is active in monocytes, 
macrophages, and granulocytes; however, the LysM promoter is not 
active in resting microglia [ 46 ]. It was already known that granulo-
cytes do not contribute to the prolonged pain response in GRK2-
defi cient mice [ 46 ] and, therefore, LysM-GRK2-defi cient mice 
represent an excellent model to study the role of GRK2 in systemic 
monocytes/macrophages in the regulation of pain. In response to 
intraplantar IL-1β, LysMGRK2+/− mice exhibited prolonged ther-
mal and mechanical hyperalgesia up to 15 days relative to their WT 
littermates, which resolved within 24 h (Table  1 ) [ 45 ,  46 ,  90 ]. 
Similarly, thermal  hyperalgesia   induced by carrageenan or CCL3 was 
prolonged up to 20 and 10 days respectively in LysM-GRK2+/− 
mice as compared to 2–4 days in carrageenan- treated and 1 day in 
CCL3-treated WT mice (Table  1 ). In addition, EPI-induced hyper-
algesia in LysM-GRK2+/− mice was prolonged as compared to 
control mice (Table  1 ) [ 47 ]. The prolonged hyperalgesia in 
LysMGRK2+/− mice was associated with increased and prolonged 
spinal cord microglial activation; specifi cally, the microglia/macro-
phage activation M1 marker CD16/32 (pro-infl ammatory) was sig-
nifi cantly higher in the LysM-GRK2+/− relative to WT mice, 
whereas the M2 markers CD206 and arginase I (anti-infl ammatory) 
were signifi cantly lower; thus shifting the equilibrium toward a more 
pro-infl ammatory pathway, which was associated with increased 
local TNFα and IL-1β production and ongoing p38 activity [ 46 ]. 

 Spinal cord microglia of LysM-GRK2+/− mice had lower lev-
els of miRNA-124 and increased expression of the transcription 
factor CCAAT-enhancer-binding protein-α in response to IL-1β as 
compared to WT mice [ 90 ]. In fact, administration of miRNA-124 
normalized the M1/M2 balance and prevented the prolongation 
of IL-1β-induced hyperalgesia in GRK2-defi cient mice [ 90 ]. 

 As described above, spinal cord microglial GRK2 levels were 
completely normal in LysM-GRK2+/− mice with prolonged 
infl ammatory hyperalgesia, indicating that the ongoing microglial 
activity in the spinal cord of LysM-GRK2+/− mice was a direct 
consequence of low GRK2 in monocytes/macrophages rather 
than caused by abnormal GRK2 in the microglia themselves [ 45 , 
 46 ,  90 ]. This hypothesis is supported by the intriguing fi nding that 
transfer of WT monocytes to LysM-GRK2+/− mice normalizes 
the duration of infl ammatory hyperalgesia. Conversely, depletion 
of peripheral macrophages in WT mice without depleting microg-
lia prolonged infl ammatory hyperalgesia. Thus, monocytes/mac-
rophages are required for the normal resolution of infl ammatory 
pain and either the absence of monocytes/macrophages or reduced 
levels of GRK2 in monocytes/macrophages prevent normal reso-
lution of hyperalgesia leading to chronic pain. 
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 In search for the underlying mechanisms, it has been shown 
that production of the anti-infl ammatory cytokine IL-10 was 
decreased in GRK2+/− macrophages as compared to WT, while 
production of the pro-infl ammatory cytokines IL-1β and TNFα 
was increased. Importantly, transfer of IL-10−/− monocytes to 
LysM-GRK2+/− mice did not prevent the persistent IL-1β- 
induced hyperalgesia [ 91 ]. Moreover, intrathecal  injection   of 
IL-10 inhibited IL-1β-induced thermal hyperalgesia in LysM- 
GRK2+/− mice, while administration of anti-IL-10 antibody 
delayed the resolution of IL-1β or carrageenan-induced hyperalge-
sia in WT mice [ 91 ]. These results indicate that peripheral mono-
cytes/macrophages with normal levels of GRK2 produce IL-10, 
which is crucial for signaling in spinal cord and DRG for resolution 
of infl ammatory hyperalgesia.   

4    Regulation of GRK Levels 

 The fi ndings summarized above indicate that changes in GRK2 
protein level in specifi c cell types can have marked consequences 
for the development of chronic pain. This raises the question how 
GRK2 levels in cells are controlled. 

 In the context of pain, various studies have been performed. For 
example, we showed that persistent infl ammatory pain was associ-
ated with decreased levels of GRK2 in  lumbar spinal cord microglia/
macrophages   [ 45 ]. Moreover, in a rat model of chronic neuropathic 
pain induced by chronic constriction injury of the sciatic nerve, it 
has been shown that GRK2 expression levels were reduced in spinal 
cord microglia/macrophages [ 46 ].  Neuropathic pain   induced by 
spinal nerve transection was associated with reduced GRK2 in spinal 
cord neurons [ 46 ,  92 ]. This reduction in neuronal GRK2 developed 
downstream of IL-1β signaling, because GRK2 was unchanged in 
mice defi cient in the IL-1β receptor (IL- 1R−/−). Consistently,  IL-
1β treatment   of cultured spinal cord slices ex vivo also reduced 
expression of GRK2. Notably, IL-1R1- defi cient mice were protected 
against nerve injury-induced mechanical hyperalgesia, which may 
indicate that the IL-1β- induced decrease in GRK2 expression con-
tributes to the development of chronic hyperalgesia in this model 
[ 92 ,  93 ]. Further,  intraplantar injection   into the hind paw of the 
infl ammatory agents CFA or carrageenan in mice led to a decrease 
in GRK2 protein levels in lumbar but not thoracic DRG neurons, in 
sciatic nerve fi bers, and in spinal microglia/macrophages of these 
animals during infl ammatory pain [ 33 ,  45 ]. Collectively, these fi nd-
ings indicate that infl ammation induces a decrease in GRK2 in  spinal 
cord and dorsal root ganglia   that contributes to chronic neuropathic 
and infl ammatory pain. Finally, not only GRK2 but also GRK6 lev-
els were shown to be reduced in the dorsal horn of the lumbar spinal 
cord in a rat chronic constriction injury model, which was associated 
with both mechanical and heat hyperalgesia [ 94 ]. 
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 Additional evidence for regulation of GRK levels by infl am-
mation comes from studies in humans with painful infl ammatory 
disorders. For example, in  peripheral blood mononuclear cells 
(PBMCs)         of patients with rheumatoid arthritis (RA), GRK activity 
was markedly reduced relative to healthy controls. There was a 
signifi cant decrease (~50 %) in GRK2 protein levels with no 
changes in the mRNA levels, indicating that these changes repre-
sent posttranscriptional events. Moreover, a decrease in GRK2 
levels was also observed in PBMC from patients with multiple 
sclerosis (MS) during all stages of the disease [ 19 ,  95 ]. The change 
in GRK2 protein levels in patients with  autoimmune disease   is 
thought to be due to the infl ammatory process in multiple sclero-
sis, as GRK2 levels are not affected in leukocytes from patients 
who suffered neurological insults such as stroke [ 19 ]. In addition, 
the infl ammatory response following  cardiopulmonary bypass   
correlated with a signifi cant decrease in both GRK2 and 6 expres-
sion levels in PBMCs [ 96 ]. In vitro treatment of PBMCs from 
healthy individuals with IL-6 or IFN-γ caused a signifi cant 
decrease in GRK2 protein levels [ 20 ]. 

 To assess whether the observed changes in GRK2 levels in 
humans with  chronic infl ammatory diseases   are cause or consequence 
of the disease, animal models were used. In the adjuvant- induced 
model of  rheumatoid arthritis   in rats it was shown that GRK2, 3, and 
6 protein levels were markedly reduced in splenocytes and mesenteric 
lymph nodes at the peak of the infl ammation as compared to con-
trols. Similarly, induction of experimental autoimmune encephalitis, 
an animal model of multiple sclerosis resulted in a decrease in  spleno-
cyte GRK2 levels  . The role of infl ammation and reactive oxygen spe-
cies in the downregulation of GRK2 is  further supported by studies 
in a model of  cerebral hypoxic–ischemic (HI)   insults. Reperfusion 
after a hypoxic ischemic insult is accompanied by generation of  reac-
tive oxygen species (ROS)      and nitric  oxide   and a marked production 
of chemokines, which recruit immune cells and pro-infl ammatory 
cytokines, including IL-1β, IL-6, and TNFα [ 97 – 100 ]. In the neo-
natal rat brain, HI was shown to cause a decrease in GRK2 protein 
levels with no changes in mRNA levels 24–48 h post HI, while arres-
tin2 protein and mRNA levels were increased 6–12 h following HI 
[ 101 ]. Decrease in GRK2 activity and protein levels was also described 
in an earlier study in an ischemic dog model following cardiac artery 
ligation. GRK2 activity as measured by its ability to desensitize β2 
adrenergic receptor in  arrhythmogenic subepicardial border zone tis-
sue   was decreased as compared to non-ischemic remote-site subepi-
cardial tissue from the same animal [ 102 ]. It should be noted that 
there are also examples where infl ammation is associated with an 
increase in cellular GRK2 levels. For example, expression of both 
GRK2 and GRK5 was markedly increased in  neutrophils   from 
patients with sepsis relative to controls [ 103 ]. In vitro, treatment of 
control neutrophils and macrophages with cytokines, 
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lipopolysaccharide, or other Toll-like receptor agonists in vitro also 
increased expression of GRK2 [ 103 – 105 ]. It is likely that this appar-
ent discrepancy can be explained by cell-specifi c changes in GRK2 in 
the context of infl ammation.  Peripheral blood mononuclear cells   
consist predominantly of lymphocytes with a smaller contribution of 
monocytes and an absence of neutrophils, the cell types in which an 
increase, rather than a decrease in GRK2 was reported. 

 Interestingly, in patients with RA or MS as well as in animal 
models, GRK protein levels were decreased, while mRNA levels 
were not altered. This indicates that the decrease in GRK2 protein 
level that was observed in the context of infl ammation is regulated 
at the  post-transcriptional level  . This is consistent with in vitro 
studies from our group, showing that infl ammatory mediators and 
oxidative stress reduce GRK2 via multiple pathways that are all 
independent of a change in GRK2 mRNA levels [ 19 ,  20 ,  106 –
 108 ]. As an example of ROS-induced regulation of GRK2 protein 
levels, we observed that exposure of T lymphocytes to H 2 O 2  led to 
a ~50 % decrease in GRK2 protein levels as well as its activity as 
measured by the ability of GRK2 to phosphorylate rhodopsin 
in vitro. No changes in  mRNA levels   of GRK2 were detected under 
these conditions suggesting that the decreased levels of the protein 
was posttranscriptionally regulated (Fig.  4 ). Indeed, GRK2 was 
shown to be degraded via a calpain-mediated pathway presumably 
via a putative PEST region comprising residues 591–615 [ 106 , 
 109 ]. Stimulation of  calpain   by reactive oxygen species activated 
the cdk1/mTOR pathway, which inhibits GRK translation [ 109 ]. 
Moreover, this study revealed that exposure of T cells to H 2 O 2  led 
to a decrease in isoproterenol-stimulated β2AR internalization, 
consistent with a decrease in GRK2 protein levels and activity. It is 
also known that H 2 O 2  treatment leads to activation of MAPK and 
PKC [ 110 ]; however, inhibition of these proteins in  T lympho-
cytes   did not prevent the decrease in GRK2 protein levels. In 
agreement with these fi ndings, GRK2 expression levels were sig-
nifi cantly decreased in cultures of hippocampal slices deprived of 
oxygen and glucose and this was associated with an increase in 
GRK2 phosphorylation at Ser670. Surprisingly, inhibition of ERK 
did not abolish degradation, nor decreased Ser670 phosphoryla-
tion but inhibition of PI3K prevented both its phosphorylation 
and degradation [ 111 ]. There are also examples of regulation of 
GRK at the mRNA level. Activity of the  GRK2 promoter   was 
shown to be reduced in vascular smooth muscle cells by the cyto-
kines IFN-γ, TNFα, and IL-1β [ 112 ].

   In summary,  chronic infl ammation   in vivo is associated with 
changes in GRK2 protein levels in multiple cells and tissues. The 
reduction of GRK2 observed in the context of infl ammation is 
most likely due to increased degradation and reduced translation 
rather than to changes in transcription.  
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5    Conclusions 

 In this review, we summarized the evidence that GRK2 is a key 
regulator of pain; impaired GRK2 activity increases and prolongs 
the duration of pain. In other words, the GRK2 defi ciency pro-
motes transition to chronic pain. Interestingly, there are clear cell- 
and stimulus-specifi c mechanisms, via which adequate levels of 
GRK2 prevent transition to chronic pain. Although there is some 
evidence for a classical role of GRK2-mediated receptor desensiti-
zation in the regulation of the pain response, the fi ndings compiled 
here mostly point to an alternative mechanism underlying pain 
regulation by GRK2. The best studied at the mechanistic level is 

  Fig. 4    Regulation of GRK2 expression in the context of infl ammation. During 
chronic infl ammation, cytokines like IL-1β and reactive oxygen species (ROS) 
reduce GRK2 protein levels via posttranscriptional mechanisms, including 
increased GRK2 degradation and reduced translation. We propose that low GRK2 
levels in neurons and in infl ammatory cells including monocytes enhance and 
prolong the pain response thereby promoting development of chronic pain       
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the change in  cAMP-dependent pain signaling   that occurs in 
peripheral nociceptors when GRK2 is low; GRK2 defi ciency in  pri-
mary   nociceptors allows activation of an Epac1-mediated cAMP 
signaling pathway in addition to the classical PKA-dependent 
route. At present, we do not know whether low GRK2 also pro-
motes cAMP signaling to Epac1 with consequences for pathology 
outside the nervous system. Within the  nervous system  , however, 
we know that activation of nociceptor Epac1 signaling when GRK2 
is low markedly prolongs pain. This is an important observation, 
because of the central role of cAMP signaling, downstream of 
mediators like prostaglandins, adenosine, and adrenergic agonists, 
in pain signaling. It is also important because it identifi es the 
GRK2/Epac1 interface as a potential novel target for the preven-
tion and treatment of chronic pain, especially since existing evi-
dence indicates that  GRK2 and Epac1   do not contribute to 
nociception in the absence of infl ammation or tissue damage. 
Therefore, interfering with the GRK2-Epac1 pathway would not 
impact the acute, transient pain that serves a protective purpose, 
but will only affect the sensitization to pain that occurs in patho-
logical conditions. However, we should not forget that GRK2 con-
trols a wide array of pathophysiological responses and global 
stimulation of GRK2 activity or a global increase in GRK2 protein 
levels (if we had ways to accomplish this) are unlikely to be without 
adverse unwanted effects. It is already known, for example, that 
increased expression of GRK2 in the  cardiovascular system   in exper-
imental animals leads to cardiac and blood pressure abnormalities 
[ 12 – 14 ,  113 ]. In addition,  type 2 diabetes   is associated with 
increased GRK2 expression and GRK2 defi ciency protects against 
diet-induced obesity and type 2 diabetes [ 114 ,  115 ]. However, it is 
conceivable that local overexpression of GRK2  in   nociceptors in an 
area affected by chronic pain using a virally mediated targeting 
could be developed clinically [ 33 ]. Indeed, a phase I clinical trial 
indicating the potential feasibility of such approach to locally over-
express an anti-nociceptive protein ( enkephalin  ) has been com-
pleted [ 116 ]. Recently, specifi c Epac inhibitors that are active 
in vivo have been developed, and our preliminary data indicate that 
these inhibitors alleviate chronic pain in multiple models (unpub-
lished results). In addition, so far no adverse effects of these inhibi-
tors have been described in two preclinical studies: lethal rickettsiosis, 
and prevention of pancreatic tumor metastases [ 117 – 119 ]. 

 The second key pathway via which low GRK2 promotes transi-
tion to chronic pain involves the initially unexpected cell type: the 
 peripheral monocyte/infi ltrating macrophage  . Until recently, 
monocytes/macrophages were thought to have primarily adverse 
effects on pain. Our fi ndings demonstrate that monocytes/macro-
phages with normal levels of GRK2 that are capable of producing 
adequate levels of IL-10 are required for the normal resolution of 
transient pain. The exact mechanism, via which GRK2 regulates 
IL-10 production by  monocytes      in the context of infl ammatory 
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pain, remains unclear; further studies are needed. It was already 
known that exogenously administered IL-10 can reduce pain in ani-
mal models, but the importance of endogenous IL-10 was only 
uncovered by our studies in GRK2-defi cient mice [ 91 ]. 
Unfortunately, although  exogenous IL-10   has pain-relieving effects 
in animal studies, these benefi cial effects are transient. Our data 
further support the need for additional studies to develop more 
stable IL-10 analogues or ways to locally increase IL-10 production, 
e.g. as is being done by Watkins and colleagues [ 120 ]. An addi-
tional question is whether patients at risk for transitioning from 
acute to chronic pain have reduced monocyte GRK2 levels and/or 
impaired capacity to produce IL-10. Prospective clinical studies in 
patients undergoing surgery, patients suffering from Herpes zoster 
infection, or cancer patients treated with chemotherapy, of which a 
substantial subset is known to transition to chronic pain, should be 
performed to address this translational question. 

 Finally, even though mechanisms governing onset and mainte-
nance of chronic neuropathic pain are not fully elucidated given 
the complexity of the various triggers, major breakthroughs have 
taken place. Clearly, GRK2 expression and activity play a central 
role in these pathways. In an effort to develop effective therapeutic 
strategies to relieve  chronic neuropathic pain  , one should target 
pathways that specifi cally inhibit the cAMP-Epac1 route, increase 
GRK2 or promote its activity (no current means available), or pro-
mote the anti-infl ammatory pathway via delivery of IL-10.     
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    Chapter 10   

 Roles of GRK Dysfunction in Alzheimer’s Pathogenesis                     

     William     Z.     Suo      

  Abstract 

   G protein-coupled receptors (GPCRs) mediate a wide variety of physiological functions. GPCR signaling, 
once activated, is subsequently dampened by receptor desensitization, a procedure initiated by a group of 
kinases, including GPCR kinases (GRKs). GRK2 upregulation and GRK5 defi ciency were reported to occur 
in Alzheimer’s disease. GRK2 accumulation was proposed to participate in cerebral vascular pathology, 
whereas GRK5 defi ciency is believed to mediate the Alzheimer’s cholinergic neuronal dysfunction and 
degeneration via the impaired M2/M4 muscarinic receptor desensitization. The GRK dysfunction can be 
experimentally caused by ß-amyloid, while the subsequent cerebral vascular dysfunction and cholinergic 
defi ciency in turn may worsen the ß-amyloidogenesis. Therefore, the GRK dysfunction appears to link the 
ß-amyloid accumulation to the cerebrovascular degeneration and the cholinergic degeneration in Alzheimer’s 
disease. Given that the ß-amyloid hypothesis, the cholinergic hypothesis, and the cerebrovascular hypothesis 
are all important mainstream hypotheses that are actively pursued to explain the Alzheimer’s pathogenesis, 
further exploration of their relations may reveal therapeutic strategies that can break their pathogenic links.  

  Key words     G protein  ,   Neurodegeneration  ,   Kinase  ,   Cholinergic  ,   Cerebrovasculature  ,   Alzheimer  , 
  Pathogenesis  

1      Introduction 

 Alzheimer’s disease (AD) affects 5.4 million Americans, and this 
number is projected to double by 2020. AD is one of the most per-
sistent and devastating dementias with little or no effective disease-
modifying therapies. The cost of care for this particular patient 
population is disproportionately high, since they require expensive 
support. According to the Alzheimer’s Association, the cost of care 
was $183 billion in 2010, which did not include 14.9 million in ser-
vices provided by unpaid caregivers. Therefore, advances with trans-
lational potentials are highly appreciable and desperately needed. 

 AD is a  neurodegenerative disorder  , clinically characterized 
by progressive loss of memory and other cognitive functions, 
and pathologically—by accumulation of  senile plaques (SPs)      
and  neurofi brillary tangles (NFTs)      in the limbic system and 
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association cortices [ 1 – 4 ]. There have been many hypotheses 
for AD, such as cholinergic hypothesis, amyloid hypothesis, tau 
hypothesis, glucose metabolism hypothesis, infl ammatory 
hypothesis, cerebrovascular hypothesis, oxidative stress hypoth-
esis, and aluminum hypothesis [ 5 – 15 ]. Indeed, each  hypothesis   
has its own supportive evidence and explains certain aspects of 
the disease process, yet links or relations between these different 
hypotheses remain to be revealed before a unifying hypothesis is 
born. Numerous reviews have been written to summarize 
advances in the mainstream hypotheses; this chapter instead 
briefl y describes recent progress related to the dysfunction of G 
protein-coupled receptor (GPCR) kinase-2/5 (GRK2/GRK5) 
in AD, and discusses its relation to other hypotheses and the 
relevant future perspectives.  

2    Characteristics of GRK2/5 Distribution and Function 

   GRK is a small family (seven members) of serine/threonine protein 
kinases fi rst discovered through its role in receptor desensitization 
[ 16 – 18 ]. GRK family members can be subdivided into three main 
groups based on sequence homology: rhodopsin kinase or visual 
GRK subfamily (GRK1/GRK7), the ß-adrenergic receptor kinases 
subfamily (GRK2/GRK3), and the GRK4 subfamily (GRK4/
GRK5/GRK6). These kinases share certain characteristics but are 
distinct enzymes with specifi c regulatory properties. 

 All GRK members contain a centrally located 263-266 amino 
acid (a.a.) catalytic domain fl anked by large amino- and carboxyl- 
terminal regulatory domains [ 19 ]. The amino-terminal domains 
share a common size (~185 a.a.) and demonstrate a fair degree of 
structural homology. These characteristics have led to the specula-
tion that amino-terminal domains may perform a common func-
tion in all GRK members, potentially that of receptor recognition. 
The primary function of GRK is to desensitize activated GPCRs via 
a negative regulative process comprising phosphorylation of the 
activated receptor, uncoupling the receptor-G-protein binding and 
initiation of the receptor internalization. GRK phosphorylates 
GPCR primarily when the receptor is activated (agonist occupied). 
The receptor phosphorylation triggers binding of arrestins, which 
blocks the activation of G proteins, leading to rapid homologous 
desensitization [ 19 – 21 ]. As a result of the arrestin binding, the 
phosphorylated receptor is targeted for clathrin-mediated endocy-
tosis, a process that classically serves to resensitize and recycle 
receptor back to the plasma membrane; or alternatively sorts the 
receptor to the degradation pathway [ 22 ].  

   Among seven GRK members, GRK2, 3, 5, and 6 are ubiquitously 
expressed in various mammalian tissues, which is in contrast to 
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GRK1, 4, and 7 that are confi ned to specifi c organs. For example, 
GRK2/5 mRNA is detectable in most tissues, whereas GRK1 and 7 
are limited to retinal rods and cones, respectively, and GRK4 is only 
present in testis, cerebellum, and kidney [ 23 ,  24 ]. On the other 
hand, although GRK2/5 can be detected in most tissues, their levels 
in different tissues vary signifi cantly. GRK2 is mostly enriched in the 
leukocytes and the frontal cortex whereas heart, lung, and kidney 
have much lower GRK2 expression [ 25 ]. In contrast, the highest 
levels of GRK5 were found in heart, lung, and placenta whereas 
brain and kidney express much  lower   levels of GRK5. 

 As compared to cardiovascular tissues, GRK5 content in the 
brain is minimal [ 23 ,  24 ]. This low content of GRK5 in brain is in 
part because majority of the cortical areas has little GRK5 expres-
sion, except for the limbic system [ 26 ]. The message of this kinase 
was found to be moderately expressed in several limbic regions 
namely the cingulate cortex, the septohippocampal nucleus, the 
anterior thalamic nuclei, dentate gyrus of Ammon’s horn, and the 
medial habenula. Notably within these subregions that express 
GRK5, the lateral septum was found to have the highest GRK5 
message. Therefore, this characteristic distribution of GRK5 in 
brain discloses its unique functional relation to the limbic system. 

 In addition to the tissue-specifi c distribution patterns, increased 
GRK5 expression has been reported in relation to overexpression 
of tazarotene-induced gene 1 (a tumor suppressor gene) or 
α-synuclein, and in adriamycin-resistant tumor cells or hypothy-
roid animals, as well as in AngII-treated vascular smooth muscle 
cells and macrophage infl ammatory protein-2 (MIP-2)-treated in 
polymorphonuclear leukocytes (PMNs) [ 27 – 32 ]. In general, there 
is a dearth of systematic studies that specifi cally address how GRK5 
expression may be regulated under different circumstances, includ-
ing the normal responses to various physiological stimuli and pos-
sible pathologic changes during aging and other disease conditions, 
such as AD, drug abuse, cardiovascular disorders, and cancers.  

   Although GRK2 is most abundant in the leukocytes and in the 
brain frontal cortex, the roles of GRK2 in cardiovascular system 
appear to have received most attention so far. For example, GRK2 
was originally known as βARK1 (for β-adrenergic receptor kinase-1) 
[ 33 ], and its upregulation in the injured and stressed heart is 
believed to be responsible for βAR dysfunction in the heart failure 
(HF), which has led to actively pursued therapeutic strategies tar-
geting GRK2 [ 34 – 37 ]. On the vascular side, GRK2 has been sug-
gested to mediate hypertension [ 38 – 40 ], though  downregulation 
of GRK2 by different approaches has led to opposite results in 
hypertension [ 41 – 43 ]. In addition, emerging evidence indicates 
that GRK2 upregulation may be associated with worsened hypoxic 
and ischemic brain damages [ 44 ,  45 ]. Therefore, a primary role of 
GRK2 in cardiovascular system health is indubitable. 

2.3  GRK2  Function  
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 Aside from the cardiovascular system, GRK2 in the leukocytes 
may be related to chemokine receptor regulation and infl ammation 
[ 46 ,  47 ]. The very high levels of GRK2 in the brain frontal cortex 
might be indicative of an equally important function. This is not to 
overlook the evidence for GRK2’s role in other brain functions 
related  to   drug addiction, reward, and even cholinergic neuronal 
function [ 26 ,  48 – 56 ].  

   As a GRK family member, the primary function of GRK5 is to 
desensitize activated GPCRs. Previous studies have shown that 
GRK5 regulates desensitization of many GPCRs, including ß-adren-
ergic receptor (ßAR), μ-opioid receptor (μ-OR), muscarinic recep-
tors, and angiotensin II Receptor (AngIIR) [ 31 ,  57 – 68 ]. 
Nonetheless, increasing evidence indicates that GRK5 can also 
phosphorylate certain none-GPCR substrates (Table  1 ) and thus 
affect their functions. For example, phosphorylation of α-synuclein 
[ 69 ,  70 ] and tubulin [ 71 ] by GRK5 has been suggested to regulate 
their polymerization, and may therefore be related to neuronal 
function and possibly  neurodegenerative disorders. Phosphorylation 
of p53 by GRK5 regulates p53 degradation [ 72 ], which implies a 
role of GRK5 in oncology. Whether the substrate is a GPCR or not, 
such GRK5 functions require its kinase activity.

   Beyond the kinase-dependent function, GRK5 has also been 
suggested to have kinase-independent regulatory function. For 
example, GRK5 inhibits nuclear factor κB (NFκB) transcriptional 
activity by inducing nuclear accumulation of IκB alpha [ 73 ,  74 ]. 
GRK5 binds to Akt and negatively regulates vascular endothelial 
growth factor (VEGF) signaling [ 75 ]. Even more dramatically, 
GRK5 has been shown to contain a DNA-binding nuclear localiza-
tion sequence, and may possess potential nuclear transcriptional 
regulatory function [ 76 ]. Therefore, it appears that GRK5 may have 
more divergent regulatory functions than just being  a   GPCR kinase.   

3    GRK2  Dysfunction   and Its Potential Pathogenic Impact on AD 

 Abnormal GRK2 levels were initially reported as a consequence of 
mild to moderate soluble Aß accumulation at prodromal stage of 
AD [ 65 ]. The change was described as twofold: (1) the total 
GRK2 protein level was increased in the CRND8 transgenic mice 
and so was the cytosolic GRK2 level; and (2) the plasma mem-
brane associated monomeric GRK2 was decreased in the CRND8 
mice even though high molecular weight GRK2 was increased. It 
seems Aß alters cellular behavior of GRK2: in Aß treated cells, 
GRK2 co- localizes with F-actin in the cytosol and the transloca-
tion from the cytosol to the membrane in response to GPCR stim-
uli is suppressed by the Aß treatment. Increased GRK2 was found 
in the cerebrovasculature, especially endothelial cells following 

2.4  GRK5  Function  

William Z. Suo



219

    Table 1  
  GRK5 substrates   

 me  GPCR  Origin  Function  Reference 

 AngIIR  Yes  Mouse  AngIIR desensitization, and 
hypertension 

 [ 31 ,  57 ] 

 ßAR, ß1AR, 
ß2AR 

 Yes  Mouse  Desensitization of ßAR (G i ), ß1AR, 
and ß2AR, related to hypertension 
and heart failure 

 [ 57 – 61 ] 

 δ-OR  Yes  In vitro/cells  δ-OR desensitization and drug abuse  [ 62 ] 

 FSHR  Yes  In vitro/cells  FSHR desensitization and FSH 
signaling 

 [ 140 ] 

 hSPR  Yes  In vitro  hSPR desensitization  [ 141 ] 

 M2 
muscarinic 
receptor 

 Yes  Mouse/airway smooth 
muscle/brain 

 M2 muscarinic receptor 
desensitization: asthma or 
pulmonary disease, and AD 

 [ 63 – 68 ] 

 PAR-1  Yes  Endothelial cells  PAR-1 desensitization  [ 142 ] 

 TSHR  Yes  Thyroid cells  TSHR desensitization  [ 86 ,  143 ] 

 α-synuclein  No  In vitro/cells/Lewy body  α-synuclein oligomer formation and 
aggregation in Parkinson’s disease? 

 [ 69 ,  70 ] 

 HDAC  No  Cardiomyocyte/mouse  Myocardial hypertrophy  [ 144 ] 

 Hip  No  In vitro/cells  CXCR4 internalization  [ 145 ] 

 NFkB p105  No  Macrophages/mouse  LPS-induced infl ammation/TLR4 
signaling 

 [ 146 , 
 147 ] 

 P53  No  Osteosarcoma cells  P53 degradation  [ 72 ] 

 PDGFRß  No  In vitro  PDGFRß desensitization  [ 84 ,  148 ] 

 Tubulin  No  In vitro/cells  Tubulin dimer assembling into 
microtubules 

 [ 71 ] 

  Abbreviations:  AngIIR  angiotensin II Receptor,  ßAR  ß-adrenergic receptor;  δ-OR  δ-opioid receptor,  FSHR  follicle- 
stimulating hormone receptor,  HDAC  histone deacetylase,  Hip  Hsp70 interacting protein,  hSPR  human substance P 
receptor,  PAR-1  thrombin receptor proteinase-activated receptor-1,  PDGFRß  platelet-derived growth factor receptor-
 ß, and  TSHR  thyrotropin receptor  

experimental chronic brain hypoperfusion, as well as in select cells 
from human AD tissue, co-localizing with damaged cellular com-
partments, especially mitochondria and/or mitochondria-derived 
lysosomes or granular/vacuolar degenerative structures [ 77 ]. 
Such co-localization was also found with neurofi brillary tangles in 
AD brains in the same study. Another interesting fi nding is that 
the GRK2 levels in AD patients were reported to be elevated in 
peripheral lymphocytes in a manner correlated with the cognitive 
decline [ 78 ]. The pathogenic signifi cance of the apparent abnor-
mal levels of GRK2 in AD remains to be elucidated. 

GRKs in Alzheimer’s Disease
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 GRK2 overexpression may contribute to the cerebrovascular 
component of AD pathogenesis. AD pathology includes an appar-
ent cerebrovascular component, ranging from cerebral hypoper-
fusion at functional level to the degeneration of the 
cerebrovasculature itself [ 79 – 82 ]. Increased vascular GRK2 
expression was associated with attenuation of vasorelaxation and/
or reduced cerebral blood fl ow, possibly, via inhibition of endo-
thelial cell nitric oxide synthase, leading to reduced nitric oxide 
production or via reduced β-adrenergic-mediated cAMP accumu-
lation, and ERK1/2 phosphorylation [ 38 – 40 ,  77 ,  83 ]. GRK2 
upregulation could also worsen hypoxia and ischemic brain dam-
ages [ 44 ,  45 ]. Therefore, it is conceivable that the upregulated 
vascular GRK2 could compromise brain functions and accelerate 
AD pathogenesis by reducing local blood supply. Nevertheless, 
current evidence in this regard is mostly correlational. More strin-
gent  mechanistic   studies remain to be performed.  

4    GRK5 Defi ciency and Its Pathological Consequences in AD 

   Although dynamic regulation of the GRK5 expression remains to be 
systematically investigated, scattered reports have indicated that 
GRK5 downregulation may result from prolonged  platelet-derived 
growth factor receptor-ß (PDGFRß)      signaling, and treatments with 
gonadotropin-releasing hormone (GnRH), thyroid stimulating hor-
mone (TSH), morphine, or lipopolysaccharide (LPS) [ 32 ,  84 – 87 ]. 

 Even if the total GRK5 levels remain normal, the membrane or 
functional GRK5 defi ciency could occur due to reduced  membrane- 
associated GRK5 (mGRK5)   levels [ 65 ,  88 ]. Given that desensitizing 
membrane-integrated GPCRs is the primary function of GRK, the 
kinase itself has to be physically associated with membrane to exe-
cute such a function. At physiological condition, GRK5 is primarily 
plasma membrane-associated by binding to  phosphatidylinositol- 
4,5-bisphosphate (PIP2)   and  phosphoserine (PS)  , and is ready to act 
when GPCRs are activated by their agonists [ 19 ,  20 ]. In certain 
circumstances, however, the balance of the binding force for GRK5 
between membrane (e.g., PIP2) and cytosol (e.g., Ca2+/
Calmodulin) can be disrupted, which may cause translocation 
mGRK5 to  cytosol   [ 88 ]. For example, in cultured cells, Aß can cause 
rapid (within minutes) GRK5 membrane disassociation and lead to 
functional mGRK5 defi ciency [ 65 ,  89 ,  90 ]. Therefore, GRK5 defi -
ciency may be caused by either decreased grk5 gene expression or 
reduced membrane distribution of the GRK5 protein, or both.  

   As described above, emerging evidence indicates that GRK5 may have 
multiple regulatory roles, in addition to primarily functioning as a 
GPCR kinase. Previous studies have suggested that functional redun-
dancy exists between the seven  GRK   members in phosphorylating 
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different GPCR substrates. It was even suspected that there might be 
little or no specifi city among the GRK members, mainly due the fact 
that seven or so GRK members are responsible for regulating hun-
dreds to thousands of GPCRs [ 20 ,  88 ]. However, studies using GRK 
knockout (KO) mice have generated unambiguous and convincing 
results that illustrate selective loss-of- function for each particular GRK 
member in vivo. For example, the mice defi cient in GRK2, 3, 5 and 6 
display selectively impaired desensitization of adrenergic, odorant, 
muscarinic, and dopaminergic receptors, respectively [ 63 ,  91 – 93 ]. 
While recognizing the selective loss-of-function, many of the known 
functions of a GRK member are indeed not affected by the absence or 
defi ciency of this GRK member, which on the other hand proves the 
redundancy or compensation between different GRK members. In 
the case of GRK5 defi ciency, for example, the selective loss-of-func-
tion is evidenced only for muscarinic, but not for adrenergic or opioid 
receptors [ 63 ]. Nonetheless, many known GRK5 functions (i.e., 
those listed in Table  1 ) have not been specifi cally studied for their 
contribution to functional loss in relation to GRK5 defi ciency. 
Therefore, it is possible that other functional loss caused by GRK5 
defi ciency, in additional to the impaired muscarinic receptor desensiti-
zation, remains to be discovered. 

 Interestingly, the impact of the GRK5 defi ciency on muscarinic 
receptor desensitization is receptor-subtype selective. To date, fi ve 
muscarinic acetylcholine (ACh) receptor subtypes have been iden-
tifi ed, with M1, M3, and M5 receptors being G q/11 -coupled, and 
M2 and M4 receptors being G i/o -coupled [ 94 ]. GRK5KO mice, 
when challenged with nonselective muscarinic agonists, display 
augmented hypothermia, hypoactivity, tremor, and salivation, as 
well as antinociceptive changes [ 63 ]. These behavioral changes are 
typical M2 and/or M4 receptor-mediated functions, according to 
the fi ndings from muscarinic receptor subtype KO mice [ 94 ,  95 ]. 
Therefore, Gainetdinov et al initially speculated that GRK5 defi -
ciency primarily affected the desensitization of M2 subtype of mus-
carinic receptors (M2R), based on the behavioral changes in the 
GRK5 KO (GRK5KO) mice [ 63 ]. It was later demonstrated that 
GRK5 defi ciency led to reduced hippocampal ACh release that 
could be fully restored by blocking presynaptic M2/M4 autore-
ceptors [ 67 ]. Moreover, nonselective muscarinic agonist-induced 
internalization of muscarinic receptors was primarily impaired for 
M2R, partially for M4R, but not for M1R. This study provided the 
molecular evidence for the subtype-selective effect of GRK5 defi -
ciency on the inhibitory G protein-coupled M2R and M4R, and 
revealed that the immediate pathophysiological consequence of 
 GRK5   defi ciency was the reduced ACh release (Fig.  1 ).

      Beyond the reduced ACh release, GRK5 defi ciency may have addi-
tional pathologic impact on AD pathogenesis. As mentioned earlier, 
GRK5 may have multiple functions that can be either 
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kinase-dependent or independent [ 88 ]. Of note, the GRK5KO 
mouse was created by targeted deletion of exons 7 and 8 of the 
murine grk5 gene [ 63 ]. It was predicted that this mouse should pro-
duce a transcript encoding a peptide that contains 194 amino acid 
(a.a.). This speculative peptide should include the N-terminal a.a. 
1–178 of the native GRK5 protein and an extra fragment of 16 novel 
residues. Given that the RH domain of GRK5 locates at a.a. 50-176, 
this means that the GRK5KO mice are only defi cient in the kinase-
dependent function of GRK5, while the kinase- independent or RH 
domain-dependent GRK5 function remains unaltered. In other 
words, the phenotypes revealed in the  GRK5KO mice   are irrelevant 
to the recently proposed RH domain- dependent GRK5 function 
[ 73 ,  74 ] or any other functions of GRK5 that are dependent upon 
the N-terminal of 1-178 a.a. In addition, compared to other AD 
mouse models, no genetic modifi cations were made to those com-
monly known AD-relevant genes, such as ßAPP, presenilins, tau, or 
apolipoprotein E. Therefore, the phenotypes of these mice are solely 
caused by the loss or lack of the GRK5 kinase activity. 

  Fig. 1    Schematic diagram of molecular interactions between GRK5 and muscarinic receptors. The selective 
impact of GRK5 defi ciency on presynaptic M2, but NOT postsynaptic M1, determines that its major impact is 
on the side of presynaptic cholinergic neurons, whereas its impact on the postsynaptic cholinoceptive neurons 
is limited to the indirect effects of the reduced ACh release. Presynaptically, GRK5 defi ciency leads to hyperac-
tive M2 autoreceptors, which may not only inhibit ACh release but also persistently suppress adenylyl cyclase 
(AC) activity. The latter may impair the intrinsic defense mechanisms and increase the cholinergic neuronal 
vulnerability to degeneration       
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 The initial characterization of the GRK5KO mice revealed 
that the young mice exhibited mild spontaneous hypothermia as 
well as pronounced behavioral supersensitivity (i.e., hypothermia, 
hypoactivity, tremor, salivation, and antinociception) upon chal-
lenge with the nonselective muscarinic agonist oxotremorine 
[ 63 ]. The aged (18 months), unchallenged homozygous mice 
were found to display signifi cant short-term (working) memory 
defi cit, along with hypoalertness [ 66 ]. 

 At pathological level, the most prominent change was the 
increased  swollen axonal clusters (SACs)      [ 66 ]. Interestingly, this 
hallmark pathologic change in GRK5KO mice primarily affected the 
hippocampus. In the advanced cases, it also affected the brain regions 
of the piriform cortex, amygdaloid and anterior olfactory nuclei, 
while most of other brain regions were free of such pathological 
structures. Normal GRK5 expression in the brain is relatively 
enriched in the limbic system [ 26 ], which coincidently overlaps with 
the subregions where the SACs occur. Besides, aged GRK5KO mice 
also displayed decreased synaptic proteins (SNAP- 25, synaptotag-
min, and growth-associated protein-43) and muscarinic receptors 
(M1R and M2R), as well as increased soluble Aß and tau phosphor-
ylation levels in the hippocampus [ 66 ]. In addition, mild cognitive 
impairment (MCI) of aged mice positively correlated with the num-
ber of SACs and negatively correlated with the levels of M2R in the 
hippocampus. Although it remains unknown how  GRK5   defi ciency 
causes all these changes, these apparent correlations show that GRK5 
defi ciency can have detrimental effect on neuronal health. 

 It is worth noting that there were barely any observable  senile 
plaques (SPs)      or infl ammatory changes, except for a few “micro” 
plaques captured under electronic microscope that showed fi brillar 
Aß-like structures and degenerating axonal components wrapped 
by reactive astrocytes. In particular, the lack of infl ammation in this 
model was somewhat contrary to earlier expectations, given that 
the initial in vitro observation of Aß-induced GRK5 defi ciency was 
performed in microglial cells [ 65 ]. One possible explanation is that 
the GRK5 defi ciency can only act as an amplifi er if there are GPCR 
ligands. However, there was lack of signifi cant extracellular Aß 
fi brils and/or any other infl ammatory initiators in the GRK5KO 
mice [ 66 ]. This speculation was tested later in a new transgenic line 
created by cross-breeding GRK5KO mice with Tg2576 mice that 
overexpress the Swedish mutant human ßAPP [ 96 ]. The produced 
heterozygous GRK5 defi cient APP mice are referred to as GAP 
mice hereafter, although they have been previously referred to as 
GRK5KO/APPsw double mice [ 68 ,  97 ]. Studies in 18-month-old 
GAP mice revealed signifi cantly exaggerated brain infl ammatory 
changes, including microgliosis and astrogliosis, as compared to 
those in the age-matched Tg2576 (APPsw) mice [ 97 ]. Therefore, 
it seemed that the GRK5 defi ciency indeed amplifi ed the brain 
infl ammation in aged GAP mice. 

GRKs in Alzheimer’s Disease
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 With respect to the detailed underlying  mechanisms  , however, it 
was initially speculated that GRK5 defi ciency might lead to impaired 
desensitization of one or more GPCRs that are involved in the fi bril-
lar Aß-triggered infl ammatory reactions [ 88 ,  97 ]. The latter could 
include a score of GPCRs, such as formyl chemotactic receptor 2 
(FPR2 or FPRL-1) [ 98 ,  99 ], C3aR and C5aR anaphylatoxin recep-
tors [ 100 ], and CCR, CXCR, and CXCXR chemokine receptors 
[ 101 ]. In addition, another possible explanation was the increased 
Aß production itself [ 88 ]. The latest evidence indicated the latter 
explanation (the increased Aß rather than the impaired infl ammatory 
GPCR desensitization) is likely to be truth. First, none of the afore-
mentioned infl ammatory GPCRs was affected by GRK5 defi ciency. 
Second, not only soluble Aß production but also the fi brillar Aß bur-
den (both plaque number and area) were signifi cantly increased in 
GAP mice. Moreover, the increased Aß accumulation long preceded 
exaggerated infl ammation in GAP mice [ 68 ]. Furthermore, there 
existed strong positive correlations between the fi brillar Aß burden 
and the  gliosis   in GAP mice [ 102 ]. Therefore, it becomes clear now 
that enhanced infl ammation in GAP mice occurs only after and as a 
consequence of the increased fi brillar Aß deposits.   

5    Mechanistic Links Between Molecular Events Driven by GRK2/5 Dysfunction 

   The pathologic impact of GRK5 defi ciency in the GAP mice is 
dual: the increased Aß production along with the reduced ACh 
release [ 67 ]. Is there an internal relation between these two 
changes? In this regard, the latest study revealed that GRK5 defi -
ciency altered ßAPP processing in favor of ß-amyloidogenic path-
way, which was mediated by the impaired cholinergic activity [ 68 ]. 

 In the GRK5KO mice the GRK5 defi ciency was found to pro-
mote soluble Aß accumulation [ 66 ]. Perhaps, because that was 
murine Aß, it failed to cause signifi cant fi brillar Aß deposit in 
GRK5KO mice. In GAP mice, however, the excessive Aß accumu-
lation included not only the soluble form, but also the fi brils 
deposited in the plaques. Comparatively, the total Aß burden in 
GAP mice at 18 month old was roughly doubled than that in 
Tg2576 mice of the same age [ 68 ]. Therefore, both models con-
fi rmed that GRK5 defi ciency promoted Aß accumulation. As for 
the relevant mechanism, it was revealed that there was an increase 
in secreted APPß fragment without change in the full length APP 
in GAP mice, indicating there was an increased ß-amyloidogenic 
APP processing in this animal model. In an acute experiment, the 
interstitial fl uid (ISF) Aß in the hippocampus decreased in Tg2576 
mice when the animals were challenged with novel object intro-
duction (NOI) in the novel object recognition test. In contrast, 
this effect was lacking in GAP mice. Interestingly, this difference 
between the GAP and Tg2675 mice was completely corrected by 
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selective M2 blockade, which appears to link the increased Aß 
production in GAP mice to a cholinergic dysfunction, or, more 
specifi cally, to the presynaptic M2 hyperactivity that we previously 
described [ 68 ,  88 ]. 

 The impaired desensitization of M2R is so far the only 
functional loss demonstrated for the GRK5 defi ciency [ 63 ,  67 ]. It 
is known that M1, M2 and M4, but not M3 and M5, are enriched 
in hippocampus, with M2/M4 being primarily presynaptic autore-
ceptors that negatively regulate ACh release in the hippocampal 
memory circuits [ 103 ,  104 ]. Therefore, once presynaptic M2R or 
M4R are activated, it is conceivable that the M2/M4 signaling will 
be prolonged, if GRK5 is defi cient. This prolonged presynaptic 
M2/M4 autoreceptor signaling was referred to as presynaptic cho-
linergic hyperactivity [ 67 ,  68 ,  88 ]. The best-known effect of the 
presynaptic cholinergic hyperactivity is reduced ACh release [ 67 ], 
which in turn leads to postsynaptic cholinergic hypoactivity, includ-
ing the postsynaptic M1 hypoactivity. In fact, postsynaptic cholin-
ergic  hypoactivity   (reduced ACh) has been previously shown to 
promote the ß-amyloidogenic APP processing and Aß production 
[ 105 – 109 ]. Therefore, it is no surprise that blocking the presynap-
tic M2R and the prolonged M2 signaling completely restored the 
ability for GAP mice to downregulate the ISF Aß production. 

 Aside from the increased Aß accumulation and the subse-
quently exaggerated infl ammation, another prominent pathologic 
change associated with GRK5 defi ciency is the axonal defects and 
the reduced synaptic proteins and muscarinic receptors [ 66 ]. It 
remains to be established whether the observed axonal defects and 
synaptic degenerative changes are cholinergic and/or cholinocep-
tive selective. Emerging evidence suggests that these pathologic 
changes could result from the presynaptic cholinergic hyperactiv-
ity. For example, previous studies suggested that the signaling of 
M1, M3, and M5, but not M2 or M4, appears to be anti-apoptotic 
[ 110 ]. The M1 signaling was shown not only to inhibit 
ß- amyloidogenic APP processing but also to decrease tau phos-
phorylation in vitro [ 105 ,  111 ,  112 ]. Therefore, M1 signaling is 
generally characterized as “cholinergic protective.” On the other 
hand, M1 and M2 are typical G q  and G i -coupled receptors, respec-
tively, and often mediate distinct or even opposing signals [ 113 , 
 114 ]. The M2 signaling is known to reduce cAMP level [ 113 , 
 114 ], and downregulate  protein kinase A (PKA)   activity, a vital 
signaling pathway for cell survival and apoptotic resistance [ 115 –
 120 ]. Perhaps, more relevant to axonal defects and synaptic degen-
eration, PKA phosphorylates and inactivates glycogen synthase 
kinase 3 (GSK3) to facilitate glucose metabolism and cell/neurite 
growth [ 121 – 124 ]. In the case of M2 hyperactivity, PKA could be 
persistently inhibited. In this case, GSK3 will be released from their 
complex, and become dephosphorylated and activated. GSK3, 
especially GSK3ß, which is also known as tau protein kinase-1 
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(TPK1), is one main cause of tau hyperphosphorylation [ 125 ]. 
Tau hyperphosphorylation destabilizes microtubules and renders it 
more prone to aggregation [ 126 ,  127 ], which can contribute to 
axonal defects. Moreover, GSK3ß can also phosphorylate  kinesin 
light chain (KLC)  , which leads to detachment of the kinesin motor 
from the cargo, thus preventing further transport of cargo and 
resulting in axonal swellings [ 126 ,  128 ,  129 ]. Therefore, if the M1 
signaling is “cholinergic protective,” then the M2 signaling appears 
to be “cholinergic destructive,” at least, when it is prolonged. In 
the case of GRK5  defi ciency  , both presynaptic M2 hyperactivity 
(destructive) and postsynaptic M2 hypoactivity (less protective) 
would be detrimental to the cholinergic neuronal system (see 
Fig.  2  for schematic illustration of the hypothesis). Consistent with 
this hypothesis, GRK5 defi cient neurons were found to be more 
vulnerable to spontaneous degeneration or neuronal death trig-
gered by Aß [ 130 ]. Therefore, it remains interesting to see if the 
GRK5 defi ciency in GAP mice promotes selective cholinergic neu-
rodegeneration in the basal forebrain.

   Importantly, aside from GRK5 defi ciency, GRK2 upregula-
tion caused by Aß may worsen the cholinergic dysfunction as 
well. In conditional GRK2KO from cholinergic neurons, the 
mice displayed cholinergic hypo-responsiveness to oxotremo-
rine-M [ 53 ], which is the opposite of the muscarinic cholinergic 
super responsiveness observed in the GRK5KO mice [ 63 ]. 

  Fig. 2    Schematic illustration of relations of GRK2/5 dysfunction to the ß-amyloid 
and the cholinergic hypotheses.  BFC  basal forebrain cholinergic       
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Although the detailed underlying molecular mechanisms remain 
to be determined, the GRK2 upregulation by Aß, rather than 
compensating for the detrimental impact of GRK5 defi ciency on 
cholinergic neurons, works with the GRK5 defi ciency to com-
promise the cholinergic functions in AD.  

   Despite various views on detailed causes and processes of AD, two 
major hypotheses have driven pharmaceutical research in AD in 
recent three decades: the amyloid hypothesis and the cholinergic 
hypothesis [ 131 ]. The cholinergic hypothesis states that the central 
cholinergic neuronal dysfunction is largely responsible for the cog-
nitive decline in AD [ 5 ]. The amyloid hypothesis proposes that Aß 
is the central pathogenic molecule in AD [ 6 ]. Although the details 
of these two hypotheses may evolve over time with increasing 
insights into disease pathogenesis, the principal concepts of these 
distinct hypotheses appear to stand solidly [ 6 ,  131 – 137 ]. In addi-
tion, compelling evidence supports that cerebrovascular  dysfunction 
and/or degeneration contributes to AD pathogenesis [ 79 – 82 ]. 
Compared to the amyloid and cholinergic hypotheses that focus on 
elucidating molecular events in neurons, the compromised cerebral 
blood and oxygen supplies provide poorer environment for vulner-
able neurons to survive and may also slow down the waste clearance 
process that requires participation of circulating blood. 

 In brief, Aß is one of the main causes for GRK5 defi ciency and 
GRK2 upregulation in AD [ 65 ]. In case of GRK5 defi ciency, it selec-
tively impairs desensitization of presynaptic M2/M4 autoreceptors, 
which leads to presynaptic inhibitory cholinergic receptors hyperac-
tivity and the subsequent postsynaptic cholinergic hypoactivity. The 
latter, as the key component of the cholinergic hypothesis, further 
accelerates Aß production. Therefore, these studies directly connect 
Aß → GRK5 defi ciency → cholinergic dysfunction → Aß into a self-
promoting loop or vicious cycle. In this vicious cycle, Aß and cholin-
ergic dysfunction each can serve as the cause and consequence, while 
GRK5 defi ciency is the pivotal mediator (Fig.  2 ). Although the 
mechanisms are unclear, the GRK2 upregulation caused by Aß seems 
also to joins this process to make things worse [ 53 ]. This is in addi-
tion to the hostile cerebrovascular consequences imposed by the 
GRK2 upregulation [ 38 – 40 ,  44 ,  45 ,  77 ,  83 ]. Therefore, given the 
dominating importance of both amyloid and cholinergic hypotheses 
in AD, more efforts should be directed to studies of GRK2/5 dys-
function, which has been overlooked in the past. 

 It is worth noting that cholinergic dysfunction is a relatively 
broad term describing the defi ciency of neurotransmitter ACh at 
cholinergic terminals. Cholinergic dysfunction in AD, according to 
the cholinergic hypothesis, is characterized by cholinergic hypofunc-
tion or a reduction of ACh, which may result from known changes 
in AD brains, such as reduced choline acetyltransferase (ChAT) and 
choline uptake, cholinergic neuronal and axonal abnormalities, and 

5.2  GRK2/5 
Dysfunction Links 
the  Amyloid 
and Cholinergic 
Hypotheses   Together
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degeneration of cholinergic neurons [ 5 ,  135 ]. These pathological 
characteristics of AD observed in the postmortem brain tissues of 
AD patients are changes evident at very late stages of the disease. 
Such late stage changes may not necessarily reveal or refl ect more 
causative alterations that occur early in the disease process. For 
example, activity of cholinergic markers, such as ChAT and acetyl-
cholinesterase (AChE), do not decrease until relatively late in the 
disease process [ 138 ]. Since neither ChAT nor AChE is rate-limit-
ing, changes in these markers do not necessarily refl ect cholinergic 
function [ 139 ]. In fact, ChAT can be inhibited up to 90 % with no 
measurable effects on ACh synthesis or release [ 132 ], while pharma-
cological and neurophysiological defi cits in cholinergic response can 
exist without signifi cant changes in ChAT activity during normal 
aging [ 139 ]. In support of the latter  argument, it has been shown 
that cholinergic  hypofunction   (reduced ACh release) can exist in the 
absence of cholinergic structural degeneration in young GRK5KO 
mice [ 67 ], and the structural degenerative change only occurs in 
aged GRK5KO mice [ 66 ]. Therefore, it is possible that an early 
nonstructural cholinergic dysfunction precedes the structural cho-
linergic dysfunction/degeneration in AD [ 67 ]. 

 While recognizing the importance of the GRK2/5 dysfunction 
in AD, many important questions remain to be addressed. Based on 
existing literature information and our own evidence, we present a 
hypothetical model that links GRK2/5 dysfunction to the amyloid 
and cholinergic hypotheses in AD (Fig.  2 ). This model attempts to 
integrate several most important hypotheses in AD into one unifying 
hypothesis, in the hope of encouraging additional investigations to 
ultimately improve our understanding of the disease pathogenesis.   

6    Conclusion 

 As described, GRK2/5 dysfunction emerges to become a critical 
player in the AD pathogenesis, not only due to its close relation to 
Aß, but also because of their selective effects on cerebrovascular 
and cholinergic dysfunctions. As being proposed in the ß-amyloid 
cascade hypothesis, multiple molecular events subsequently result-
ing from the Aß accumulation lead to detrimental changes both 
inside and outside of neurons that eventually cause specifi c neuro-
degeneration and cognitive decline. The work on the GRK2/5 
dysfunction unveils some of the mystery subsequent to Aß yet 
prior to cerebrovascular and cholinergic dysfunctions. This may in 
part shed a light on why AD is viewed as a neurodegenerative dis-
order featured with more profound cholinergic neurodegenera-
tion. Future effort should address whether or not a selective 
cholinergic neuronal loss can be discovered in GAP mice and if 
blocking the presynaptic M2 hyperactivity abolishes the pathologic 
events driven by GRK5 defi ciency.     
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    Chapter 11   

 Regulation of Dopamine-Dependent Behaviors 
by G Protein-Coupled Receptor Kinases                     

     Eugenia     V.     Gurevich     ,     Raul     R.     Gainetdinov    , and     Vsevolod     V.     Gurevich     

  Abstract 

   Neurotransmitter dopamine exerts its effects via fi ve subtypes of dopamine receptors, D1 through D5, all 
of which belong to the superfamily of G protein-coupled receptors (GPCRs). Agonist-activated GPCRs 
are selectively phosphorylated by GRKs, whereupon arrestin proteins bind active phosphoreceptors, block-
ing further G protein activation, facilitating GPCR internalization via coated pits, and initiating G protein- 
independent round of signaling. GRKs are rate limiting in this process. Four non-visual GRK subtypes are 
ubiquitously expressed and present in virtually every neuron expressing dopamine receptors. Here we 
describe the effects of individual GRKs on the dopamine receptor signaling and traffi cking in cultured 
cells, as well as in in vivo models of dopamine-mediated signaling: response to psychostimulants and 
 L -DOPA-induced dyskinesia, a debilitating side effect of  L -DOPA replacement therapy in Parkinson’s dis-
ease. The in vivo fi ndings demonstrate differential effects of GRK subtypes on signaling of individual 
dopamine receptors in the brain. Effect of GRK isoform on psychostimulant-induced behavior is not only 
dependent on the dopamine receptor but also on the neuronal type in which the isoform operates, as evi-
denced by the cell-selective GRK deletions. In addition, certain behavioral effects of GRK3 do not require 
its kinase activity, and are apparently mediated by the ability of its RGS-like domain to bind α-subunits of 
G q/11  and suppress their signaling. Thus, in vivo dopamine signaling in the brain serves as a powerful model 
for unraveling biological actions of different GRK subtypes.  

  Key words     Dopamine  ,   Dopamine receptors  ,   GPCRs  ,   GRKs  ,   Psychostimulants  ,   Parkinson’s disease  , 
   L -DOPA  ,   Dyskinesia  ,   G proteins  

1      Introduction 

 The parameters of signaling via dopamine (DA) receptors, as of 
most G protein-coupled receptors (GPCRs), are defi ned to a sig-
nifi cant extent by a conserved desensitization mechanism [ 1 ]. An 
active DA receptor is phosphorylated by one or more of GPCR 
kinases (GRKs), whereupon arrestin proteins, which specifi cally 
recognize active  phospho-receptors   [ 2 ], bind them and block fur-
ther G protein activation via competition for overlapping binding 
sites on the receptor [ 3 ]. Furthermore,  arrestin binding   initiates 
receptor internalization [ 4 ]. This mechanism ensures appropriate 
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length and intensity of G protein activation by GPCRs preventing 
their overactivity. Arrestin binding to the receptor also initiates 
another round of signaling independent of G proteins, via scaffold-
ing of signaling proteins by arrestins [ 5 ]. GPCR signaling is strictly 
controlled by this process, and the rate and extent of desensitiza-
tion depend on the availability of GRKs [ 6 – 16 ]. Since most GPCRs 
require phosphorylation by  GRKs   for high-affi nity arrestin binding 
[ 4 ], GRKs promote arrestin-dependent signaling, in addition to 
initiating GPCR desensitization towards G proteins [ 17 ,  18 ]. Most 
mammals express seven GRKs, four of which, GRK2, GRK3, 
GRK5, and GRK6, are fairly ubiquitous and collectively target 
hundreds of GPCR subtypes [ 19 ]. 

 DA receptors belong to the superfamily of GPCRs, fi rst 
identifi ed by the similarity of sequence and overall topology of 
β2-adrenergic receptor and rhodopsin [ 20 ]. Mammals have fi ve 
DA receptor subtypes, which were cloned in 1988–91, essen-
tially in the order of their decreasing abundance in the brain: D2 
[ 21 ], which has two splice variants [ 22 ,  23 ], D1 [ 24 – 26 ], D3 
[ 27 ], D4 [ 28 ], and last D5 [ 29 ]. Thus, the fi rst question that 
needs to be asked is whether any GRK preferentially targets par-
ticular dopamine receptors, and if so, which receptors are regu-
lated by which GRK(s). 

 The question consists of two parts: fi rst, which GRK isoforms 
are capable of phosphorylating which DA receptor subtypes and 
with what effi cacy and, second, which isoforms phosphorylate 
which  DA receptors   in vivo. These two topics are related but not 
identical. The performance of the GRK isoforms in the living tissue 
will depend not only on their biochemical specifi city but also on 
the relative expression and subcellular distribution. For example, if 
one isoform is considerably more abundant than the other, the 
second will likely have little chance of regulating a particular recep-
tor, because the more abundant isoform will always get there fi rst. 
Similarly, if a GRK isoform is localized in a subcellular compart-
ment away from the receptor in question, it has little chance to 
regulate it, even if it is capable of phosphorylating it in simpler 
biochemical or cell culture experiments. Therefore, biochemical 
competence is necessary but not suffi cient to conclude that a GRK 
plays a role in regulating a particular DA receptor in vivo.  

2    GRK Interaction with Dopamine Receptors 

   Even in its simplest biochemical form, the question which dopamine 
receptor is phosphorylated by which  GRK isoform   turned out to be 
nontrivial. The fi rst study used the rat D1 (called D1A at the time to 
distinguish it from another Gs-coupled dopamine  subtype, D5) het-
erologously expressed in  HEK293 cells   with GRK2, GRK3, and 
GRK5 [ 30 ]. Co-expression of all of these GRKs increased D1 

2.1  Dopamine 
Receptor Subtypes 
and GRK Isoforms
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phosphorylation to a similar extent. All three GRKs preferentially 
phosphorylated serines in the D1. However, functional conse-
quences of phosphorylation (the effects on cAMP production) 
were shown to be quite different: while all GRKs shifted dopamine 
dose–response curve to the right (to higher dopamine concentra-
tions), GRK2/3 did not affect maximum response, whereas GRK5 
reduced it by ~40 % [ 30 ]. Next study addressed the issue of sites in 
the D1 receptor targeted not by GRKs, but by cAMP-activated 
PKA, and the effect of removal of these sites by mutagenesis on 
desensitization of D1-mediated activation of adenylyl cyclase [ 31 ]. 
Among four potential PKA phosphorylation sites, Thr268 was 
identifi ed as the most important. Interestingly, the removal of PKA 
sites slowed down the loss of responsiveness to dopamine, but did 
not affect the rate of receptor internalization [ 31 ]. Thus, the 
authors concluded that PKA phosphorylation likely affects the D1 
coupling to Gs, but not endocytosis, apparently mediated by GRK 
phosphorylation and subsequent  arrestin binding   [ 31 ]. 

 Both D2 and D3 receptors couple to Gi subfamily of G proteins. 
The study of their regulation suggested that while the D2 undergoes 
rapid  GRK phosphorylation   and arrestin binding, which leads to its 
internalization, the D3 receptor is relatively resistant to this regula-
tion [ 10 ]. GRK2, GRK3, and both non-visual arrestins were shown 
to play a role in phosphorylation and internalization of the D2 recep-
tor [ 10 ]. Interestingly, the exchange of intracellular loops i2 and i3 
between the D2 and D3 reversed this phenotype, indicating that 
these elements (rather than the C-terminus phosphorylated by GRKs 
in rhodopsin and β2-adrenergic receptor), determine their suscepti-
bility to GRK/arrestin-mediated regulation [ 10 ]. 

 An interesting model for the role of GRK-mediated phosphor-
ylation of the D1 receptor in arrestin binding was proposed based 
on the extensive  mutagenesis   that included progressive truncation 
of the C-terminus and elimination of putative phosphorylation 
sites in the i3 [ 32 ]. Full deletion of the C-terminus with all Ser/
Thr residues in it completely blocked the D1 phosphorylation, but 
did not preclude desensitization, arrestin recruitment, or endocy-
tosis. In contrast, elimination of putative phosphorylation sites 
from the i3 reduced phosphorylation and signifi cantly impaired 
desensitization and arrestin recruitment [ 32 ]. The data are consis-
tent with the idea that the phosphorylation of the D1 C-terminus 
and i3 serves to unmask arrestin binding site. Thus, in the D1 lack-
ing the C-terminus no unmasking is necessary, so that arrestin 
binds without phosphorylation [ 32 ]. Interestingly, a similar mech-
anism, where phosphorylation of certain elements serves to get 
them out of the way to promote arrestin access to the active recep-
tor, was earlier proposed for the M2 muscarinic [ 33 ] and later for 
δ-opioid [ 34 ] receptors. 

 Another unconventional mode of regulation by GRK2/3 was 
described in case of the D3, which in part acts as a  presynaptic 

GRKs in Dopamine-Dependent Behavior



240

autoreceptor   [ 17 ]. The D3 receptor phosphorylation by GRK2/3 
was shown to disrupt the D3 interaction with fi lamin, which 
appears to ensure the D3 localization in fi lamin-rich lipid rafts, 
where its cognate G protein is localized. Arrestin-3 was also found 
to be localized near the D3 via direct interactions with fi lamin 
[ 17 ]. Thus, the D3 receptor phosphorylation by GRK2/3 desen-
sitizes the D3 by breaking its association with fi lamin, and there-
fore localization in G protein-rich subcellular compartments, 
whereas the interaction of GRK-phosphorylated the D3 with 
arrestin might play only a secondary role [ 17 ].  

   GRKs are widely believed to selectively phosphorylate only active 
GPCRs (reviewed in ref.  19 ). This notion received strong support 
by the elucidation of the molecular mechanism of rhodopsin kinase 
(GRK1) activation [ 35 ]. This study showed that GRK1 physically 
binds light-activated rhodopsin, and that this interaction increases 
its enzymatic activity [ 35 ]. This mechanism explained why GRKs 
selectively phosphorylate active GPCRs. Interestingly, the D1 
receptor was the fi rst GPCR where this assumption was shown not 
to be universally correct [ 36 ]. It was shown that α isoform of 
GRK4 (but not the other three splice variants of this GRK) consti-
tutively phosphorylates the D1 at two sites in the C-terminus, 
Thr428 and Ser431. This  phosphorylation   reduces the D1 respon-
siveness and facilitates the D1 receptor elimination from plasma 
membrane, and both effects are abolished by the elimination of 
these two sites in T428V + S431A mutant [ 36 ]. This fi nding 
showed that at least some GPCRs can be directly regulated by the 
complement of GRKs expressed in the same cell [ 36 ]. Importantly, 
two splice variants of the same GRK, GRK4α and GRK4γ, were 
shown to phosphorylate a different dopamine receptor subtype, 
the D3, in a strictly activation-dependent manner [ 37 ]. Elimination 
of GRK4 by RNAi in that case leads to the abolition of ERK1/2 
activation and mitogenic response to dopamine [ 37 ], suggesting 
that these responses are mediated by arrestins associated with the 
phosphorylated D3. 

 GRK2 and GRK3, but not other GRKs, were shown to phos-
phorylate the agonist-activated D2 receptor, targeting eight Ser/
Thr residues in its i3 [ 38 ]. Interestingly, mutational elimination of 
all these  GRK targets  , while predictably prevented the D2 phos-
phorylation, did not affect receptor association with arrestin-3 or 
internalization [ 38 ]. This fi nding suggests that, similar to the D1 
[ 32 ], phosphorylation of the D2 by GRKs is not required to cre-
ate arrestin-3 (beta-arrestin 2) binding site, but, more likely, acts 
to allow arrestin access to a site created by receptor activation 
[ 38 ]. Importantly, upon internalization, unphosphorylated D2 
was mostly degraded, whereas phosphorylated WT D2 was recy-
cled. Thus, in case of the D2, phosphorylation by GRKs appears 
to primarily regulate  post-endocytic traffi cking   [ 38 ]. Another 
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study of the D2 receptor also concluded that agonist-induced 
GRK phosphorylation of the D2, as well as its arrestin-dependent 
internalization (which has both phosphorylation-dependent and 
-independent components) plays a greater role in receptor resen-
sitization than in desensitization [ 39 ]. 

 Recent systematic analysis of the phosphorylation of six differ-
ent GPCRs, including two dopamine receptors, by four ubiqui-
tously expressed receptor kinases, GRK2, GRK3, GRK5, and 
GRK6, has showed that there is no universal rule regarding the 
dependence of receptor phosphorylation on the receptor activa-
tion [ 40 ]. In most cases GRK2/3 are selective for active GPCRs, 
whereas GRK5 and GRK6, which belong to the GRK4 subfamily 
[ 41 ], phosphorylate both active and inactive GPCRs [ 40 ]. The D1 
showed higher dependence on activation than many other GPCRs: 
in contrast to GRK4α, which phosphorylated both active and inac-
tive form of the D1 [ 36 ], the other members of the GRK4 subfam-
ily, GRKs 5 and 6, and well as GRKs 2 and 3 tested in this study 
preferentially phosphorylated agonist-activated D1 [ 40 ]. The situ-
ation with the D2 receptor was somewhat different: it was phos-
phorylated in activation-dependent manner by GRK2/3, and not 
phosphorylated at all by GRK5/6 [ 40 ]. 

 Three classes of proteins preferentially bind ligand-activated 
GPCRs: G proteins [ 42 ,  43 ], GRKs [ 35 ,  44 ,  45 ], and arrestins 
[ 46 ,  47 ]. So far, the evidence is consistent with the idea that all 
three classes engage the cavity between GPCR helices that opens 
on the  cytoplasmic side   upon receptor activation [ 48 ,  49 ]. 
Apparently G proteins [ 50 ], arrestins [ 51 ], and GRKs [ 52 ,  53 ] 
insert an amphipathic α-helix into this cavity. The fi ndings that 
certain synthetic ligands can bias signaling towards G proteins or 
 arrestins   (see [ 54 ] and references therein) suggests that the bind-
ing of different agonists to the same GPCR can produce distinct 
conformational changes that lead to preferential engagement of G 
proteins or GRKs/arrestins. Structural differences between 
Gs-associated β2-adrenergic receptor [ 49 ] and arrestin-1- associated 
rhodopsin [ 51 ] are consistent with this idea, although to deter-
mine whether these differences refl ect the difference in receptor or 
its interaction partner, we need more structures of GPCR com-
plexes with G proteins and arrestins.   

3    DA Receptor Signaling and the Actions of Psychostimulant Drugs 

 Studying the role of GRKs in behaviors induced by  drugs targeting   
DA receptors would be the way to address the question of the 
in vivo regulation of the DA receptors by GRK isoforms. 
Experiments in living animals bypass the problems associated with 
heterologous expression of receptors and GRKs and allow for 
assessing specifi city of GRK isoforms derived from the cell-specifi c 
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expression and/or subcellular localization rather than from 
biochemical specifi city. These studies have demonstrated that 
GRKs play important roles in the DA-dependent behavior and 
suggests that GRK could be viable therapeutic targets for pathologi-
cal conditions associated with abnormal dopaminergic signaling. 

   Psychostimulant drugs such as  cocaine and amphetamine   produce 
multiple physiological and psychological effects in humans includ-
ing an increase in blood pressure, heart rate and respiration, 
increased stimulation, confi dence, euphoria and exhilaration, 
reduced fatigue and appetite, and improved performance in simple 
cognitive and motor tasks [ 55 ]. In rodents, administration of psy-
chostimulant drugs causes a sharp elevation in the locomotor activ-
ity. Psychostimulants elevate synaptic concentration of  monoamines   
(serotonin, norepinephrine, DA) by blocking their transporters 
and/or inducing non-vesicular release. Their action at the  meso-
limbic dopaminergic system   is thought to be primarily responsible 
for their physiological and behavioral effects. Psychostimulants 
enhance the DA concentration in the nucleus accumbens, the key 
structure in the brain reward system that receives massive projec-
tions from dopaminergic neurons in the ventral tegmental area 
[ 56 ,  57 ]. Robust increases in extracellular dopamine levels caused 
by psychostimulants result in the enhanced stimulation of dopa-
mine receptors, which, in its turn, leads to the elevated locomotor 
activity. 

 The dopaminergic projections terminate on the output neu-
rons in the striatum, including the  nucleus accumbens   (Fig.  1 ). 
Based on the structure these neurons project to, they are classifi ed 
into the striatonigral (projecting to the substantia nigra reticulata) 
and striatopallidal (projecting to the globus pallidus external) neu-
rons. The D1 and D2 receptors are the main subtypes expressed by 
the output neurons in the striatum and nucleus accumbens. In the 
caudate–putamen region (Fig.  1 ), the D1 and D2 subtypes are 
segregated: the D1 receptor is expressed predominantly on striato-
nigral, and the D2 — on the striatopallidal neurons with little over-
lap [ 58 – 65 ]. In the nucleus accumbens, the concentration of the 
D1 and D2 receptors is lower than in the caudate–putamen, and 
the degree of co-expression higher [ 64 – 66 ]. The third DA recep-
tor subtype expressed in the nucleus accumbens is the D3 receptor, 
which is particularly abundant in the shell region and is largely co- 
expressed with the D1 receptor [ 67 ,  68 ].  Cholinergic interneu-
rons  , which exert powerful infl uence over the striatal output 
neurons [ 69 – 71 ], bear the dopamine D2 and D5 receptors [ 64 , 
 72 – 74 ]. As the major receptor subtypes in the nucleus accumbens, 
D1 and D2 dopamine receptors play a critical role in mediating the 
locomotion-stimulating effects of psychostimulants [ 75 ,  76 ]. Since 
GRKs can regulate dopamine receptors in vitro (reviewed in refs. 
 77 ,  78 ), several studies have focused on evaluation of the role of 

3.1  Effects 
of Psychostimulants 
on the DA 
Neurotransmission

Eugenia V. Gurevich et al.



243

  Fig. 1    Receptors expressed in the striatum.  Medium spiny neurons (MSN)   are the 
most abundant cell type in the striatum. MSNs are GABAergic output neurons 
subdivided based on their projections into striatonigral (projecting to the sub-
stantia nigra reticulata) and striatopallidal (projecting to the globus pallidus 
external). MSNs receive heavy glutamatergic corticostriatal projections terminat-
ing on the heads of spines. Corticostriatal terminals express D2 dopamine and 
M3 muscarinic presynaptic receptors regulating the release of glutamate. The 
action of glutamate is mediated by ionotropic glutamate AMPA and NMDA recep-
tors located on spine synapses and by metabotropic glutamate receptor located 
on the periphery of the synapses. The metabotropic glutamate receptors of the 
Group I (mGluRI and mGluRV) are found on both types of MSNs. Striatonigral 
MSNs can be identifi ed by dynorphin expression. They selectively express Gs/
olf-coupled D1 receptors. The Gi/o-coupled D3 dopamine receptors also seem to 
be predominantly co-expressed in the rat with the D1 receptor on the striatoni-
gral neurons, whereas in the human striatum there is high level of co- expression 
with the D2 receptor. Striatopallidal MSNs are identifi ed by enkephalin expres-
sion. They express selectively Gi/o-coupled D2 dopamine and Gs-coupled A2A 
adenosine receptors. Both types of MSN express M1 muscarinic receptors, 
whereas M4 are mostly expressed on striatonigral MSNs. Dopaminergic fi bers 
come from substantia nigra. Their activity is regulated by presynaptic D2 and M4 
receptors, both of which couple to Gi/o. Cholinergic interneurons that are the 
source of acetylcholine in the striatum express D2 and M4 receptors, as well as 
D5, which, similar to D1, couples to Gs/olf and stimulates cAMP production       
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individual GRKs in regulating dopamine receptor responsiveness 
in vivo by assessing behavioral sensitivity to cocaine and amphet-
amine in GRK mutant mice.

      It is known that GRK2 is ubiquitously expressed in various areas of 
the brain, including primary dopaminergic areas [ 79 ], and can 
regulate dopamine D1, D2, and D3 receptors in vitro [ 10 ,  30 , 
 80 – 83 ]. Alterations in GRK2 expression in the striatum following 
 chronic cocaine   were also documented [ 84 ]. Since mice with 
global GRK2 defi ciency are not viable due to embryonic lethality 
caused by  cardiac hypoplasia   [ 85 ], hemizygous GRK2+/- mice 
were initially used to explore the role of GRK2 in dopamine recep-
tor functions [ 77 ]. While locomotor effects of psychostimulant 
amphetamine and nonselective D1/D2 dopamine agonist apo-
morphine, were not altered in hemizygous GRK2+/− mice, 
cocaine treatment at certain doses caused signifi cant enhancement 
of locomotor activity suggesting that even partial GRK2 defi ciency 
is suffi cient to cause certain alterations in dopamine receptors sen-
sitivity [ 77 ]. However, the fact that this enhancement was observed 
only in very narrow range of doses indicated quite complex regula-
tion of populations of dopamine receptors by this GRK that might 
be different in various cellular populations. Recent studies with 
mice with cell-specifi c deletion of GRK2 in various groups of stria-
tal neurons have indeed demonstrated an intricate and strictly 
organized role of GRK2 in the control of dopaminergic responses 
and action of psychostimulants. Several strains of GRK2 defi cient 
mice with Cre-lox system-mediated conditional transgenic dele-
tion of this kinase under control of specifi c cellular promoters have 
been developed [ 86 ,  87 ]. 

 The mice lacking GRK2 specifi cally in cholinergic interneu-
rons (ChATcreGrk2f/f mice), D1-dopamine expressing striatal 
output synaptic neurons (D1RcreGrk2f/f mice), DAT-expressing 
presynaptic dopaminergic neurons (DATcreGrk2f/f mice), D2 
dopamine receptor-expressing presynaptic dopaminergic neurons 
as well as striatal output neurons (D2RcreGrk2f/f mice) and 
 adenosine A2A receptor-expressing striatal output neurons 
(A2AcreGrk2f/f mice) (Fig.  1 ) were tested for basal and cocaine- 
induced locomotor activity [ 86 ,  87 ]. Earlier work with mice lack-
ing specifi c GRKs globally has revealed a very modest phenotype in 
unchallenged animals, suggesting that global lack of GRK kinases 
has little impact on dopamine-related physiological processes 
under basal conditions [ 14 ,  16 ]. Similarly, no overt alterations in 
spontaneous locomotor activity were observed in drug-naive mice 
lacking GRK2 in either cholinergic [ 86 ] or  D1R-expressing neu-
rons   [ 87 ]. At the same time, the selective deletion of GRK2 in D2 
dopamine receptor-expressing neurons and DAT-expressing dopa-
minergic neurons, but not postsynaptic A2AR-expressing striato-
pallidal MSNs resulted in increased spontaneous locomotor activity. 
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These data strongly suggest that the hyperactivity phenotype of 
D2RcreGrk2f/f mice is caused by the loss of GRK2 specifi cally in 
dopaminergic neurons. 

 Interestingly, while cocaine-mediated effects remained intact 
following deletion of GRK2 from A2AR-expressing striatopallidal 
MSNs or cholinergic  neurons   [ 86 ] the deletion of GRK2 in D1R- 
and D2R-expressing neurons caused opposite effects on acute 
cocaine-induced locomotion. Particularly, mice lacking GRK2 in 
D1 dopamine receptor-containing neurons showed enhanced 
locomotor response to cocaine, while mice lacking GRK2 in D2 
dopamine receptor containing neurons showed less activity follow-
ing cocaine. Taking into account the fact that mice with GRK2 
defi ciency in  dopaminergic neurons   were also markedly less sensi-
tive to the acute effects of cocaine, these results suggest that the 
reduced sensitivity of D2RcreGrk2f/f mice to cocaine is primarily 
caused by altered regulation of D2 dopamine autoreceptors due to 
loss of GRK2 function in dopaminergic neurons. 

 Sensitization to the locomotion-stimulating effects of cocaine 
was also tested in all these strains, and only mice with defi ciency of 
GRK2 in D2R-expressing neurons showed reduced chronic 
cocaine sensitization response. These results indicate that not only 
GRK2 function in D2R-expressing neurons in the striatal cells but 
also in other brain areas such as the medial prefrontal cortex [ 88 ] 
might be required for the full expression of behavioral sensitization 
to cocaine. Further indication of specifi c role of GRK2 in the regu-
lation of presynaptic D2 dopamine autoreceptors was obtained in 
studies involving Fast Scan Cyclic Voltammetry. Particularly, GRK2 
defi ciency in D2R-expressing neurons caused a signifi cant reduc-
tion in striatal DA release directly demonstrating that GRK2 defi -
ciency in D2R-expressing neurons leads to overactivity of 
presynaptic D2 autoreceptors, which results in the persistent sup-
pression of evoked DA release from striatal DA terminals. Enhanced 
D2 autoreceptor activity may thus be due to impaired GRK2- 
mediated desensitization of these  presynaptic receptors  . 
Interestingly, although GRK2 is expressed at a relatively higher 
level in cholinergic interneurons as compared to striatal output 
neurons [ 89 ], selective knockout of GRK2 in this neuronal sub-
type has no effect on the cocaine-induced psychomotor activation, 
behavioral sensitization to psychostimulants, or conditioned place 
preference [ 86 ] suggesting little role for GRK2 in these neurons in 
regulating dopaminergic responses.  

   It should be noted, that the direct assessment of the potential role 
of GRK3, GRK4 and GRK5 in the regulation of dopamine recep-
tors in mice with global deletion of these GRKs revealed essentially 
normal responses to several  dopaminergic drugs   including cocaine 
and amphetamine, indicating that regulation of dopamine recep-
tors is not signifi cantly affected by deletion of these GRKs [ 16 ]. 
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However, the absence of GRK6 has also been reported to strongly 
enhance striatal D2 dopamine receptor activity [ 14 ], but in con-
trast to the present fi ndings, this work implicated postsynaptic D2 
dopamine receptors as the principal physiological target of GRK6. 
GRK6 seems to be one of the most prominent GRKs in the stria-
tum and other dopaminergic brain areas [ 90 ]. Particularly, high 
expression of GRK6 protein was found in the dopamine-receptive 
GABAergic medium spiny neurons as well as in cholinergic inter-
neurons in the  striatum   [ 14 ]. In vivo assessment of dopaminergic 
function in mice lacking GRK6 revealed signifi cantly enhanced 
responsiveness to primarily dopaminergic psychostimulant drugs 
and direct dopamine agonists [ 14 ,  91 ]. An increased coupling of 
striatal D2-like dopamine receptors to G proteins and higher pro-
portion of high-affi nity D2 receptors was also documented in these 
mutants [ 14 ,  92 ]. These observations have indicated that postsyn-
aptic D2 dopamine receptors are direct physiological targets for 
GRK6-mediated regulation. Thus, while it is now evident that 
multiple GRKs can regulate DA receptors in vivo, regulation of D2 
dopamine receptors by GRK2- and GRK6 seems to be functionally 
the most important. The two kinases demonstrate strict neuronal 
specifi city of this regulation: GRK2 and GRK6 regulate distinct 
populations of the D2 receptors, i.e., the receptors localized on 
dopaminergic presynaptic neurons and on postsynaptic striatal 
output neurons, respectively. Role of GRK2 in the regulation of 
D1 dopamine receptors is also noteworthy. Taken together, it 
appears that GRKs (particularly, GRK2 and GRK6) play an impor-
tant role in the control of the functions of dopamine receptors and 
the central dopaminergic system in general and, thus, may repre-
sent promising novel therapeutic targets for DA-related 
pathologies.   

4    DA Receptor Signaling in Parkinson’s Disease 

   The striatum receives dense dopaminergic innervation, and stria-
tal neurons express high levels of DA receptors. DA released by 
midbrain dopaminergic neurons regulates the striatal output and 
plays an essential role in movement control. Loss of  dopaminergic 
neurons   and depletion of DA in the striatum in Parkinson’s dis-
ease (PD) leads to the dysfunction of the striatal circuits and 
motor defi cits. The action of DA in the striatum is mediated by 
DA receptors, with the D1 and D2 subtypes being the most 
prominent (Fig.  1 ). 

 PD is a neurodegenerative disorder primarily caused by the 
degeneration of nigral dopaminergic neurons that provide dopa-
mine (DA) to the striatum. DA depletion in rodents with neuro-
toxin 6-hydroxydopamine (6-OHDA) produces movement defects 
reminiscent of akinesia in PD and is often used as a model of 
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PD. Most of what is known regarding signaling alterations in  striatal 
neurons   in PD comes from studies utilizing this model. Nonhuman 
primates treated with the neurotoxin 1-methyl-4- phenyl-1,2,3,6-
tetrahydropyridine (MPTP) to deplete dopaminergic neurons faith-
fully reproduce  PD symptoms   and, thus, the model is considered the 
“golden standard” of the animal models of PD. However, it is 
impractical for molecular studies and is used for such studies consid-
erably less often than hemiparkinsonian rodents. Loss of striatal DA 
in PD causes complex alterations in cellular signaling: numerous 
pathways in the DA-depleted striatum show strikingly exaggerated 
responses to stimulation by  dopaminergic drugs   [ 60 ,  93 – 95 ] linked 
to supersensitivity of D1 [ 96 ,  97 ] and D2 [ 98 ,  99 ] receptors. The 
mechanisms that maintain the aberrant receptor responses remain 
poorly understood. 

 The best symptomatic therapeutic agent is the DA precursor 
 L -3,4-dihydroxyphenylalanine ( L -DOPA), which is very effective 
initially in reversing akinesia in PD patients. However, long-term 
treatment leads to  L -DOPA-induced motor complications, includ-
ing dyskinesia (LID), or involuntary aimless movements [ 100 –
 102 ]. Surprisingly, the pathophysiology of LID, despite decades of 
research, is still poorly understood. The reason for this is that 
mechanisms of signaling alterations triggered by loss of DA and 
subsequent  L -DOPA treatment remain obscure. In 6-OHDA- 
lesioned rodents, treatment with  L -DOPA induces rotations, the 
frequency of which increases with repeated administration of the 
drug (this process is referred to as behavioral sensitization to 
 L -DOPA), and abnormal involuntary movements (AIMs), which 
also become more prominent with the chronic treatment. The 
chronic treatment with  L -DOPA desensitizes some supersensitive 
signaling responses, in parallel with the reversal of DA depletion- 
induced akinesia. E.g., chronic  L -DOPA suppresses supersensitivity 
of the ERK pathway caused by loss of DA [ 93 ,  103 – 106 ]. Chronic 
 L -DOPA treatment is also known to augment lesion-induced 
supersensitivity of select pathways and/or further deregulate their 
activity [ 93 ,  106 ,  107 ]. These signaling alterations correlate with 
progressively increasing frequency of  L -DOPA-induced rotations 
[ 67 ,  93 ,  108 ,  109 ] and of abnormal involuntary movements 
(AIMs) [ 108 ,  110 – 113 ]. The exaggerated signaling via the striatal 
D1 [ 96 ,  107 ,  112 ], D2 [ 99 ], and D3 [ 67 ,  93 ,  114 ] receptors has 
been implicated in LID in rodents and primates. 

 Because both  dyskinetic and antiparkinsonian actions   of 
 L -DOPA are mediated by signaling through DA receptors, the 
molecular mechanisms of these effects are likely intertwined. Since 
dopaminergic signaling is required for proper movement control, 
the clinical challenge is to suppress signaling responsible for LID 
while preserving enough  dopaminergic activity   to support the anti-
parkinsonian action of the drug. Previous attempts to dissociate 
the detrimental and benefi cial effect of the drug with 

GRKs in Dopamine-Dependent Behavior



248

pharmacological or molecular tools that inhibit the former while 
preserving the latter have been only moderately successful [ 99 , 
 114 ]. To successfully manage LID, molecular mechanisms regulat-
ing signaling via DA receptors under normal and pathological con-
ditions must be unraveled to enable selective targeting of those 
specifi cally responsible for LID. Exaggerated signaling via DA 
receptors implicated in LID suggests that that normalization of 
this excessive signaling may be benefi cial. The challenge is to 
reduce the signaling in a way that alleviates LID while preserving 
the antiparkinsonian activity of the drug, which is also mediated by 
DA receptors.  

   Five GRK isoforms are expressed in the brain [ 79 ,  89 ,  103 ,  115 , 
 116 ].  Striatal neurons   express four GRK isoforms, GRKs 2, 3, 5, 
and 6 at various levels In the rat striatum, GRK6 is expressed at the 
highest level followed by GRK2 [ 109 ], whereas in the monkey and 
human brain GRK5 is expressed at the highest level followed by 
GRK2 in most striatal subdivisions [ 103 ,  116 ]. 

 A simple way how the loss of DA and/or  L -DOPA treatment 
can infl uence the signaling via GPCRs is by modulating the avail-
ability of GRKs (Fig.  2a, b ). In rats with unilateral DA depletion 
the concentration of GRK6 and GRK3 isoforms in the dopamine- 
depleted motor striatum is reduced, and  L -DOPA fails to alter the 
GRK expression [ 108 ,  109 ]. This can contribute to faulty receptor 
desensitization and enhanced signaling. Although the degree of 
reduction in case of GRK6 is not large (25–40 %), it could be quite 
functionally signifi cant in view of the demand created by huge 
surge of DA produced from  L -DOPA. Furthermore, hemizygous 
GRK6 knockout mice expressing approximately 50 % of GRK6 dis-
play full phenotype when treated with  psychostimulant drugs   [ 14 ], 
suggesting that the concentration of GRK6 is critically important 
for the normal functioning of the DA receptors, particularly in the 
conditions of the dopaminergic overload. The GRK3 was the only 
other GRK isoform consistently reduced across striatal regions by 
the DA depletion in the hemiparkinsonian rat, with chronic 
 L -DOPA having no effect [ 109 ,  117 ]. In contrast, GRK2, the 
major isoform in the rat striatum and the closest relative of GRK3, 
is unchanged by the loss of DA and upregulated by chronic 
 L -DOPA treatment [ 109 ,  117 ].

   In parkinsonian monkeys, loss of DA leads to the upregulation 
of several GRKs [ 103 ], which may temper dopaminergic signaling 
upon initial  L -DOPA administration and ensure a therapeutic 
response to the drug. However, chronic  L -DOPA treatment sup-
presses the GRK expression [ 103 ]. The elevated membrane expres-
sion and reduced internalization of D1 receptors in the striatum of 
dyskinetic monkeys [ 118 ] has been demonstrated, suggesting that 
LID is associated with defi cits in the D1 receptor desensitization 
and traffi cking. Additionally, we found a strong tendency to a 
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  Fig. 2    Signaling abnormalities associated with dyskinesia and their correction by GRKs. ( a ) In the normal stria-
tum, GRK6 controls GPCR signaling via receptor phosphorylation followed by arrestin binding, whereas GRK3 
regulates the signaling of Gq/11-coupled GPCRs by sequestering active GTP-liganded Gαq/11. ( b ) Dopamine 
depletion and/or subsequent pulsatile stimulation in the course of  l -DOPA therapy may cause a reduction in the 
expression of GRK6 and/or GRK3 in the striatum. Alternatively the amount of available GRKs becomes insuffi -
cient due to increased demand at the peak of the stimulation. In either case, this leads to uncontrolled excessive 
signaling (sensitization to dopamine) and ultimately to  l -DOPA-induced dyskinesia. ( c ) The delivery of exogenous 
GRK6, which increases total availability of GRK6, and the expression of wild type GRK3 or its isolated RGS 
homology domain (RH, shown) restores normal signaling regulation, thereby alleviating dyskinesia       
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decrease in the concentration of GRK2 and GRK5 in the striatal 
regions in human patients with PD at post mortem [ 116 ], which 
points to possible loss of GRKs following long-term  L -DOPA use. 

 Thus, reduced GRK availability caused by either the loss of DA 
or by subsequent  chronic treatment   with  L -DOPA likely contrib-
utes to the exaggerated dopaminergic signaling in the  dyskinetic 
brain   (Fig.  2b ). Alternatively, defective desensitization and result-
ing receptor supersensitivity could be due to insuffi cient GRK 
availability in relation to the demand imposed by the DA surges in 
the course of  L -DOPA therapy, even if the GRK concentration is 
not reduced, as compared to the normal striatum. Collectively, 
these results suggest that increasing the capacity of the desensitiza-
tion machinery in the parkinsonian striatum may ameliorate LID.  

   Based on the hypothesis that the GPCR desensitization machinery 
is defective in LID, whether due to reduced concentration of spe-
cifi c  GRK isoforms   or insuffi cient GRK availability relative to the 
demand, we set out to examine the effect of enhancing the capacity 
of the system on LID. The only feasible way to enhance the func-
tion of GRKs was to increase their concentration in the brain. 
Therefore, we chose to overexpress GRK6 in the DA-depleted 
striatum in hemiparkinsonian rats using the lentivirus-mediated 
gene transfer. GRK6 was chosen for these experiments, because, as 
described above, it was reported to be the primary GRK isoform 
[ 14 ,  77 ] regulating the signaling via DA receptors in vivo. 

 We found that lentivirus-mediated overexpression of GRK6 in 
the motor striatum in hemiparkinsonian rats suppressed  L -DOPA- 
induced contralateral rotations and ameliorated abnormal involun-
tary movements (AIMs), suggesting that increased GRK availability 
alleviates LID [ 108 ] (Fig.  2c ). Using lentivirus-mediated miRNA 
knockdown approach, we demonstrated that reduced availability of 
GRK6 promoted rotational behavior and increased AIMs scores, in 
agreement with our fi nding [ 109 ] that dopamine depletion reduces 
the expression of GRK6 and  L -DOPA treatment does not reverse this 
reduction. We found that, although both  GRK6A and GRK6B splice   
variants are reduced by the DA depletion, GRK6A is most affected by 
the lesion. The loss of GRK6 in the lesioned hemisphere suggests a 
link between lower GRK6 availability and  dyskinesia  . MiRNA-
mediated GRK6 knockdown exacerbated the decrease in the GRK6 
expression in the lesioned hemisphere and aggravated the behavioral 
consequences of DA depletion and  L -DOPA treatment, supporting 
the role of low GRK6 in dyskinesia. The lesion reduced the GRK6 
concentration by approximately 40 %, and lentiviral knockdown fur-
ther reduced it by 36–40 %, whereas overexpression doubled GRK6 
concentration. These numbers are in a good agreement with the 
work by Gainetdinov et al. [ 14 ], who found in GRK6 hemizygous 
mice (with ~50 % reduction in the GRK6 concentration) a behavioral 
phenotype close to that of knockout animals. Thus, even a modest 

4.3  Effect of the GRK 
Manipulation on LID 
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modulation of GRK6 concentration seems to have critical impact on 
dopaminergic signaling and dopamine-dependent behavior. These 
data underscore an important functional role of GRK6 in signaling 
mechanisms underlying  dyskinesia   (Fig.  2b ). 

 Nonhuman primates lesioned with dopaminergic toxin 
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) are consid-
ered a “golden standard” animal model of PD, since they faithfully 
reproduce the PD symptoms seen in human patients and develop 
dyskinesia upon chronic treatment with  L -DOPA. We have exam-
ined the effect of upregulation of GRK6 in the striatum of parkin-
sonian monkeys on the manifestation of LID. The monkeys lesioned 
with MPTP and treated with  L -DOPA until they developed LID 
were given injections into the motor putamen of the lentivirus 
encoding human GRK6. Upon recovery, the animals were tested 
for LID, as well as for the  antiparkinsonian effect   of  L -DOPA. We 
found that elevating the concentration of GRK6 leads to signifi cant 
amelioration of LID with complete preservation of the therapeutic 
potential of  L -DOPA. Furthermore, the therapeutic effect was even 
extended in duration in animals expressing GRK6, as compared 
with control monkeys. In the clinical setting, patients with severe 
LID are often prescribed reduced dose of  L -DOPA to help control 
LID. This comes at the expense of the anti-akinetic effect of the 
drug. We reproduced the situation in the parkinsonian monkeys by 
treating them with half the regular dose of  L -DOPA and testing for 
both therapeutic and LID-inducing effects. To our surprise, we 
found that in GRK6-expressing monkeys half the  L -DOPA dose 
was just as effective therapeutically as the full dose in control ani-
mals, but without inducing LID. In contrast, in control animal LID 
was reduced, albeit to a lower extent than in the GRK6 expressing 
monkeys, but so was the therapeutic effect of  L -DOPA [ 108 ]. 

 Therefore, our data demonstrate that promoting GPCR desen-
sitization in the DA-depleted striatum via virus-mediated overex-
pression of GRK6 attenuates LID in both primate and rodent 
models. GRK6 suppresses LID in dyskinetic monkeys without 
compromising the antiparkinsonian effects of  L -DOPA. In fact, 
GRK6 prolongs the antiparkinsonian effect, especially at the lower 
 L -DOPA dose. The duration of the antiparkinsonian effect of the 
half-dose in GRK6-expressing animals was even slightly longer 
than that of the full  L -DOPA dose in controls. Importantly, the 
additional time afforded by GRK6 was LID-free. In the rodent 
model, GRK6 consistently reduced the rotation frequency and the 
appearance of AIMs. The inhibition of the rotations and AIMs in 
rats by GRK6 parallels its potent anti-dyskinetic activity in the pri-
mate model of PD, suggesting an overlap between the molecular 
mechanisms underlying LID in primates and dyskinetic behaviors 
in rodents. Collectively, these data demonstrate that increased 
availability of GRK6 helps to control LID without sacrifi cing the 
antiparkinsonian benefi ts of  L -DOPA. 
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 A distinguishing feature of the GRKs is the presence, in 
addition to the kinase domain, of the  RGS homology (RH) domain   
[ 119 ]. The RGS proteins are known to be critical regulators of 
GPCR signaling playing important roles in a variety of physiologi-
cal and pathological processes [ 120 ]. The kinase domain of all 
GRKs is inserted within in a loop within the RH domain structure, 
which is a very unusual feature for multi-domain proteins [ 19 , 
 121 ]. The RH domain of GRKs was originally identifi ed  in silico  
[ 119 ] but later shown to be functionally active in cultured cells 
[ 122 – 127 ]. In contrast to “conventional” RGS proteins, many of 
which accelerate GTP hydrolysis by G proteins [ 120 ], the RH of 
GRKs possess almost no GTPase accelerating activity but binds 
and sequesters active Gαq/11, thereby reducing the signaling via 
Gq/11-coupled GPCRs [ 123 – 126 ] (Fig.  2a ). Thus, GRK2/3 can 
suppress GPCR signaling by two independent mechanisms: recep-
tor phosphorylation and scavenging active Gαq/11. While the lat-
ter mechanism was demonstrated in cultured cells [ 122 – 126 ,  128 , 
 129 ], it was never shown to operate in vivo. 

 Since GRK3 is downregulated in the lesioned striatum of the 
hemiparkinsonian rat, we tested whether overexpression of GRK3 
would inhibit  L -DOPA-induced rotations and AIMs and found 
that to be the case [ 117 ]. If the action of GRK3 is mediated by 
receptor  phosphorylation  , it could be due to facilitated receptor 
desensitization or enhanced arrestin-mediated signaling upon 
arrestin binding to phosphorylated receptors [ 17 ,  18 ]. However, 
in contrast to GRK6 that acted via receptor phosphorylation, the 
action of GRK3 was phosphorylation-independent, since kinase-
dead mutant GRK3 retained full activity, which effectively ruled 
out both phosphorylation- dependent desensitization and arrestin- 
dependent signaling [ 117 ]. The GRK3 construct with inactivated 
RH domain but with other domains functionally intact (GRK3- 
RHD) did not affect  L -DOPA-induced rotations, demonstrating 
that functional RH domain is required for the anti-LID activity of 
GRK3, whereas other domains do not make a measurable contri-
bution. We also found that isolated RH domain lacking other 
domains recapitulated the effect of full-length GRK3, further sup-
porting the conclusion that RH domain is suffi cient for the GRK3 
action. Moreover, in the context of similar subcellular localization 
of full-length GRK3 and its separated RH domain, the fi nding that 
both show the same anti-LID activity strongly suggests that full- 
length GRK3 exerts its effect in this paradigm via its RH domain. 
Taken together, these experiments provided defi nitive proof that 
the functional RH domain is necessary and suffi cient for the anti- 
LID activity of GRK3 [ 117 ] (Fig.  2c ). 

 The fact that GRK6 was proven to act exclusively via phos-
phorylation is not surprising. Although all GRKs possess the RH 
domain, only the RH domains of GRK2 and GRK3 seem to be 
capable of binding Gαq/11 [ 123 ]. The structure of GRK6 revealed 
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that its RH domain has a shorter α5 helix than that of GRKs2/3 
[ 121 ] and lacks structural elements known to be required for bind-
ing to Gαq/11 [ 122 ,  125 ,  126 ].  

   GRK6 likely alters DA-dependent behavior by facilitating desensi-
tization of DA receptors. Previous work with mice has demon-
strated that behavioral supersensitivity to psychostimulants caused 
by GRK6 knockout is due to modifi ed signaling through the D2 
but not the D1 receptor [ 14 ]. However, dopamine depletion and 
subsequent development of LID in the course of  L -DOPA treat-
ment precipitates multiple dramatic changes in the striatal signal-
ing pathways [ 97 ,  130 ]. Although both receptor subtypes are 
involved in LID, the D1 receptor seems to play a particularly 
important role [ 96 ,  118 ,  131 ]. Furthermore, deletion of the D1 
receptor, but not the D2 receptor, abrogates both  L -DOPA- 
induced rotations and AIMs [ 132 ], proving that only the D1 
receptor is indispensable for LID. Thus, we expected that the dys-
kinetic action of GRK6 might require it to act on the D1 or both 
major DA receptor subtypes. We found that GRK6 reduced LID 
caused by selective D1 and D2 agonists in parkinsonian monkeys, 
indicating that signaling via both receptor subtypes was altered. In 
this respect, the effect of GRK6 is qualitatively different from our 
previous results with RGS9-2 [ 99 ], which only affected D2 recep-
tors coupled to its target Gαi/o, but not D1 receptors coupled to 
Gαs [ 120 ]. In hemiparkinsonian rats, GRK6 promoted the D1 
receptor internalization and suppressed the  L -DOPA-induced 
upregulation of prodynorphin and of the D3 receptor attributed to 
the enhanced D1 receptor signaling [ 67 ]. Similarly, GRK6 reduced 
the  prodynorphin expression   in dyskinetic monkeys. Although we 
did not detect any increase in D2 receptor internalization, GRK6 
reduced the upregulation of preproenkephalin mRNA expressed in 
D2 receptor-bearing neurons [ 60 ,  61 ,  133 ]. 

 These fi ndings should be interpreted with some caution, how-
ever, since some of the effects, behavioral as well as molecular, 
could be indirect occurring at the circuitry level. Earlier studies 
with selective D1 and D2 agonists demonstrated functional coop-
eration between the receptor systems.  Synergism  between the D1 
and D2 receptors, i.e., a phenomenon when concomitant adminis-
tration of a D1 and a D2 agonist produces much stronger behav-
ioral and molecular effects than either drug alone. Such synergism 
as well as  cross -priming effect (priming is an enhancement of a 
response to subsequent as compared to previous administrations of 
a drug; D1 and D2 agonists can prime for each other) seriously 
complicate understanding the relative role of these receptor sub-
types in LID using pharmacological approaches (reviewed in refs. 
 134 ,  135 ). The mechanisms of either phenomenon remain 
unknown but likely indirect, involving interactions at the level of 
the neural circuitry, with the important role played by glutamate 
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release [ 136 – 138 ]. Quite likely, GRK6 altered the D1 receptor 
desensitization directly, since we detected altered D1 receptor traf-
fi cking [ 108 ]. In contrast, the effect on the behavior produced by 
the D2 agonists is more likely indirect involving circuitry mecha-
nisms, fi rst, because there was no change in the D2 receptor traf-
fi cking, and, second, because GRK6 did not appear to be able to 
phosphorylate the D2 receptor, as demonstrated by in-cell phos-
phorylation experiments [ 38 ,  40 ]. Further experiments with 
neuron- selective modulation of the GRK6 activity are required to 
settle this issue. 

 In animals treated with selective D1 or D2/D3 agonists, GRK6 
not only suppressed LID, but also shortened the overall duration of 
their effects, including the  antiparkinsonian activity  , and this effect 
was particularly obvious when the D1 agonist was used. This is con-
sistent with faster receptor desensitization due to increased GRK6 
availability. Conversely, in GRK6-expressing animals  L -DOPA-
induced antiparkinsonian effect lasted longer than in control mon-
keys. Due to high selectivity of GRKs for active  receptors [ 139 ], we 
expected the anti-LID effect of GRK6 to be coupled with the pres-
ervation of the antiparkinsonian activity. The receptor must be acti-
vated, allowing the signal to go through, before it is desensitized by 
 GRK-mediated phosphorylation  . Apparently, this initial signaling is 
suffi cient for the antiparkinsonian effect but not for LID. Although 
we have shown that GRK6 is able to phosphorylate many GPCRs 
in the inactive state, it shows high preference for the active D1 
receptor over its inactive form [ 40 ]. Unique effects of  L -DOPA 
might arise from its simultaneous action at both D1 and D2 recep-
tors. The presence of GRK6 is likely to shift the balance in favor of 
D2-like receptors, since it may not promote their desensitization 
directly, and they generally do not desensitize as readily as D1 
receptors [ 10 ,  30 ]. This conclusion is consistent with our fi nding 
that in monkeys GRK6 had only a modest effect on the duration of 
 D2-mediated effects  , whereas it substantially shortened that of the 
D1 agonist. Such rebalancing of the activity of D1 and D2 recep-
tors and, consequently, of the direct and indirect pathways, might 
contribute to extended antiparkinsonian benefi ts. 

 GRK6 likely modulated DA-dependent behavior by facilitating 
desensitization of DA receptors. Previous work with GRK6 knock-
out mice has demonstrated that GRK6 is the key isoform regulat-
ing the signaling via the DA receptors [ 14 ]. Our results supported 
that conclusion although emphasizing the role of the D1 receptor 
regulation by GRK6 rather than that of the D2 receptor [ 108 ]. 
With GRK3, the situation is different. The canonical signaling of 
either the D1 or the D2 receptor does not involve Gq/11. The 
notion that D1R can couple to Gq, as an alternative to Gs/olf, 
persists [ 66 ,  140 – 152 ], although it is disputed [ 153 – 155 ]. Recent 
reports have shown that the striatal D1 receptors on the  striatoni-
gral neurons   and D5 receptors on cholinergic interneurons couple 
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to Gq in vivo [ 156 ,  157 ]. D1R/D2R heterodimers were reported 
to couple to Gq [ 63 ,  66 ] However, dimer formation requires the 
D1/D2 receptor co-expression in the same neuron, and only a 
limited proportion (5–7 %) of neurons in the dorsal striatum co- 
express both receptors [ 64 – 66 ,  147 ,  158 – 160 ], although the pro-
portion is higher in the nucleus accumbens [ 66 ,  147 ,  159 ]. 
Furthermore, the existence of the D1/D2R dimers has recently 
been called into question [ 153 ]. Therefore, the question whether 
the D1 receptor can engage the Gq signaling directly remains 
unresolved, and the origin of the Gq/11 signaling in LID affected 
by GRK3 is unclear. 

 Since RH directly binds active Gαq/11, its action does not 
depend on GRK3 biding to a particular receptor. GRK3 could 
sequester via it RH domain active Gαq/11 generated by activa-
tion of a number of non-DA Gq/11-coupled receptors expressed 
in  striatal neurons  . For example, active Gαq/11 could be gener-
ated by Group I mGluRs indirectly activated by  L -DOPA. 
mGluR1 and, particularly, mGluR5 is highly expressed in 
medium spiny striatal neurons and interneurons [ 161 – 164 ]. 
Studies showing that drugs targeting these receptors modulate 
 L -DOPA-induced behaviors and LID [ 165 ,  166 ] support the 
involvement of these receptors in the action of  L -DOPA. Other 
Gq-coupled receptors could also contribute, including 5-HT2A 
receptors expressed by medium spiny striatal neurons [ 167 ]. 
Antagonists of these receptors reduce LID, suggesting a role in 
 L -DOPA action, although it is unclear whether the mechanism is 
presynaptic or postsynaptic [ 168 ]. A major Gq-coupled receptor 
expressed by both types of medium spiny striatal neurons, but 
not by interneurons, is the M1 muscarinic receptor [ 169 ,  170 ]. 
 Anticholinergic drugs   targeting this receptor are used to treat 
stiffness and tremor in PD [ 170 ], but so far there is no evidence 
of its involvement in LID.  

   We hypothesized that the origin of multiple signaling abnormali-
ties in the DA-depleted striatum is inadequate desensitization of 
 DA receptors   that is either not normalized or further deregulated 
by subsequent chronic  L -DOPA treatment. Defective receptor 
desensitization may partially stem from reduced expression of GRK 
isoforms in the DA depleted striatum that is not normalized by 
 L -DOPA [ 109 ]. GRK6 affects desensitization of the DA receptors 
directly via conventional  phosphorylation-arrestin binding   mecha-
nisms, whereas GRK3 acts via its RH domain facilitating inactiva-
tion of active Gαq/11, i.e., in a manner similar to other RGS 
proteins. Signaling abnormalities could then be propagated 
throughout the signaling network. The corollary of this hypothesis 
is that elevated expression of GRKs should rescue desensitization 
of DA receptors, thus ameliorating abnormal signaling via multiple 
pathways and improving behavior. 

4.5  Signaling 
Mechanisms Affected 
by GRKs 
in the Parkinsonian 
Brain
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 Several signaling pathways that are not normally activated by 
DA (or  L -DOPA) show strong activation by  L -DOPA or other 
dopaminergic agonists following DA depletion. The MAP kinase 
ERK is the best-studied pathway in the context of DA depletion 
and LID mechanisms. The supersensitivity of the ERK pathway 
to dopaminergic stimulation following DA depletion has been 
reported by many laboratories, and elevated ERK activity has 
been linked to LID development [ 60 ,  93 ,  94 ,  103 ,  106 ,  171 , 
 172 ]. However, the exact role of the ERK deregulation in the 
 LID development   is still unclear. Moreover, chronic treatment 
with  L -DOPA required for LID development desensitizes the 
ERK response, making it more likely that high ERK activity is 
associated with priming rather than with LID per se [ 60 ,  93 ,  103 , 
 106 ]. Since priming is an important component of LID patho-
physiology, reducing the ERK hyperactivity may have an anti-
LID effect. Successful attempt has been made to ameliorate LID 
by controlling the activity of the neuron-specifi c ERK1/2 activa-
tor Ras- GRF1 factor [ 173 ]. We have demonstrated that expres-
sion of GRK6 in the lesioned striatum signifi cantly suppressed 
ERK1/2 activation in response to  L -DOPA challenge. We also 
found, in agreement with previous reports [ 93 ,  103 – 106 ], that 
chronic  L -DOPA treatment reduced the degree of ERK supersen-
sitivity to  L -DOPA. The effect of GRK6 was strong in drug-naïve 
animals but diminished with chronic  L -DOPA treatment. In fact, 
GRK6 brought down the ERK1/2 response in drug-naïve ani-
mals to the level of the desensitized ERK1/2 response in chroni-
cally  L -DOPA- treated animals. 

 In contrast to ERK, the role of the p38 pathway in general has 
not previously attracted attention in connection to LID, although 
evidence exists as to the role of the p38 pathway in neuronal death 
in PD [ 174 ]. We detected elevated basal activity of p38 kinase in 
the lesioned striatum and found that p38, similarly to ERK1/2, 
was rendered supersensitive to  L -DOPA challenge by DA deple-
tion. In saline-treated animals, elevated level of phospho-p38 in 
the lesioned striatum was refl ective of the increased p38 expres-
sion, since phospho-p38 to total p38 ratio was unchanged. In 
 L -DOPA-treated animals, the ratio was elevated to a comparable 
degree in saline- and  L -DOPA challenged rats, suggesting increased 
basal activity of the p38 pathway in the course of  chronic  L -DOPA 
treatment   that was not further increased by the acute challenge. 
Thus, elevated p38 activity may be associated not only with peak- 
dose LID, as is the case with ERK1/2, but with the dyskinetic state 
itself. In contrast to ERK, chronic  L -DOPA did not signifi cantly 
desensitize the p38 response to  L -DOPA challenge. The overex-
pression of GRK6 reduced the degree of the p38 supersensitivity 
across experimental groups, also reducing the basal activity in the 
 L -DOPA-treated rats, but the effect was most noticeable in drug- 
naïve  L -DOPA-challenged animals. 
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 We have reported that loss of DA in the striatum resulted in a 
sustained elevation of the responsiveness of the Akt pathway to 
 dopaminergic stimulation  , which was not desensitized by chronic 
 L -DOPA [ 93 ]. The hyperphosphorylation of Akt at the main acti-
vating residue Thr 308  in response to  L -DOPA challenge in both 
drug-naïve and  L -DOPA-treated rats is ameliorated by overexpres-
sion of GRK6, similarly to the effect seen on ERK1/2 and p38 
activation. Therefore, our data demonstrate that by overexpressing 
GRK6, which presumably facilitated desensitization of DA recep-
tors in the lesioned striatum, it was possible to partially normalize 
signaling via at least three pathways, ERK, p38, and Akt, all of 
which became supersensitive to DA upon DA depletion. 

 Enhanced ERK response to DA stimulation in the DA-depleted 
striatum has been linked to the D1 receptor supersensitivity [ 60 ,  94 , 
 175 ,  176 ]. The elevated GRK6 likely reduced the ERK activation by 
 L -DOPA via facilitation of the D1 receptor desensitization and nor-
malization of the D1 intracellular traffi cking and regulation [ 108 ]. 
The supersensitivity of the p38 or Akt  pathways   has not yet been 
attributed to a specifi c receptor. However, it is reasonable to con-
clude that they are also normalized via improved receptor desensiti-
zation. GRKs are believed to have rather broad receptor specifi city, 
although detailed information for individual GRK isoforms is lack-
ing (for review see [ 19 ]). GRK6 has been shown to preferentially 
regulate the D2 receptor in vivo [ 14 ]. Our previous data demon-
strated that in the conditions of DA depletion GRK6 effectively 
modulates the signaling and traffi cking of the supersensitive D1 
receptor [ 108 ]. There is no information whether GRK6 regulates 
other GPCRs expressed by striatal neurons that are involved in the 
movement control and/or LID, such as adenosine A1 [ 177 ] and 
A2A [ 178 ,  179 ], serotonin 5-HT1A [ 180 – 184 ] and 5-HT1B [ 184 , 
 185 ], or opioid [ 186 – 188 ] receptors in vitro or in vivo. 

  Chronic  L -DOPA treatment   appeared to diminish the normalizing 
effect of GRK6 on signaling, most obviously in case of ERK [ 95 ]. This 
was a somewhat unexpected fi nding. It seems that GRK6 suppressed 
acute signaling effects of  L -DOPA, thus alleviating peak-dose LID, but 
not the long-term  L -DOPA effects that predispose the animals to 
LID. This conclusion is consistent with the fact that overexpression of 
GRK6 diminished locomotor sensitization to  L -DOPA, but does not 
abolish it. Sensitization still occurs, albeit at a reduced rate. The reduc-
tion is possibly due to weakened priming effect of every dose of 
 L -DOPA. Chronic  L -DOPA has no further effect on the GRK6 con-
centration reduced by DA depletion [ 95 ,  108 ,  109 ]. Therefore, 
GRK6 overexpression should be expected to normalize signaling even 
following chronic  L -DOPA treatment, which was only partially the 
case. It is conceivable that overexpressed GRK6 facilitates acute desen-
sitization of DA receptors, whereas upon chronic  L -DOPA additional 
factors are introduced, which are either not under GRK6 control or 
affected by GRK6 in a different manner. 
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 Reduced potency of every dose of the drug may be the cause 
of lower accumulation of transcription factor ΔFosB in the lesioned 
striatum of GRK6-overexpressing rats observed in this study. 
ΔFosB has been shown to directly contribute to the development 
of LID [ 189 – 191 ]. A lower level of ΔFosB in GRK6-overexpressing 
rats is consistent with the reduced rate of behavioral sensitization 
and LID in these animals. We also showed that the increase of 
ΔFosB concentration in the lesioned striatum occurs in the nuclear 
fraction, and this accumulation is blunted by GRK6. Weakened 
priming effect of every single  L -DOPA dose accumulated over the 
course of the chronic treatment eventually may result in reduced 
gene expression associated with LID. We found that overexpressed 
GRK6 also reduced the degree of upregulation of  dynorphin and 
enkephalin   mRNA and the increase in the D3 DA receptor con-
centration [ 108 ]. These molecular changes are well-known mark-
ers of LID [ 134 ,  135 ], although their causal connection with LID 
development has never been convincingly demonstrated. 

 In case of GRK3, we detected no signifi cant alterations in the 
MAP kinase or Akt signaling upon overexpression of full-length 
GRK3 or isolated RH domain. However, GRK3 and RH dimin-
ished accumulation of ΔFosB [ 117 ]. Interestingly, the effect of 
GRK3 on the accumulation of ΔFosB, the transcription factor 
implicated in LID development [ 189 ,  192 ], is phosphorylation- 
independent and is mediated via the RH domain of GRK3 [ 117 ]. 
Since the RH of GRK3 is only capable of interacting with Gαq/11 
[ 123 ], these data for the fi rst time implicate Gq-mediated signaling 
in the  L -DOPA-induced ΔFosB accumulation. Gq-mediated sig-
naling could affect ΔFosB accumulation via modulation of the pro-
tein kinase C [ 193 ] or calcium/calmodulin-dependent protein 
kinase II (CaMKII) activity [ 194 ]. 

 These data show that modulation of the function of GRK6 and 
GRK3 impact the signaling network affected by the loss of DA and 
 L -DOPA treatment. GRKs 6 and 3 affect different segments of the 
network mediated by second messengers cAMP and diacylglycerol/
calcium, respectively. The signaling affected by the two  GRK iso-
forms   seems to converge at the level of the transcription factor ΔFosB 
and, presumably, downstream regulation of the gene expression.  

   Taken together, these in vitro studies and studies in transgenic mice 
with focus on assessing the effects of DA-targeting psychostimulant 
drugs and of  L -DOPA in the models of PD and LID have convinc-
ingly demonstrated critical roles of select GRK isoforms in regulat-
ing the DA receptor signaling. Particularly, the roles of GRK2, 
GRK3 and GRK6 seem to be most critical in the regulation of both 
the D1-like and D2-like DA receptors. DA receptors, the same as 
other GPCRs, are known to have two modes of signaling—G pro-
tein-dependent and arrestin-dependent [ 195 ]. The role of GRKs in 
regulating the arrestin-dependent signaling remains essentially 
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unexplored. It would be interesting to determine whether specifi c 
GRK are specifi cally connected with one versus another mode of 
the DA receptor signaling or the same GRK-mediated phosphory-
lation process equally promotes both events. 

 Further understanding of the specifi cs of such regulation 
should be critical for elucidating the pathological mechanisms of 
dopamine-related conditions. The addiction to psychostimulants 
remains quite high, and the illicit use of some  psychostimulant 
drugs   such as amphetamines is on the rise worldwide [ 196 ]. 
Furthermore, currently there is no viable strategy for treatment of 
the psychostimulant addiction or prevention of relapse of drug use. 
There is little doubt that GRKs, as the key regulators of the DA 
receptor signaling, play an essential role in neurological adapta-
tions underlying the transition from persistent drug use to addic-
tion. GRKs could impact addiction processes, for example, via 
modulation of ΔFosB accumulation involved in the cocaine- 
induced neuroplasticity [ 197 ] or by affecting the arrestin recruit-
ment to DA receptors and arrestin-dependent signaling known to 
play a role in the psychostimulant action [ 198 – 200 ] 

 Clear understanding of the signaling regulation could be par-
ticularly important for LID, which remains an unmet medical need 
in the management of PD severely affecting the effi cacy of treat-
ment and the patients’ quality of life. Advanced degeneration of 
dopaminergic innervation observed shortly after diagnosis of PD 
[ 201 ] makes the improvement of existing symptomatic therapies, 
in addition to the development of  neuroprotective therapies  , criti-
cal. In recent years, investigations have uncovered numerous sig-
naling alterations associated with LID [reviewed in refs.  111 ,  134 , 
 202 ]. Reduced supersensitivity of the ERK pathway and reduced 
accumulation of ΔFosB have been shown to lead to amelioration 
of LID [ 173 ,  189 ,  190 ]. However, the role of most signaling path-
ways deregulated by loss of DA and/or chronic  L -DOPA in LID 
simply has not been explored. Furthermore, many signaling path-
ways that operate in the striatum have never been investigated in 
connection with PD or LID. A good example of this is the involve-
ment in LID of the Gq/11-mediated signaling we discovered in 
connection with the GRK3 function that has never been suspected 
before. Thus, the sheer number of signaling pathways potentially 
involved in LID makes an informed choice of proper targets for 
anti-LID therapy diffi cult. It might be necessary to normalize most 
of them to achieve sustained anti-LID benefi ts, and it is unclear 
how to accomplish that. The root cause of signaling changes fol-
lowing DA depletion and chronic  L -DOPA treatment seems to be 
abnormal signaling via DA receptors. Managing signaling at the 
receptor level may be a more effective way of normalizing multiple 
pathways and bringing about anti-LID benefi ts than targeting each 
pathway separately. As shown above, facilitation of receptor desen-
sitization via GRK-dependent mechanisms leads to improvement 
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in the function of multiple signaling pathways, amelioration of 
molecular abnormalities associated with LID, together with 
reduction of LID at the behavioral level. The results give further 
support to the notion that GRK6 and GRK3 are attractive targets 
for anti- LID therapy that may offer multiple therapeutic benefi ts 
unattainable by directly targeting signaling pathways.      
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    Chapter 12   

 G-Protein-Coupled Receptors and Their Kinases 
in Cardiac Regulation                     

     Alessandro     Cannavo    ,     Claudio     de Lucia    , and     Walter     J.     Koch       

  Abstract 

   The superfamily of G-protein-coupled receptors (GPCRs), or seven transmembrane-spanning receptors 
(7TMRs), represents the largest family of membrane proteins that transduce cell signals via heterotrimeric 
G proteins from neurohormones, ions, and sensory stimuli to regulate virtually every aspect of mammalian 
physiology. In the normal and diseased heart, it is apparent that major players include the β-adrenergic 
receptors (βARs) and the angiotensin II type 1 receptors (AT 1 Rs). Their crucial role is refl ected by the fact 
that, currently, they represent the direct targets of different approved cardiovascular drugs used in clinical 
practice. However, other “minor” receptors and their signaling pathways have been identifi ed for roles that 
they exert on cardiac pathophysiology. GPCRs can, individually or collectively, regulate cardiac growth and 
function, including processes such as heart rate, contractility, and blood pressure, in response to catechol-
amines and other neurohormones. For these reasons, GPCRs are dynamically regulated to prevent over-
stimulation that could lead to cardiac diseases like heart failure (HF). This dampening process, known as 
desensitization, is initiated through GPCR phosphorylation by second-messenger kinases like protein 
kinase A (PKA) and PKC or the GPCR kinases (GRKs). PKA and PKC initiate heterologous desensitiza-
tion, while GRKs initiate homologous desensitization, phosphorylating only agonist-occupied GPCRs. 
This GPCR regulation by GRKs induces recruitment and binding of β-arrestins that displace bound G 
proteins, therefore uncoupling receptors from their downstream signaling effectors. This process contin-
ues through β-arrestin-dependent internalization of receptors, that lead either to their degradation and 
downregulation or recycling (resensitization) to the membrane. Moreover, β-arrestin recruitment to 
GRK-phosphorylated receptors has been shown to lead to intracellular signaling, a process called G protein- 
dependent and independent signaling. Given their central role in cardiac physiology and in pathology, 
GPCRs are critical therapeutic targets in cardiac diseases and GRKs are emerging as innovative targets.  

  Key words     Cardiac function  ,   G-protein-coupled receptor kinase  ,   Heart failure  

1      Introduction 

 GPCRs are nodal regulators of most aspects of  cardiovascular biol-
ogy  . Over the past decades, different reports have revealed much 
about the  signaling properties   of the GPCRs [ 1 ]. Examples of 
GPCRs with well-recognized roles in  cardiovascular physiology   
include the β-adrenergic receptors (βARs) that control cardiac con-
tractility [ 2 ] and the angiotensin II (Ang II) type 1 receptors 
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(AT 1 Rs) that are prominent receptors implicated in cardiac growth 
[ 3 ]. Much effort has focused on identifi cation of the multiple ways 
in which GPCRs like the βARs and AT 1 Rs regulate cardiac func-
tion, and also how those molecules take part in cardiac pathology. 
Importantly, great work has also been done in uncovering mecha-
nisms by which GPCR signaling is regulated and led to the discov-
ery of GPCR kinases (GRKs) [ 4 ,  5 ] and β-arrestins [ 6 ]. Thus, 
given that cardiac GPCRs and their signaling pathways represent 
nodal regulators of the cardiac function, there is an enormous 
potential for development of novel therapies targeting these recep-
tors in cardiac diseases like heart failure (HF), either directly 
(e.g. GPCR blockers) or via their signaling regulating molecules 
(e.g. GRK inhibitors). Below, we discuss some of the major GPCR 
systems involved in cardiac health and disease and the role GRKs 
play in HF pathogenesis.  

2    G-Protein-Coupled Receptors Involved in the Control of Heart Function 

   The adrenergic receptor (AR) function is modulated by the endog-
enous catecholamine hormones epinephrine and norepinephrine 
[ 2 ]. In the heart,  β ARs, comprise approximately 90 % of the total 
cardiac ARs, with the α 1 ARs, accounting for the remaining 10 % 
[ 7 ]. Consistent with their expression and role in the heart, βARs 
are one of the most important molecular targets in the cardiovas-
cular system. Three βAR subtypes (β 1 AR, β 2 AR, and β 3 AR) have 
been identifi ed in cardiac tissue [ 8 ], and among these β 1 AR and 
β 2 AR represent 80 and 20 % of the expressed βARs, respectively 
[ 9 ]. In general, acute activation of cardiac  β ARs leads to activation 
of stimulatory G (G s ) protein inducing the subsequent activation 
of adenylyl cyclase (AC), which catalyzes the production of cAMP 
that, in turn, activates PKA [ 8 ]. This kinase activates different  Ca 2+  
handling proteins   and some  myofi lament components   exerting 
important effects on cardiac contractility [ 10 ]. Importantly, 
chronic activation of  β ARs appears to be an important culprit in 
HF development, at least in part, by the induction of over- 
desensitization caused by increased sympatholytic nervous system 
activity and elevated catecholamines [ 11 ]. 

 The effects on cardiac cell fate exerted by the three  βAR iso-
forms   are dependent on their distinct G protein coupling. While 
β 1 AR and β 3 AR are coupled with G s , activation of cardiac β 2 AR also 
can activate G inhibitory (G i )-dependent signaling pathways [ 12 ]. 
G i  concurrent activation spatially compartmentalizes β 2 AR/G s -
mediated cAMP signaling, functionally inhibits AC activity, and 
stimulates novel  mitogen-activated protein kinase (MAPK) 
 pathways   in the heart through Gα and βγ subunits. Importantly, 
several studies have demonstrated that β 1 AR activation leads to car-
diac apoptosis, whereas β 2 AR activation leads to both 

2.1   β -Adrenergic 
Receptors (βARs)
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pro-apoptotic and pro-survival signals [ 13 ]. In particular β 2 ARs, 
but not β 1 ARs, activate a G i -Gβγ-PI3K-Akt cell survival signaling 
pathway, and the inhibition of this pathway promotes pro-death 
signaling [ 13 ]. For its part, the β 3 AR seems to play a role in cardiac 
metabolism, cardioprotection, and contractility [ 14 ]. Little is 
known about these mechanisms, but it has been proposed that 
β 3 AR expression, which is lower in the healthy myocardium, is 
increased in HF animal models and in HF patients [ 15 ,  16 ] and, in 
limited studies, by treatment with β 1 AR blockers [ 17 ,  18 ]. 
Moreover, a role for nitric oxide (NO) and cGMP has been recently 
proposed as a mechanism of  β 3 AR-mediated cardioprotection   in 
animal models of cardiac pressure overload,  neurohormone-
induced hypertrophy  ,  myocardial ischemia/reperfusion injury  , and 
acute myocardial  infarctio  n [ 19 ]. Therefore, increased β 3 AR sig-
naling apparent after β 1 AR blockade helps to explain why such 
treatment is benefi cial in HF.  

   Whereas the role and the function of βARs are well studied, less is 
known about cardiac αARs. In myocytes, all α 1 ARs (α 1A , α 1B , and 
α 1D ) are expressed [ 7 ], however, no expression has been demon-
strated for the α 2 AR [ 20 ]. All three α 1 ARs couple to the G q/11  
(Gα q ) family of G proteins and involve activation of phospholipase 
Cβ1 (PLCβ1) at the plasma membrane [ 7 ]. Activation of PLCβ1 
leads to phosphatidylinositol (PI) cleavage, and to increased  ino-
sitol trisphosphate (IP 3 )   and  diacylglycerol (DAG).   Following 
interaction of IP 3  with the IP 3  receptor, Ca 2+  is released from 
intracellular stores. DAG is involved in activation of PKC and 
related signaling [ 7 ]. 

 Regarding the  functional role   of α 1 ARs in the heart, different 
reports from the last decade indicate that α 1 ARs, following  chronic 
activation  , can induce benefi cial trophic signaling in cardiac devel-
opment, and that these α 1 AR-mediated effects in the adult can 
counteract the negative effects of β 1 AR overstimulation in HF 
[ 21 ]. The α 1 AR-dependent protective role in failing myocardium 
has been associated with the induction of adaptive or physiological 
hypertrophy and also to prevention of cardiac myocyte death, thus 
augmenting contractile function [ 22 – 24 ]. Importantly, total α 1 AR 
levels are not altered in vivo by HF [ 21 ,  25 ], and α 1 AR inotropic 
effects are maintained or increased, in contrast to βARs, which are 
downregulated. Partial explanation for the differences in desensiti-
zation of α 1 AR and βARs might reside in their expression and reg-
ulation by specifi c GRKs [ 21 ,  26 – 28 ].  

   Angiotensin II (Ang II)    is the key component of the  renin–angio-
tensin–aldosterone system (RAAS)   and plays an important role in 
cardiac physiology. Ang II can activate 2 primary receptors, Ang II 
type 1 and type 2 receptors (AT 1 R and AT 2 R, respectively). 
However, the AT 1 R mediates most of the known cardiac 

2.2   αARs

2.3  Angiotensin II 
Receptors (AIIRs)
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physiological effects of Ang II, such as positive chronotropy and 
inotropy, NE release from cardiac sympathetic nerve terminals, 
coronary vessel vasoconstriction, aldosterone release, cardiac 
hypertrophy, and interstitial fi brosis [ 29 ,  30 ]. It has been recently 
proposed that AT 2 R is also involved in some important activities of 
Ang II [ 31 ,  32 ]. However, whereas the AT 1 R has been identifi ed 
in the heart and in most vascular tissues of adults, AT 2 R expression 
is limited mainly to fetal organs including the heart [ 33 ]. For this 
reason, most cardiac pharmacology is focused on drugs capable of 
inhibiting only the AT 1 R. Consistently, experimental and clinical 
studies have demonstrated that AT 1 R antagonism attenuates most 
of the deleterious effects of Ang II in the heart [ 34 ]. 

 The  AT 1 R   is a classic G q/11 -coupled receptor and activates a 
similar signaling pathway as seen for α 1 ARs (see above). In addi-
tion, it signals via β-arrestins independently of G proteins [ 35 ]. 
Analogous to other G q -coupled receptors, the AT 1 R is believed to 
play an important role in the pathogenesis of HF. In fact, hallmarks 
of HF like contractile dysfunction, myocyte hypertrophy, increased 
cardiac cell death and fi brosis [ 36 ], can be worsened by activation 
of G q -coupled receptors [ 37 ].  

   The lysophospholipid, S1P,    is a circulating bioactive lipid metabo-
lite that can act through a GPCR. In the heart there are currently 
three GPCRs for which S1P is a high-affi nity ligand and thereby 
activate different G-protein signaling pathways. In particular, car-
diomyocytes express S1PR 1 , S1PR 2 , and S1PR 3  receptors. The 
S1PR 1  receptor couples exclusively to the G i  protein [ 38 – 40 ]. In 
contrast, the S1PR 2  and S1PR 3  receptors couple to G i  and G q  pro-
teins [ 41 ]. In the heart, all of these receptors have been linked to 
cardioprotective signaling with effects that include the induction 
of adaptative hypertrophy, inhibition of contractility, and activa-
tion of anti-apoptotic molecules [ 42 ]. The  S1PR 1    is the predomi-
nant subtype in cardiomyocytes and has been shown to be regulated 
by both GRK2 and PKC through phosphorylation [ 43 ]. 

 Interestingly, it has been recently shown that S1PR 1 , through 
its coupling to the G i  protein, has a signaling that opposes β 1 AR- 
mediated AC activation [ 44 ]. Moreover, S1PR 1  is able to antago-
nize the effects mediated by isoproterenol (ISO) and other βAR 
agonists [ 44 ,  45 ]. Recently, our group has reported in cardiomyo-
cytes a direct cross-talk between β 1 AR and S1PR 1  that is orches-
trated by GRK2 [ 46 ]. In fact, we and others demonstrated that 
catecholamines can exert a hypertrophic response in cardiomyo-
cytes by infl uencing the S1PR 1  signaling pathway [ 45 ,  46 ]. This 
mechanism seems to be strongly reduced during HF where adren-
ergic overstimulation increases the levels of GRK2, which then 
induces the downregulation of both S1PR 1  and β 1 AR with a con-
sistent negative effect on cardiac function [ 46 ].   

2.4  Sphingosine-1 
Phosphate (S1P) 
Receptors (S1PRs)
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3    GRKs in Cardiac Physiology and  Patholog  y 

 As discussed above, heart function is primarily regulated by βARs 
that are activated by circulating catecholamines. High levels of 
these hormones released following any kind of injury or stress on 
the heart can induce a persistent activation of βARs that could be 
detrimental in the absence of a kinase able to uncouple these recep-
tors from their downstream signaling machinery [ 47 ]. Under most 
circumstances, βAR hyperstimulation is acutely regulated by GRKs. 
However, continuous stimulation of βARs results in their profound 
desensitization and loss of responsiveness to catecholamine, which 
appears to contribute to HF development [ 48 ]. Almost two 
decades ago, it was found that this marked desensitization of βARs 
in the failing myocardium is accompanied by robust GRK2 upreg-
ulation [ 49 ,  50 ]. These increased levels exacerbate the unrespon-
siveness of βARs and induce their chronic downregulation. Indeed, 
overexpression of GRK2 in the heart results in decreased isoproter-
enol (βARs agonist)-stimulated contractility and reduced cAMP 
production [ 51 ], impaired cardiac function [ 52 ], and increased 
apoptosis [ 53 ]. GRK2 is not the only GRK isoform expressed in 
the heart. In fact, of the seven mammalian GRKs, GRK2, GRK3, 
and GRK5 are expressed in the heart [ 8 ]. However, studies have 
shown GRK2 and GRK5 to be the most involved in cardiac physi-
ology and pathophysiology [ 54 ]. 

 Regarding their structure, all  GRKs   are serine/threonine 
kinases with similar structural architecture as they all have a highly 
conserved N-terminal domain, unique to the GRK family, a cata-
lytic region containing the kinase domain [ 55 ] and a carboxyl- 
terminal (CT) domain that contains specifi c regulatory sites [ 8 ]. 
The N-terminal domain harbors several regulatory motifs includ-
ing a regulator of G-protein signaling (RGS) homology domain, 
whereas the CT domain mediates interactions with lipids and 
membrane proteins that control the subcellular localization of 
GRKs [ 8 ]. Importantly, the CT domain of GRK2 (and the related 
GRK3) contains a pleckstrin homology domain (PH), which inter-
acts with phosphatidylinositol 4,5-biphosphate (PIP 2 ) and free 
Gβγ subunits [ 56 ]. Following these interactions, GRK2 translo-
cates from the cytoplasm to the plasma membrane enhancing acti-
vated GPCR phosphorylation. GRK5 does not have this domain 
and does not use Gβγ to target the plasma membrane, but its 
membrane localization is facilitated by the CT-lipid-binding 
domain [ 57 ,  58 ]. 

 GRK targeting to activated GPCRs generally requires 
N-terminus-mediated allosteric activation by the agonist-bound 
GPCR [ 59 ], a feature distinguishing them from other serine–thre-
onine protein kinases [ 60 ]. Subsequently,  GRK-mediated GPCR 
phosphorylation  , in combination with recruitment of β-arrestin to 
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the receptor, leads to functional repression of G protein-mediated 
signaling. GRK-mediated phosphorylation of diverse serine and 
threonine GPCR residues creates a specifi c pattern (or “barcode”) 
that controls differential activation of downstream signaling—a 
feature recently termed “biased signaling” [ 61 ]. This occurs via 
modulating β-arrestin scaffolding with divergent interacting part-
ners [ 62 ]. For example, phosphorylation of the angiotensin II 
receptor by GRK2 and 3 mediated receptor internalization, 
whereas phosphorylation by GRK5 promoted activation of the 
extracellular signal-related kinase (ERK) [ 62 ]. 

 In animal studies, it has been shown that overexpression of 
GRK3 did not infl uence the activity of βARs [ 63 ]; whereas inhibi-
tion of  GRK3   in the heart improved the sensitivity to stimulation 
of α 1 ARs and caused increased systolic blood pressure due to aug-
mented cardiac output [ 64 ]. In contrast, cardiac-specifi c overex-
pression of GRK5 diminished the βARs response to isoproterenol 
[ 27 ] and compromised cardiac function [ 65 ], suggesting that this 
kinase GRK5 can have a role in HF development. Interestingly, 
high mRNA and protein levels of GRK5 have been reported in 
experimental models of HF [ 66 ,  67 ] and also in humans [ 68 ] .  

 Over the last two decades, GRK2 inhibition has been shown to 
be benefi cial in the failing heart [ 8 ]. This has primarily been done 
through the transgene expression of a peptide designed from the 
CT domain of GRK2, called the βARKct, which competes with 
endogenous GRK2 for Gβγ binding and targeting to agonist 
bound GPCRs [ 51 ,  56 ]. Expression of the  βARKct   in cardiomyo-
cytes, including failing human cardiomyocytes, reverses βAR 
desensitization and improves cardiac contractile function [ 51 ]. 

 Transgene βARKct expression has prevented in mice [ 27 ] and 
reversed in preclinical studies in pig [ 69 ] the development of 
HF. The importance of GRK2 in the regulation of cardiac function 
and HF pathology has been confi rmed in GRK2 knockout (KO) 
mice including global KOs [ 70 ] and cardiac-specifi c GRK2 KO 
mice [ 71 ,  72 ]. 

 Other strategies have been recently developed in order to 
inhibit GRK2 in the failing heart. The discovery that an FDA- 
approved drug, paroxetine, has signifi cant GRK2 inhibitory prop-
erties both in vitro and in vivo has opened a new scenario in cardiac 
pharmacology and drug design [ 73 ,  74 ]. Paroxetine binds in the 
active site of GRK2 and stabilizes the kinase domain in a novel 
conformation in which a unique regulatory loop forms part of the 
ligand binding site [ 73 ]. Interestingly, pretreatment of mice with 
this drug signifi cantly increases left ventricular inotropic reserve 
with no signifi cant effect on heart rate following isoproterenol 
stimulation [ 73 ]. Of note, in a mouse model of HF it has been 
recently shown that chronic paroxetine treatment signifi cantly 
reversed cardiac dysfunction and induced benefi cial effects on 
remodeling including a complete restoration of βAR system, which 
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was shown to be due to GRK2 inhibition [ 74 ]. Consistently, as 
previously shown [ 75 ], the observed effects with pharmacological 
GRK2 inhibition were more benefi cial than those with βAR block-
ade [ 74 ]. 

 Recently,  GRKs   have been found to phosphorylate a variety of 
non-GPCR proteins, including transcription factors and tyrosine 
kinases, further broadening their functional roles in cardiac physi-
ology. These noncanonical roles for GRKs may result from their 
innate basal activity or, perhaps, through phosphorylation of pro-
teins following GPCR activation [ 8 ,  76 – 80 ]. 

 In this context, recent data support GRK2 being a key nega-
tive modulator of myocyte energy substrate use, especially follow-
ing myocardial infarction. In fact, GRK2 can regulate the insulin 
receptor substrate-1 (IRS-1) or the non-GPCR adiponectin recep-
tor 1 (Adipo R1) through direct phosphorylation, thus impairing 
glucose uptake [ 76 ,  77 ]. 

 GRK5 has an interesting noncanonical activity that appears to 
be constitutively involved in pathological cardiomyopathy. In this 
regard, it has been recently demonstrated that GRK5 has an active 
nuclear localization signal (NLS), and this is functional in cardio-
myocytes [ 81 ]. In particular, our group has found that  GRK5   in 
cardiac myocytes, following G q -dependent signaling, translocates 
to the nucleus [ 78 ]. Nuclear GRK5 is able to regulate the hyper-
trophic response through direct interaction and phosphorylation 
of histone deacetylase 5 (HDAC5) leading to activation of the 
myocytes enhance factor-2 (MEF-2) transcription. Importantly, 
the nuclear activity of GRK5 exclusively related to an increased 
maladaptive cardiac hypertrophic response as recently demon-
strated in animal models of pressure overload [ 82 ,  83 ]. Indeed, 
GRK5 appears to function as a physiological HDAC kinase, as 
GRK5 KO mice display less hypertrophy after left-ventricular pres-
sure overload with lower amount of HDAC5 in the cytoplasm 
[ 83 ]. Moreover, our group has also found that nuclear GRK5 
mediates pathological cardiac hypertrophy through its kinase- 
independent ability to bind the DNA, thus enhancing the activa-
tion of both nuclear factor of activated T cells (NFATc3) and 
nuclear factor-κB (NF-κB) [ 79 ,  80 ]. Thus, the nuclear  noncanonical 
activity of  GRK5   represents a novel target for  maladaptative hyper-
trophy   and HF.  

4    Conclusions 

 Over the past 3 decades, characterization of GPCR-related struc-
tures and signaling, especially obtained thanks to Robert Lefkowitz 
and Brian Kobilka, for which they recently received a Nobel prize 
in chemistry [ 1 ], has provided key clinical and pharmacological 
information that has advanced our understanding of cardiac 
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physiology and how to go about counteracting the development 
and progression of cardiac diseases like HF. In this regard, mole-
cules capable of directly interacting with GPCRs or that can target 
specifi c proteins involved in cardiac GPCR signaling, such as GRKs 
and β-arrestins, represent the most exciting area for cardiac phar-
macology. For example, GRK2 blockade, which can provide both a 
positive inotropic and sympatholytic therapy at the same time [ 2 ], 
has been widely demonstrated to be one of the strongest potential 
therapies that could be used in synergy with conventional therapies 
used to fi ght chronic HF [ 8 ]. The noncanonical actions of GRKs, 
independent of their canonical GPCR regulation, also represent 
novel targets for future HF intervention.     
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    Chapter 13   

 GRK Roles in  C. elegans                      

     Jordan     F.     Wood     and     Denise     M.     Ferkey      

  Abstract 

   G-protein-coupled receptor kinases (GRKs) are serine/threonine kinases that specifi cally phosphorylate 
activated (agonist bound) GPCRs to terminate signaling. Proteins of the arrestin family then bind to the 
phosphorylated receptor, blocking both receptor and G-protein reactivation. Thus, GRKs are critical regu-
lators of GPCR signaling that function to protect cells against receptor overstimulation, maintain sensitiv-
ity to changing environmental signals and allow signal integration. When considering the extent to which 
 C. elegans  rely upon GPCR-mediated chemosensation to navigate their native environments, the involve-
ment of GRKs in the regulation of  C. elegans  chemosensation is logical. While  C. elegans grk-1  plays a 
minor modulatory role in dopamine signaling,  C. elegans grk-2  is involved in numerous aspects of chemo-
sensation, from regulation of specialized sensory structures to circadian control over chemosensory sensi-
tivity. In this chapter, we discuss the functions of both in detail and, to avoid confusion with the mammalian 
gene names, we refer to the  C. elegans  genes as  Ce-grk-1  and  Ce-grk-2 , respectively.  

  Key words      C. elegans   ,   Nematode  ,   Chemosensation  ,   Olfaction  ,   Taste  ,   GPCR  ,   Cilia  ,   Circadian  

1      Introduction 

   Although widely recognized as one of the principal contributors to 
the history of molecular biology, Sydney Brenner is perhaps best 
known for his introduction of  C. elegans  as a research model organ-
ism [ 1 ,  2 ]. Continually drawn to solving large biological problems, 
in the 1960s Brenner became keenly interested in applying newly 
established regulatory tenets of  molecular genetics   toward under-
standing organismal development and physiological function, with a 
specifi c focus on the nervous system. Bridging this intellectual gulf 
required an organism with a suffi ciently simple nervous system that 
could also be easily cultivated and experimentally manipulated. 
Brenner settled on the nematode  C. elegans  as best fi tting these cri-
teria [ 1 ]. In doing so, he established the worm as the model organ-
ism of choice now utilized by over 1100 laboratories worldwide. 

  C. elegans  are small,  free-living nematodes   that are believed to 
naturally inhabit composting soil environments in temperate cli-
mates around the globe. In 1998,  C. elegans  became the fi rst 

1.1  The Nematode  
C. elegans 
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multicellular organism to have its full genome sequenced [ 3 ], 
fi nally pairing specifi c genetic sequence to decades of functional 
mutant analysis. Subsequent  comparative genomic analyses   have 
revealed extensive genetic orthology from  C. elegans  to humans, 
allowing the simple nematode to facilitate insights into widely con-
served genes and pathways across species. 

  Isogenic populations   of  C. elegans  are easily maintained, as the 
animals exist primarily as self-fertilizing hermaphrodites. Owing to 
the fact that  C. elegans  are only ~1 mm in length and transparent, 
cellular and subcellular structures and events are easily visualized via 
microscopy. This allowed for developmental fate mapping of every 
single somatic cell in the animal (959 in the adult hermaphrodite 
and 1031 in the adult male) [ 4 ,  5 ]. In addition, serial electron 
microscopy was used to compile complete maps of nervous system 
connectivity [ 6 ,  7 ]. These attributes, combined with ease of  trans-
genesis and rapid generational time  , make  C. elegans  a powerful 
model for understanding the genetics and mechanisms of organis-
mal  development  , physiology, and nervous system function.  

   Many of the genes that play critical roles in chemosensation in 
diverse species are conserved in  C. elegans  [ 8 ,  9 ].  Chemosensation   
is generally mediated by G-protein-coupled receptor signaling and 
the  C. elegans  genome encodes numerous GPCRs, G-protein sub-
units, downstream effectors, and regulatory factors [ 9 – 13 ]. 
Moreover, there are well-established physiological roles for non- 
chemosensory  GPCR signaling   in the regulation of egg laying, 
pharyngeal pumping, and the innate immune system [ 14 ,  15 ]. 

 Coupled to this functionally diverse array of GPCRs are 21 Gα 
subunits, among which are single orthologs of the mammalian Gα 
families G s  (GSA-1), G q/11  (EGL-30), G i/o  (GOA-1), and G 12  
(GPA-12) [ 11 ]. Interestingly, fourteen of the remaining seven-
teen  C. elegans  Gα subunits are most similar to G i/o  and are 
expressed almost exclusively in a subset of sensory neurons [ 16 –
 20 ]. The  C. elegans  genome also encodes 2 Gβ (GPB-1 and GPB-2) 
and 2 Gγ (GPC-1 and GPC-2) subunits. GPB-1 is ubiquitously 
expressed and is broadly required for heterotrimeric G-protein 
signaling, including sensory signaling [ 21 ,  22 ]. GPB-2 is similar 
to the vertebrate Gβ 5  subunit and may regulate GOA-1 (Gα o ) and 
EGL-30 (Gα q/11 ) signaling [ 11 ,  23 – 25 ]. GPC-1 is expressed in a 
subset of sensory neurons and is required for response and adapta-
tion to a variety of chemosensory cues [ 26 ,  27 ]. The broadly 
expressed GPC-2 is required for proper spindle orientation during 
 C. elegans  embryogenesis and has no reported sensory function 
[ 28 ]. To regulate these various G-protein-coupled signaling path-
ways, the  C. elegans  genome encodes numerous regulatory fac-
tors, including two GRKs ( G -protein-coupled  r eceptor  k inases), 
thirteen RGS ( r egulator of  G -protein  s ignaling) proteins, and one 
arrestin [ 29 – 34 ].  

1.2  G-Protein- 
Coupled Signaling 
in  C. elegans 
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   As mammals, most of us have the benefi t of fi ve senses to gather 
the information about our surroundings that ultimately infl u-
ences our behaviors. However, since  C. elegans  have neither eyes 
nor ears, they depend largely upon the senses of taste and smell 
(chemosensation).  C. elegans  gather chemical information about 
their surrounding environment primarily through GPCRs 
located in the specialized sensory cilia of chemosensory neurons 
[ 10 ,  35 – 37 ]. Receptor activation initiates chemotaxis toward 
odorants that indicate a food source and movement away from 
odorants that indicate a harmful or toxic environment.  In    C. 
elegans , fi ve pairs of chemosensory neurons (AWA, AWC, ASH, 
ADL, and AWB) have been shown to detect volatile chemicals 
[ 38 ]. The AWA and AWC chemosensory neurons detect attrac-
tive volatile odorants that animals chemotax toward. In contrast, 
the ASH, ADL, and AWB chemosensory neurons detect aversive 
stimuli, which animals avoid by rapidly initiating backward loco-
motion upon stimulus detection. The ASH sensory neurons are 
polymodal and, thus, respond to a broad range of aversive stim-
uli, including volatile and soluble chemicals, ions, high osmolar-
ity, and touch to the nose [ 9 ,  39 – 46 ]. Appropriate behavioral 
responses are generated when signals are relayed from the sen-
sory neurons to downstream interneurons and motor neurons 
[ 7 ]. These responses are determined by both the cellular expres-
sion patterns of individual GPCRs and the invariant  C. elegans  
neural circuitry [ 7 ,  35 ]. 

 Specifi cally functioning downstream of GPCRs in chemosen-
sory signaling, AWC neurons utilize three stimulatory Gα i/o -like 
proteins, ODR-3, GPA-3, and GPA-13, while the AWA and ASH 
sensory neurons signal primarily through ODR-3 and GPA-3 
[ 16 – 19 ,  22 ,  41 ,  43 ]. AWC-mediated chemotaxis requires the 
guanylyl cyclase ODR-1 and the cyclic nucleotide gated channel 
composed of the TAX-2/TAX-4 subunits [ 47 – 49 ]. Conversely, 
both the AWA and ASH sensory neurons appear to use  p oly u n-
saturated  f atty  a cids (PUFAs) as second messengers that act 
upstream of or directly on the OSM-9/OCR-2 TRPV-related 
channel [ 50 – 52 ]. Calcium infl ux is likely a unifying downstream 
consequence of signaling in all of these neurons, required for 
effi cient synaptic release of neurotransmitters and proper signal 
communication within the sensory circuit. 

 Taken together , C. elegans  provides a genetically tractable 
in vivo model that is manipulated in ways not easily accomplished in 
mammalian systems. Given its sophisticated repertoire of repro-
ducible chemosensory behaviors mediated by well-characterized 
neuronal circuits,  C. elegans  is an ideal system in which to 
identify and functionally characterize the molecules and molecu-
lar mechanisms that underlie  GPCR   signal transduction and 
regulation [ 8 – 10 ].   

1.3  Chemosensation 
in  C. elegans 
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2     C. elegans  GRK-1 (Ce-GRK-1) 

 Ce-GRK-1 is the single worm ortholog of the  mammalian 
GRK4/5/6 family  , sharing 56 % identity with human GRK5 [ 29 ]. 
To date, the only function ascribed to Ce-GRK-1 is the regulation 
of dopamine-induced locomotor abnormalities [ 53 ], possibly 
functioning as a negative regulator of both D1-like (DOP-1) and 
D2-like (DOP-3) dopamine GPCR signaling. 

   The  C. elegans  dopamine transporter DAT-1 clears dopamine from 
synaptic clefts, and  dat-1  loss-of-function (lof) results in accumula-
tion of synaptic dopamine and subsequent elevated signaling 
through the inhibitory D2-like DOP-3 dopamine receptor in 
motor neurons [ 53 – 55 ]. This increased DOP-3-mediated signal-
ing manifests generally as reduced locomotion and eventual paraly-
sis, including swimming-induced paralysis (SWIP) [ 54 – 56 ]. While 
wild-type  C. elegans  swim continuously for more than 30 min 
when placed in water,  dat-1(lof)  animals develop paralysis within 
just 6–10 min [ 53 ]. 

 Loss of Ce-GRK-1 function also results in increased SWIP 
[ 53 ]. Although the basis of this phenotype is unknown, one pos-
sibility is that in conditions of normal synaptic dopamine levels, 
loss of Ce-GRK-1-mediated downregulation of DOP-3 signaling 
may bias antagonistic D1-like/D2-like receptor signaling toward 
inhibitory signaling through the D2-like receptors. Such a shift in 
the balance of signaling strength between the opposing pathways 
could subsequently lead to increased SWIP, as was observed in the 
 Ce-grk-1(lof)  animals. 

 Surprisingly, although loss of either DAT-1 or Ce-GRK-1 
function leads to increased SWIP,  Ce-grk-1(lof)  partially sup-
presses the  dat-1(lof) -mediated heightened SWIP phenotype [ 53 , 
 56 ]. While the nature of this genetic interaction is not immedi-
ately clear, it could be explained in the following way. As the 
highly penetrant SWIP phenotype observed in the  dat-1(lof)  ani-
mals results from elevated synaptic dopamine and subsequent 
increased DOP-3 signaling [ 54 ], under such conditions loss of 
Ce-GRK-1-mediated downregulation of DOP-3 may not be able 
to further enhance signaling through the DOP-3 pathway. Thus, 
the partial suppression of the  dat-1(lof)  SWIP phenotype may 
result from the loss of Ce-GRK-1-mediated negative regulation of 
DOP-1 (D1-like receptor) signaling. This loss of DOP-1 down-
regulation may then be suffi cient to antagonize the paralytic effect 
of increased synaptic dopamine acting on the D2-like DOP-3 
receptors.    However, alternate models could also be consistent 
with this genetic interaction.   

2.1  Ce-GRK-1 
Modulates Dopamine- 
Mediated Swimming- 
Induced  Paralysi  s
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3     C. elegans  GRK-2 (Ce-GRK-2) 

 Ce-GRK-2 is the single worm ortholog of the mammalian GRK2/3 
family and displays 66 % identity with human GRK3 and 65 % with 
human GRK2 [ 29 ]. Ce-GRK-2 is expressed throughout the  C. 
elegans  nervous system, including chemosensory neurons [ 29 ]. 
Thus, analysis of  C. elegans  chemosensation provides an organis-
mal paradigm in which to analyze the in vivo role(s) of this GRK 
family member in the regulation of neuronal  signalin  g. 

   In most described instances, the absence of GRK- mediated 
  desensitization results in prolonged responses to receptor-activat-
ing ligands [ 57 – 61 ]. However, there are descriptions of reduced 
signaling resulting from loss of GRK function. For example, 
although GRK6 −/−  mice are hypersensitive to stimulants including 
cocaine, T cells from these mice fail to chemotax toward the stimu-
latory chemokine CXCL12 [ 59 ,  62 ]. Moreover, loss of GRK3 
function in mouse olfactory epithelia results in signifi cant reduc-
tion in the odorant-induced generation of secondary messengers, 
in addition to the lack of agonist-induced receptor desensitization 
following odorant exposure [ 63 – 65 ]. 

 Worms lacking Ce-GRK-2 function are not hypersensitive to 
chemosensory stimuli due to increased sensory signaling, as would 
be expected for loss of a negative regulator of GPCR signaling. 
Instead, loss of Ce-GRK-2 function in adult sensory neurons 
broadly disrupts chemosensation [ 29 ]. Loss of Ce-GRK-2 elimi-
nates two different sets of G-protein-coupled behaviors: (1) che-
motaxis toward attractive odorants detected by the AWA and 
AWC olfactory sensory neurons (including diacetyl, isoamyl 
alchohol, and benzaldehyde) and (2) avoidance of the ASH-
detected aversive chemicals 1-octanol (odorant) and quinine (bit-
ter tastant) [ 29 ,  66 ]. Although some chemosensory neurons also 
mediate other sensory behaviors,  Ce-grk-2(lof)  animals respond 
normally to mechanosensory stimuli, SDS, and Cu 2+  [ 29 ,  66 ]. 
This indicates that loss  of   Ce-GRK-2 function affects  GPCR-
mediated  chemosensation  , without broadly disrupting neuronal 
signaling or animal locomotion. 

    Ce-grk-2(lof)  animals show  reduced   stimulus-evoked calcium 
signaling in sensory neurons [ 29 ]. Accordingly, increasing sensory 
signaling via overexpression of the chemosensory Gα ODR-3 (Gα i/o ) 
signifi cantly restored the response of  Ce-grk-2(lof)  animals to the 
ASH-detected odorant 1-octanol [ 29 ]. Similarly, increasing sensory 
signaling through the removal of the negative regulatory protein 
EAT-16 (an RGS GTPase activating protein) was suffi cient to restore 
 Ce-grk-2(lof)  chemotaxis to the attractive AWA-detected odorant 
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diacetyl [ 29 ]. Importantly, heat shock rescue of Ce-GRK-2 in adult 
animals was suffi cient to restore ASH-mediated response to 1-octa-
nol, indicating that Ce-GRK-2 function in adult stages is suffi cient 
for normal chemosensory response [ 29 ]. Taken together, loss of 
Ce-GRK-2 function was shown to lead to decreased signaling in  C. 
elegans  sensory neurons, reminiscent of the loss of mammalian 
GRK3 function in olfactory epithelia [ 29 ,  65 ]. Moreover, these 
results suggested that compensatory inhibitory mechanisms func-
tion to downregulate G-protein-coupled signaling and dampen sen-
sory signaling in the absence of Ce-GRK-2 function [ 29 ]. These 
compensatory pathways may serve to protect the  sensory   neurons 
from overstimulation in the absence of Ce-GRK-2.   

   To identify mechanisms responsible for  regulating   chemosensory 
GPCR signaling in the absence of Ce-GRK-2 function, a genetic 
screen was performed to identify genetic suppressors of the  Ce-grk- 
2(lof)  chemosensory defects [ 66 ]. Second-site mutations in the genes 
encoding the transient receptor potential vanilloid (TRPV) channels 
OSM-9 and OCR-2 were identifi ed in  Ce-grk-2(lof)  animals that dis-
played restored chemosensory sensitivity [ 66 ]. Interestingly, loss of 
TRPV function specifi cally restored  Ce-grk- 2(lof)  sensory sensitivity 
to ASH-detected bitter tastants, including quinine, primaquine, and 
amodiaquine, but not to other ASH- detected stimuli. Moreover, loss 
of TRPV signaling failed to restore  Ce-grk-2(lof)  chemotaxis to the 
AWA-detected odorants diacetyl and pyrazine [ 66 ], even though, 
like ASH, AWA also utilizes the OSM-9/OCR-2 channel in primary 
sensory signaling [ 51 ,  52 ]. The selective restoration of chemosensory 
behaviors that occurs upon loss of OSM-9/OCR-2 function in 
 Ce-grk-2(lof)  mutants indicates that these channels function in both 
a cell-specifi c and modality-specifi c manner to modulate sensory sig-
naling in the absence of Ce-GRK-2 function [ 66 ]; signaling compo-
nents specifi c to bitter taste may be selectively regulated by OSM-9/
OCR-2 in the ASH sensory neurons. 

 Downstream of their roles in primary signal transduction, the 
OSM-9/OCR-2 TRPV channels affect transcriptional levels of sen-
sory genes [ 67 ,  68 ]. Suppression of the  Ce-grk-2(lof)  defect in avoid-
ance of bitter tastants by a TRPV channel null mutant does not 
distinguish between these two functional roles [ 66 ]. Two well- 
characterized alleles for the  ocr-2  gene are available that allow for 
separation of the channel’s role in primary signal transduction versus 
regulation of activity-dependent gene expression.  ocr-2(ak47)  is a 
predicted null that fails to form functional channels and disrupts 
AWA-mediated chemosensory behaviors [ 52 ]. In contrast,  ocr-2(yz5)  
contains a single amino acid substitution (G36E) in the cytoplasmic 
amino-terminal tail that disrupts the expression of the serotonin bio-
synthetic enzyme gene  tph-1  in the ADF sensory neurons, but does 
not disrupt channel localization or AWA-mediated signaling [ 67 , 
 68 ]. Moreover, expression of the OCR-2 amino- terminal tail in a 
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chimeric channel is suffi cient to increase  tph-1  expression, supporting 
the role of this domain in regulating transcription [ 68 ]. 

 Similar to the  ocr-2(ak47)  null allele, disruption  of   OCR-2 
amino-terminal tail-mediated regulation of gene expression using the 
 yz5  allele also selectively restored  Ce-grk-2(lof)  animals’ behavioral 
sensitivity to bitter tastants [ 66 ]. This suggests that restoration of 
behavioral sensitivity does not arise from reduced primary signaling 
through loss of the OCR-2 TRPV channel [ 66 ]. Instead, it suggests 
that loss of a downstream function or pathway coupled to the amino-
terminal motif of OCR-2 underlies the restoration of bitter taste 
responses in  Ce-grk-2(lof)  animals. For example, the G36E change in 
OCR-2 may disrupt interactions with adaptor signaling proteins 
required for TRPV-mediated changes in gene expression [ 68 ].  

    Nonmotile primary cilia   are sensory organelles often found 
on sensory  neurons  , consisting of a microtubule-based axoneme 
surrounded by a membrane that houses GPCR signaling compo-
nents utilized in sensory detection and signaling [ 69 ,  70 ]. The  C. 
elegans  nervous system contains 60 ciliated neurons, 12 pairs of 
which are located in the amphid chemosensory organ in the head 
[ 6 ,  71 ,  72 ]. Eight pairs of sensory neurons utilize single, channel-
shaped sensory cilia to detect aqueous chemical cues [ 6 ,  70 ,  71 , 
 73 ]. To detect volatile odorants, three pairs of chemosensory neu-
rons (including the AWB nociceptive neurons) utilize specialized, 
structurally elaborate wing-shaped cilia [ 6 ,  38 ,  71 ]. In both types of 
 C. elegans  amphid sensory cilia, the molecular motors kinesin-II 
and dynein transport molecules essential for ciliary assembly and 
function in a highly conserved process referred to as intrafl agellar 
transport (IFT) [ 72 ,  74 – 76 ]. Moreover, both channel and wing 
cilia contain transmembrane proteins required for sensory signaling 
and a portion of these signaling components depend on IFT for 
proper localization [ 77 ]. 

 To understand the molecules and pathways required to gener-
ate and modulate ciliary structures on specifi c sensory neurons, the 
characteristic slender, Y-shaped wing sensory cilia of the AWB neu-
rons were examined in worms carrying mutations  for   genes 
expressed in and required for AWB sensory signaling [ 36 ]. Included 
among the loss-of-function signaling mutants that displayed dra-
matic and highly penetrant ciliary structural defects was  Ce-grk- 
2(lof)  [ 36 ]. Whereas wild-type AWB sensory cilia display a slender 
Y-shaped architecture, loss of Ce-GRK-2 function results in fan- 
like membraneous expansions that signifi cantly increase the surface 
area of the AWB ciliary fork [ 36 ]. GPCRs that are present normally 
throughout the AWB cilia were observed in the ectopic ciliary fan 
observed in  Ce-grk-2(lof)  animals and this ciliary expansion requires 
IFT; a loss-of-function mutation in the kinesin-II subunit gene 
 klp-11  suppressed the ectopic expansions of the AWB sensory cilia 
in  Ce-grk-2(lof)  animals [ 36 ]. 
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 Similar ectopic ciliary structures were observed in  C. elegans  lack-
ing cGMP signaling proteins that function in AWB, suggesting that 
the fan-like membraneous expansions on the ends of the Y-shaped 
AWB sensory cilia refl ect a compensatory mechanism resulting from 
reduced sensory signaling [ 36 ]. In addition, consistent with the abil-
ity of Gα i/o  subunit ODR-3 overexpression to rescue ASH chemo-
sensory sensitivity in the absence of Ce-GRK-2 function [ 29 ], 
increased calcium signaling mediated by a gain-of- function mutation 
in the L-type voltage-gated calcium channel gene  egl-19  suppressed 
the AWB ciliary defects of  Ce-grk-2(lof)  animals [ 36 ]. Collectively, 
these data suggest that the AWB neurons actively monitor sensory 
signaling levels to responsively regulate ciliary structure and function, 
and lend further support to the model that loss of Ce-GRK-2  func-
tion   ultimately results in reduced chemosensory signaling.  

   An animal’s ability to detect and properly respond to environmen-
tal salt is critical for the maintenance of water and ion homeostasis. 
Accordingly,  C. elegans  display three distinct behavioral responses 
to NaCl: (1) chemoattraction to low (0.1–200 mM) NaCl, (2) 
avoidance of high (>250 mM) concentrations of NaCl, and (3) 
avoidance of attractive NaCl concentrations following NaCl pre- 
exposure, referred to as  gustatory   plasticity [ 46 ,  78 – 80 ]. 

 Gustatory behaviors may ultimately result from the competing 
output of sensory neurons or modulatory interactions [ 80 ]. For 
example, chemoattraction to low NaCl is primarily mediated by the 
ASE gustatory neurons [ 73 ], relying upon cGMP generation by 
several guanylyl cyclases and activity of the TAX-2/TAX-4 cyclic 
nucleotide-gated channel for sensory signaling [ 48 – 50 ]. In contrast, 
avoidance of high concentrations of NaCl is mediated by the noci-
ceptive ASH sensory neurons [ 46 ]. In the ASHs, high NaCl activates 
TMC-1 channels, which then signal through the OSM-9/OCR-2 
TRPV channels to activate ASH and drive avoidance behavior [ 46 ]. 

 Supporting the model that signals from multiple sensory neu-
rons are integrated to generate appropriate context-dependent 
gustatory behaviors, Ce-GRK-2 function is required in the ASH 
nociceptors for ASE-mediated attraction to 25–100 mM NaCl, 
and  Ce-grk-2(lof)  animals display defective NaCl chemotaxis 
behaviors that are indistinguishable from those of animals lacking 
ASE function [ 80 ]. However, Ce-GRK-2 function is not required 
in the ASHs for avoidance of 1 M NaCl [ 80 ].  Ce-grk-2(lof)  mutants 
also develop gustatory plasticity more rapidly than wild-type ani-
mals [ 80 ]. In contrast, gustatory plasticity is disrupted in animals 
lacking ASE sensory function [ 80 ]. These data suggest that, upon 
prolonged exposure to attractive NaCl concentrations, the ASEs 
signal to and activate the nociceptive ASHs, resulting in the avoid-
ance of NaCl concentrations that would normally be attractive 
[ 80 ]. It is unlikely, however, that the ASE–ASH interaction modu-
lating gustatory plasticity results in increased ASH sensitivity to 

3.4  Regulation 
of Gustatory  Plasticity   
by Ce-GRK-2

Jordan F. Wood and Denise M. Ferkey



291

low NaCl concentrations, as the only known ASH-expressed salt 
detector, TMC-1, is activated by NaCl concentrations above 
250 mM [ 46 ]. Rather, the ASE-derived signal that functions to 
stimulate ASH activity following prolonged exposure to low NaCl 
concentrations likely acts through GPCR-mediated signaling, a 
point emphasized by both the requirement of the Gα i/o subunit 
ODR-3 in gustatory plasticity and the important role that 
Ce-GRK- 2   plays in regulating NaCl chemotaxis and gustatory 
plasticity [ 80 ].  

   In response to the highly predictable nature of daily cycles of light 
and dark, organisms have evolved to use light as a reference point 
for time. Environmental cues such as temperature also can be suf-
fi ciently oscillatory to refl ect the 24-h daily light cycle [ 81 ,  82 ]. 
The biological systems that sense and maintain a distinct orienta-
tion in time are referred to as circadian clocks. These biological 
clocks regulate processes ranging from gene expression to behavior 
within cells, organisms, and populations [ 83 – 85 ]. Analysis of  C. 
elegans  following cultivation in a 24-h temperature cycle (13–
16 °C) for 5 days revealed phasic regulation of the highly con-
served circadian protein target PRDX-2, validating this approach 
to study circadian clocks in the nematode [ 86 – 88 ]. 

 Circadian regulation of olfaction has been observed in fl ies and 
mice [ 89 ,  90 ]. Interestingly,  C. elegans  response to the aversive 
odorant 1-octanol was shown to undergo circadian modulation as 
well [ 86 ]. Worms displayed reduced chemosensory sensitivity to 
1-octanol in the subjective night (13 °C) and increased sensitivity 
during the subjective day (16 °C) [ 86 ]. Likely underlying these 
aversive behavioral dynamics, Ce-GRK-2 protein abundance fl uc-
tuated rhythmically, being elevated in the subjective night and 
decreased during the subjective day [ 86 ]. This anti-phase correla-
tion between Ce-GRK-2 protein levels and 1-octanol sensitivity is 
what would be expected if Ce-GRK-2 acts as a negative regulator 
of chemosensory GPCRs and, thus, behavioral sensitivity to sen-
sory stimuli. Although Ce-GRK-2 protein levels fl uctuated, 
 Ce-grk-2  transcript levels did not display circadian control follow-
ing temperature entrainment [ 86 ]. Thus, a yet undetermined 
mode of translational or posttranslational  regulation   of Ce-GRK-2 
 functions   to regulate circadian cycles of sensory sensitivity [ 86 ].  

   The mammalian GRK2/3 family of receptor kinases has been 
extensively characterized, both structurally and biochemically, 
revealing the following in vitro functional contributions from 
structural domains. The amphipathic amino-terminal α-helix (αN) 
stabilizes interaction with ligand-bound GPCRs, the regulator of 
G-protein signaling homology (RH) domain binds activated 
Gα q/11 , and the pleckstrin homology (PH) domain mediates mem-
brane localization via Gβγ and phospholipid interactions [ 91 – 97 ]. 
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However, despite extensive in vitro characterization, little is known 
about the in vivo contribution of these described GRK structural 
domains and interactions to proper GRK function in signal regula-
tion in mammalian systems. 

 Each of the key functional domains of mammalian GRK2/3 is 
conserved in Ce-GRK-2. Thus, the disrupted chemosensory 
behavior characteristic of  Ce-grk-2(lof)  mutants [ 29 ] provided a 
unique opportunity to determine which biochemically defi ned 
GRK2/3 interactions are required for function and cell signaling 
in vivo. Specifi cally, selective mutation of biochemically defi ned 
Ce-GRK-2 residues, and subsequent expression and chemosensory 
behavioral analysis in worms lacking endogenous Ce-GRK-2 func-
tion, were used to delineate  the   domains and associated interac-
tions critical for Ce-GRK-2 function in vivo [ 98 ]. 

   While GRKs have been classically characterized to downregulate 
G-protein-coupled signaling pathways by directly phosphorylating 
activated GPCRs, mammalian GRKs have also been shown to 
interact with and/or phosphorylate additional proteins, including 
signaling molecules [ 92 ,  99 ]. However, three lines of evidence 
support the model that the primary in vivo function of Ce-GRK-2 in 
the regulation of chemosensory signaling is the phosphorylation of 
agonist-bound chemosensory GPCRs. First, the importance of 
catalytic activity was demonstrated when expression of the putative 
kinase-dead Ce-GRK-2(K220R) failed to restore chemosensory 
responses in  Ce-grk-2(lof)  animals [ 98 ,  100 ]. However, this result 
does not distinguish between a role for Ce-GRK-2 in receptor 
phosphorylation versus phosphorylation of other potential sub-
strates [ 98 ]. Second, the extreme amino-terminal residues of mam-
malian GRKs, including GRK2, form an amphipathic α-helix 
required specifi cally for GPCR phosphorylation, but not GRK–
receptor interaction or kinase activity [ 91 ,  92 ,  97 ,  101 ]. This 
structure is highly conserved, including in Ce-GRK-2, and muta-
tion of any of the constituent amino acid residues (Asp3, Leu4, 
Val7/Leu8, or Asp10) abrogated Ce-GRK-2 chemosensory func-
tion in vivo [ 98 ] .  Lastly, an exposed arginine residue on the small 
kinase lobe (Arg190 in bGRK6) forms both hydrogen bonds and 
apolar contacts with the amino-terminal α-helix, stabilizing GRKs 
in their active GPCR- and ATP-bound conformation [ 92 ]. This 
arginine is conserved among all GRKs and mutation in bGRK1 
(Arg191) and bGRK2 (Arg195) severely compromised phosphor-
ylation of rhodopsin in vitro ,  β 2 AR phosphorylation in cell culture 
and, importantly, phosphorylation of off-target substrates [ 91 ]. 
Thus, this conserved arginine residue is critical for mediating con-
formational changes required for overall GRK catalytic function 
[ 91 ,  97 ].  Ce-grk-2(lof)  animals expressing Ce-GRK-2(R195A) 
remained defective in chemosensory behaviors [ 98 ]. Thus, kinase 
activity, GPCR interaction and predicted intramolecular stabilizing 
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interactions, all required for effective receptor phosphorylation by 
mammalian GRKs, are also required for Ce-GRK-2  chemosensory   
function [ 91 ,  92 ,  96 – 98 ,  101 ,  102 ].  

   A variety of approaches have shown that contact between  the   GRK 
amino-terminal α-helix and the small kinase lobe likely forms a 
receptor docking site that is crucial for both GRK recognition of 
activated GPCRs and GRK catalytic function [ 91 ,  97 ,  102 ]. 
Furthermore, interaction between an activated GPCR and the puta-
tive receptor docking site likely mediates both catalytic structure sta-
bilization and proper GPCR phospho-acceptor site positioning in 
the active ATP-bound GRK catalytic cleft [ 91 ,  92 ,  102 ]. As GRKs 
specifi cally regulate agonist-bound GPCRs, an activation mecha-
nism that selectively requires GRK association with activated recep-
tors would provide intrinsic substrate specifi city among the diversity 
of membrane-bound and associated proteins within the cell. Such a 
mechanism of activation would also explain why alteration of any of 
the conserved residues involved in these interactions disrupts effec-
tive chemosensory function of Ce-GRK-2 in vivo, and effective 
receptor phosphorylation among all mammalian GRKs tested 
(GRK1, 2, 5, and 6) in vitro [ 91 ,  92 ,  97 ,  101 ,  102 ]. These required 
residues and structures, therefore, comprise highly conserved struc-
tural features that couple enzymatic activation with GPCR interac-
tion, and the structure–function experiments in  C. elegans  provide 
in vivo support for a universal mechanism of GRK activation.  

   In addition to primarily phosphorylating activated GPCRs, mam-
malian GRK2/3 also interact with Gα q/11 , Gβγ, and phospholipids 
to regulate signaling [ 93 – 95 ,  103 – 105 ]. These interactions are 
mediated by the RH and PH domains [ 93 – 95 ,  103 ,  104 ]. 

 Biochemical and structural evidence suggest that the RH 
domain of mammalian GRK2 interacts with both GPCRs and the 
Gα q/11  subunit, physically separating the receptor and Gα q/11 , 
thereby blocking subsequent rounds of G-protein  activation   and 
interfering with Gα q/11 -mediated activation of downstream effec-
tors [ 93 – 95 ,  103 ,  104 ]. However, mutations predicted to disrupt 
Ce-GRK-2 binding to Gα q/11  (R106A, Y109I, and D110A) had no 
effect on Ce-GRK-2’s ability to restore chemosensory behavioral 
responses in  Ce-grk-2(lof)  animals [ 98 ]. This is likely explained by 
the fact that the predominant chemosensory signaling Gα subunits 
in ASH (ODR-3 and GPA-3) are Gα i/o -like and do not contain 
GRK-2 RH domain-binding sites [ 17 ,  19 ,  41 ,  98 ]. Thus, Gα q/11  
binding or sequestration are not likely a signifi cant aspect of 
Ce-GRK-2 function in chemosensory signaling. However, as the 
RH domain-binding residues of bGα q/11  are completely conserved 
in the  C. elegans  Gα q/11  ortholog EGL-30, a more signifi cant regu-
latory role for the Ce-GRK-2 RH domain is possible in different 
cells or physiological processes where EGL-30 is the primary 
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signaling Gα protein, such as acetylcholine release at neuromuscular 
junctions, locomotion, or egg laying [ 11 ]. 

 PH domain interactions with membrane phospholipids and 
Gβγ subunits mediate mammalian GRK2/3 translocation to the 
cell membrane and activated GPCRs located therein, and thus are 
critical for effective receptor phosphorylation [ 64 ,  94 ,  106 – 108 ]. 
Specifi c mammalian GRK2 PH domain residues contribute to 
these interactions: K567 mediates phospholipid binding while 
R587 is required for effective Gβγ interaction [ 94 ]. Disruption of 
either of these interactions dramatically reduces effective receptor 
phosphorylation [ 94 ]. Expression of Ce-GRK-2(K567E) signifi -
cantly restored chemosensory avoidance, indicating that changing 
this residue alone is not suffi cient to disrupt Ce-GRK-2 function 
[ 98 ]. In contrast, introducing the R587Q amino acid substitution 
signifi cantly reduced the ability of Ce-GRK-2 to restore chemo-
sensory responses in  Ce-grk-2(lof)  animals, suggesting that Gβγ 
interaction contributes to Ce-GRK-2 regulation of chemosensory 
signaling [ 98 ]. Compounding the effects of disrupted membrane 
localization that likely result from the R587Q change, the mam-
malian GRK2 kinase domain rotates 10–15° away from the mem-
brane upon binding Gβγ, positioning GRK2 for effi cient GPCR 
binding, and potentially enhancing receptor phosphorylation 
[ 109 ]. Thus, it is likely that loss of both membrane recruitment 
and optimal kinase domain positioning contributes to the pro-
nounced reduction in Ce-GRK-2(R587Q)  function  . While 
Ce-GRK-2(R587Q) did retain low-level activity, introducing the 
K567E and R587Q changes in combination to disrupt both phos-
pholipid and Gβγ binding showed an enhanced effect, suggesting 
that the PH domain of Ce-GRK-2 utilizes both interactions to 
mediate the regulation of chemosensory signaling in vivo [ 98 ].    

4    Concluding Remarks 

 The  regulatory functions and mechanisms   reviewed in this chapter 
refl ect, as sagely envisioned by Sydney Brenner decades ago, the 
utility of leveraging the simplicity of  C. elegans  to enhance our 
understanding of primary signaling and regulatory mechanisms 
controlling animal development, physiology, and behavior. 
Although the scope of this chapter is generally limited to the realm 
of GRK roles in sensory function, the experimental potential for 
investigation in other physiological contexts refl ects the true scien-
tifi c value of  C. elegans . Considering the extensive evolutionary 
conservation of signaling cascades across species,  C. elegans  is 
poised to continue providing valuable insights into the varied roles 
these receptor kinases play in vivo, as well as the cellular and physi-
ological responses to loss of appropriate signal regulation.     
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    Chapter 14   

 Evolutionarily Conserved Role of G-Protein-Coupled 
Receptor Kinases in the Hedgehog Signaling Pathway                     

     Dominic     Maier     and     David     R.     Hipfner      

  Abstract 

   Hedgehog (Hh) signaling plays a crucial role in the formation and maintenance of tissues in most animals. 
The key activator of cytoplasmic Hh signaling is an atypical G-protein-coupled receptor (GPCR) family 
protein called Smoothened (Smo). In response to binding of Hh ligands to their receptor Patched, Smo is 
conformationally activated by extensive phosphorylation of its cytoplasmic C-terminus and engages down-
stream pathway components to promote Hh target gene expression. GPCR kinases (GRKs) positively 
regulate Hh signaling, a function that has been conserved in both invertebrates and vertebrates. Direct 
phosphorylation of highly conserved clusters of Ser/Thr residues in the proximal Smo C-terminus by 
GRKs is important in controlling Smo traffi cking and activating signaling. GRKs also indirectly affect Hh 
pathway activity by infl uencing cellular cAMP levels and thus the activity of protein kinase A, a key regula-
tor of the Cubitus interruptus/GLI family transcription factors that mediate Hh transcriptional responses. 
This indirect role hints at a broader interconnectivity between GRKs, GPCR signaling, and Hh pathway 
function, an idea supported by the recent identifi cation of several GPCRs that are capable of modulating 
Hh target gene expression.  

  Key words     G-protein-coupled receptor kinase  ,   Hedgehog signaling  ,   Smoothened  ,   G-protein- coupled 
receptor  ,   Cubitus interruptus/GLI  ,   protein kinase A  ,   phosphorylation  

1      Introduction 

 Secreted Hedgehog (Hh) family proteins control a signaling cascade 
crucial not only for  embryonic development   in most animals but also 
for adult tissue homeostasis [ 1 ,  2 ]. The Hh pathway is highly con-
served throughout evolution and its misregulation is associated with 
severe human pathologies including congenital defects and many 
types of cancer, most prominently medulloblastoma and basal cell car-
cinoma [ 3 ,  4 ]. Identifying suitable therapeutic targets within the Hh 
pathway is imperative; however, this requires a complete understand-
ing of its molecular biology. Work in the 1980s and 1990s identifi ed 
the core proteins and the general architecture of the signaling cascade 
whereas the last 15 years of Hh research has uncovered proteins that 
modulate the Hh response by regulating the core components [ 5 ]. 
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  G-protein-coupled receptor kinases (GRKs)      are modulators of 
Hh signaling in species as diverse as fruit fl ies, fi sh, and mice [ 6 – 9 ]. 
The link between GRKs and the Hh pathway was not obvious as 
GRKs are a subgroup of Ser/Thr kinases most closely associated 
with classical  G-protein-coupled receptor (GPCR)      signaling [ 10 ]. 
Studies in  Drosophila  and mammals have demonstrated that GRKs 
directly regulate  Smoothened (Smo)  , the central signal transducer 
of the pathway and distant member of the GPCR superfamily, 
through an evolutionarily conserved mechanism [ 11 ,  12 ]. Work in 
 Drosophila  further suggests that GRKs can affect Hh signaling 
indirectly by helping maintain conditions permissive for signaling 
in Hh-responsive cells [ 13 ]. In this chapter, we fi rst outline some 
physiological functions and basic mechanisms of Hh signal trans-
duction leading to target gene expression, and then summarize our 
current understanding of the dual role of GRKs in this pathway.  

2    Role of Hh in Tissue Patterning 

   Secreted Hh proteins contribute to the process of embryonic 
patterning of numerous tissues by specifying cell fates in a 
concentration- dependent manner. This morphogen function of Hh 
is well-described in several processes including patterning of the 
anterior–posterior axis of the developing  Drosophila  wing, digit for-
mation in the vertebrate limb, and specifi cation of neural cell- type 
identity in the developing vertebrate neural tube [ 4 ,  14 ]. In each 
system, Hh ligands form a concentration gradient extending away 
from their source of secretion and regulate transcription of different 
sets of target genes at different thresholds in surrounding cells [ 14 ].  

   The wing imaginal disk is the embryonic precursor to the adult fl y 
wing, and is divided into separate anterior (A) and posterior (P) 
populations of cells, or compartments [ 15 ]. The Hh protein is pro-
duced solely in the P compartment of the wing  disk   (Fig.  1a ) [ 16 ]. 
However, P cells are not responsive to Hh because they do not 
express the gene encoding  Cubitus interruptus (Ci)  , the key tran-
scription factor of the pathway (see below) [ 17 ]. Instead, Hh dif-
fuses into the A compartment and forms a concentration gradient 
spanning ~15–20 cell diameters, with cells close to the A/P bound-
ary exposed to the highest concentration of Hh [ 16 ,  18 ]. 
Hh-responsive genes are roughly divided into high, medium, and 
low threshold Hh targets. Low amounts of Hh are suffi cient to 
induce transcription of so-called low threshold Hh target genes; 
consequently, these genes are expressed essentially throughout the 
entire region of Hh diffusion. The most notable low threshold 
target gene is  decapentaplegic  ( dpp ), whose transcription is induced 
in a wide stripe of A cells [ 19 ]. Expression of high threshold Hh 
target genes requires high concentrations of Hh and they are 
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therefore only induced in a few rows of cells in the A compartment, 
adjacent to the A/P boundary. Examples include  collier  ( col ) and 
 engrailed  ( en ), with the latter representing the highest known Hh 
threshold target and expressed in only a very narrow stripe of A 
cells. Finally, medium threshold target genes like  patched  ( ptc ) are 
activated by intermediate levels of Hh. The  ptc  expression domain 
is narrower than that of  dpp  but substantially wider than that of  col  
or  en  [ 20 ]. Hh signaling defects in the wing disk lead to defects in 
the size and venation of the adult fl y wing. Complete loss of Hh 
signaling in the wing disk results in the absence of the  wing  , while 

  Fig. 1    Hh proteins act as morphogens in embryonic tissue  patterning  . ( a ) Hh patterns the anterior (A)–posterior 
(P) axis of the  Drosophila  wing imaginal disk. Hh is produced by P cells (representation of protein levels in 
 orange ). Because they do not express Ci, P cells do not activate Hh target genes. Hh diffuses and forms a 
concentration gradient in the A compartment. Hh target genes are activated in a concentration-dependent 
manner in a central stripe of A cells adjacent to the A/P boundary. High-threshold targets (like  en ) are activated 
in only a few rows of A cells, where Hh levels are highest. Activation of medium-threshold targets (like  ptc ) 
requires less Hh, so these genes are expressed in a broader stripe of cells. Low-threshold targets (like  dpp ) 
require little Hh for activation, and are thus expressed throughout most of the region where Hh diffuses. The 
combination of the various Hh target genes patterns the portion of the wing disk that will give rise to the central 
region of the adult wing. ( b ) Shh directs neural cell type identity in the developing vertebrate neural tube. Shh 
secreted by cells of the notochord, which underlies the neural tube, induces expression of Shh in the fl oor 
plate. Shh diffuses away from the fl oorplate throughout the ventral half of the neural tube, forming a ventral-
to-dorsal concentration gradient. High-threshold target genes like the transcription factor Nkx2.2 are expressed 
only in cells adjacent to the fl oorplate, where Shh levels are highest. Others, like Olig2 and Nkx6.1, are 
expressed at increasing distances from the fl oorplate and represent medium-threshold target genes. Pax7 is 
an example of a low-threshold target gene whose expression is repressed throughout much of the region 
spanning the Shh gradient. Dbx1 and 2 are activated in response to low levels of Shh. The identities of neural 
progenitor cells (FP, PV0-3, PMN) in the ventral neural tube are dictated by the different combinations of these 
and other transcription factors along the dorsal–ventral axis       
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partial impairment leads to a smaller wing, more specifi cally to a 
reduction in the central space between longitudinal veins L3 and 
L4 [ 21 ]. Conversely, inappropriate pathway activity manifests itself 
as an increase in the vein L3-L4 space and in more severe cases in 
overgrowth of the entire A wing compartment [ 16 ].

      Patterning of the embryonic neural tube defi nes the identity of neu-
ral progenitor cell populations that will later give rise to neurons of 
the adult spinal cord. In the ventral half of the neural tube, a Shh 
gradient specifi es the progenitor cells PV3, PMN, PV2, PV1, and 
PV0 (Fig.  1b ) [ 22 ]. Shh is secreted by cells of the notochord, which 
underlies the neural tube. Shh induces its own expression in the 
fl oor plate generating a Shh diffusion gradient throughout the ven-
tral half of the neural tube. Analogous to the situation in the wing 
disk, Shh triggers expression of different subsets of genes at different 
concentrations. For instance, the transcription factor Nk2 homeo-
box 2 (Nkx2.2) is expressed only in cells adjacent to the fl oorplate, 
and is thus classifi ed as a high threshold target gene, whereas oligo-
dendrocyte transcription factor 2 (Olig2) and Nkx6.1 are expressed 
at increasing distances from the fl oorplate and represent medium 
threshold target genes. Low levels of Shh are suffi cient to repress 
Pax7 expression, so this transcription factor is absent from most cells 
throughout the Shh gradient. The spatially differentiated combina-
tions of these and other transcription  factors   determines the cell 
identity of progenitor cells in the ventral neural tube [ 22 ].   

3    Molecular Biology of the  Pathway   

 The proteins involved in the Hh pathway trace back at least as far 
as the origins of eumetazoans and consequently Hh signaling cas-
cades have been described for many different bilaterian species. In 
all examples known to date, the key components and the general 
architecture of the Hh pathway are well conserved [ 23 ]. The essen-
tial components of the pathway include the secreted Hh ligands, 
two transmembrane proteins (Patched (Ptc) and Smo), a cytosolic 
complex of proteins called the  Hh signaling complex (HSC)  , and 
the transcription factor(s) of the  pathway   (Ci in  Drosophila  and 
Glioma-associated oncogenes (Gli) -1, -2, and -3 in vertebrates) 
(Fig.  2 ). Ptc is the Hh receptor and a key negative regulator of 
Smo, which is itself the central signal transducer of the pathway. In 
brief, Hh activates Smo indirectly by inhibiting Ptc. In turn, acti-
vated Smo induces transcription of Hh target genes by controlling 
the activity of the Ci/Gli transcription factors via the HSC.

     The Hh concentration gradient is ultimately translated into an 
activity gradient of the bifunctional Ci/Gli transcription factors 
[ 24 ]. In the absence of Hh, the full-length Ci/Gli proteins are 
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proteolytically processed into truncated versions (Ci 75 /Gli R ) capable 
of binding DNA via their zinc fi nger domains and acting as tran-
scriptional repressors for some Hh target genes. Upon exposure to 
Hh, the equilibrium shifts in favor of the full-length transcriptional 
activator forms (Ci 155 /Gli A ) because proteolytic processing of Ci/
Gli proteins is blocked [ 25 – 27 ]. The nature of the transcriptional 
response, that is, whether low or high threshold target genes are 
expressed, depends on the state of the Ci/Gli transcription factors. 
High- threshold Hh target genes require strong Ci/Gli activation. 
Low-threshold target gene expression in fl ies can be achieved sim-
ply by relieving the transcriptional inhibition of Ci 75  (i.e. by block-
ing Ci processing), although transcription is further enhanced by 
Ci 155  activation [ 26 ]. How Hh controls this balance between activa-
tor and repressor forms of Ci/Gli is best illustrated by examining 
the Hh pathway in its “on” and “off” state. We focus fi rst on Hh 
signaling in the fruit fl y where the pathway is still best understood. 
The similarities and differences between Ci regulation in  Drosophila  
and  Gli   regulation in vertebrates are discussed below.  

   In the absence of Hh, Smo activity is constitutively blocked by Ptc 
through a poorly defi ned mechanism. Ptc keeps Smo protein levels 
low and traps Smo in internal endocytic vesicles [ 28 ]. In this con-
dition, Smo seems to reside in an inactive state and is targeted for 
proteasomal degradation through ubiquitination (Fig.  2a ) [ 29 , 
 30 ]. Ptc is a twelve-pass membrane protein with structural homol-
ogy to bacterial transporters and it has long been speculated that 
Ptc controls the availability of a naturally occurring Smo ligand, 
possibly a sterol-like compound [ 31 ,  32 ]. This model is compel-
ling, because Smo is a member of the GPCR superfamily of seven- 
pass transmembrane receptors, whose conformation and activity 
are often modulated by natural ligands acting either as agonists or 
antagonists. Ptc might deliver an antagonist to Smo or limit the 
availability of a Smo agonist. The result in both cases is the same—
Smo remains in an inactive conformation and is subsequently ubiq-
uitinated and degraded. Ptc also seems to play another role in Smo 
degradation. Ptc mediates the recruitment of internalized lipopro-
teins, called  lipophorins   in fl ies, to Smo-rich endosomes. Lipids 
delivered by the lipophorins get incorporated in the membranes of 
the Smo-containing vesicles and this process might be required for 
lysosomal Smo degradation [ 33 ,  34 ]. 

 Inhibition of Smo by Ptc has consequences for Ci processing. 
Ci 155  associates with the HSC, composed of Costal2 (Cos2), an 
atypical kinesin acting as molecular scaffold, the Ser/Thr kinase 
Fused (Fu), and Suppressor of Fused (SuFu), a small protein whose 
function is to retain Ci 155  in the cytoplasm [ 35 – 40 ]. Cos2 recruits 
several  kinases   ( protein kinase A (PKA)  , casein kinase 1 (Ck1), gly-
cogen synthase kinase-3β (Gsk3β)), which extensively phosphorylate 
Ci [ 41 – 45 ]. PKA acts as the master kinase for this step, as Ck1- and 
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  Fig. 2    Transduction of the Hh  signal  . ( a ) In  Drosophila melanogaster , in the absence of Hh Ptc at the plasma 
membrane prevents Smo from becoming activated and accumulating at the cell surface. Smo is instead sub-
ject to ubiquitin-dependent degradation. In this condition, Cos2 acts as a scaffold, assembling a microtubule- 
associated Hedgehog signaling complex (HSC) that includes Fu, SuFu, and the full-length form of Ci (Ci 155 ). 
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Gsk3β-dependent phosphorylation requires priming at adjacent 
PKA sites. Phosphorylated Ci 155  is targeted for partial proteolysis by 
the proteasome and processed into the transcriptional repressor Ci 75 .  

   Upon binding of Hh by Ptc, its inhibition of Smo is released and 
hyper-phosphorylated Smo homodimers accumulate at the plasma 
membrane (Fig.  2b ) [ 28 ,  46 ]. All known Smo phosphorylation sites 
are situated in the cytoplasmic C-terminal tail of the protein, and 
several Smo kinases have been identifi ed. Similar to the situation 
with Ci, PKA is the master regulator of  Drosophila  Smo. PKA phos-
phorylates Smo at three consensus sites located in the “Smo autoin-
hibitory domain” (SAID)   , triggering additional phosphorylation by 
Ck1 at adjacent Ser residues [ 47 – 49 ]. Interspersed between these 
three clusters of phosphorylation sites are stretches of positively 
charged Arg/Lys residues, which serve two functions in Smo auto-
inhibition. First, they help maintain Smo in an inactive conforma-
tion, perhaps by interacting with negatively charged residues in the 
distal Smo C-terminus [ 46 ]. Second, several Lys residues in this 
region are ubiquitinated to promote endocytosis and degradation of 
Smo, helping to keep the pathway off [ 29 ,  30 ]. Collectively, PKA/
Ck1 phosphorylation at the three Ser/Thr clusters in the SAID pre-
vents Smo ubiquitination, leading to its accumulation at the cell sur-
face [ 29 ,  30 ]. It also neutralizes the local positive charge of the 
SAID, thereby inducing a conformational change within the Smo 
C-terminus, which can be detected by intramolecular  fl uorescence 
resonance energy transfer (FRET)   analysis of tagged Smo proteins, 

3.3  The “On” State 
of the Drosophila Hh 
 Pathway  

Fig. 2 (continued) Cos2 also recruits three kinases (PKA, Ck1, and Gsk3β), which sequentially phosphorylate 
Ci 155 . Phosphorylation promotes limited proteolysis of Ci 155  to the cleaved repressor form (Ci 75 ). This has two 
effects: Ci 75  directly represses expression of certain target genes (e.g.  dpp ), and the processing of Ci 155  reduces 
the levels of this transcriptional activator, preventing expression of many Hh target genes. ( b ) Binding of Hh 
inactivates Ptc, relieving its repression of Smo. Smo becomes phosphorylated in its C-terminus, fi rst by PKA 
and Ck1 (causing it to translocate to the cell surface) and then by Gprk2. Phosphorylation promotes Smo 
dimerization and recruitment of the HSC to its cytoplasmic tail. Recruited Fu autophosphorylates and activates 
itself. Fu then phosphorylates Cos2, inactivating it and causing dissociation and accumulation of Ci 155 . Fu also 
phosphorylates SuFu, which may prevent it from tethering Ci 155  in the cytoplasm. Ci 155  enters the nucleus, and 
activates target gene expression .  Phosphorylation of Smo by Gprk2 also promotes internalization and degra-
dation of activated Smo, perhaps in a manner resembling homologous desensitization, helping to terminate 
signaling. ( c ) In the absence of Shh, mammalian Ptc localizes to and prevents Smo traffi cking to the cilium. 
Gpr161 also localizes to the cilium, where it activates G αs  to increase cAMP production and PKA activity. PKA, 
Ck1, and Gsk3β phosphorylate Gli2/3, a reaction likely scaffolded by Kif7, to promote their limited proteolysis. 
This reduces the levels of the activator forms (Gli A ) and increases levels of the repressor forms (Gli R ) of these 
transcription factors to keep target gene expression “off.” ( d ) Binding of Shh triggers Ptc removal from the 
cilium. Gpr161 also exits the cilium, terminating its signaling. Smo becomes phosphorylated in its cytoplasmic 
tail by GRK2 and Ck1, and traffi cs into the cilium in a GRK2/β-arrestin-dependent manner. Although the precise 
molecular details remain unclear, Gli2/3 processing ceases and the Gli A  proteins are released from Sufu, exit 
the cilium, and move to the nucleus to activate target gene expression       
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resulting in a more open conformation and dimerization of Smo 
C-tails [ 46 ]. This is thought to expose HSC binding sites within the 
distal Smo C-terminus and leads to the recruitment of HSC proteins 
to Smo [ 50 – 53 ]. This interaction between Smo and the HSC inter-
feres with the recruitment of PKA, Ck1, and Gsk3β to the HSC and 
triggers the release of full-length Ci 155 , such that processing of Ci 155  
into Ci 75  ceases [ 50 ,  53 ]. Ci 155  accumulates and can now enter the 
nucleus to activate expression of Hh target genes. 

 Interestingly, the degree of Smo conformational shift and dimer-
ization of its C-terminal tail detected by FRET correlates with endog-
enous Hh concentrations in the wing disk and with the extent of 
PKA/Ck1-dependent Smo phosphorylation [ 46 ]. This could be 
because the conformational change of Smo is gradual rather than all-
or-none, with activity correlating with the extent of conformational 
change. Alternatively, Smo might have only one active conformation, 
with more extensive phosphorylation increasing the likelihood of 
Smo adopting and remaining in this active conformation. In either 
case, the outcome is that the Hh ligand  concentration   gradient gets 
translated into a Smo phosphorylation gradient, leading in turn to a 
gradient of Smo activity and ultimately of Ci activation.  

   Generally, Hh pathway components are well conserved, but gene 
duplication events in mammals have increased the complexity for 
some pathway components. For instance, mammals have three 
functional Hh genes: Indian (Ihh), Desert (Dhh), and Shh, the 
latter being the most widely expressed paralog [ 54 ]. The 
Hh-responsive transcription factor in mammals also exists as three 
gene variants, Gli1, 2, and 3 [ 55 ]. Analogous to the  Drosophila  Ci 
protein, Gli2 and 3 are bifunctional transcriptional repressors and 
activators and are also regulated by PKA, Ck1, and Gsk3β. Gli1, 
however, plays only a minor role as a transcriptional activator and 
transcriptional target of the pathway [ 55 ]. 

 Hh signaling in mammals follows the same general architec-
ture as described for  Drosophila . However, there are several impor-
tant distinctions between mammals and fl ies. For instance, proper 
functioning of the Hh pathway in mammals requires the primary 
cilium [ 56 ], a microtubule-based membrane protrusion, present in 
most mammalian cells but largely absent in fl ies. Key Hh pathway 
components such as Ptc, Smo, and the Gli transcription factors are 
dynamically traffi cked in and out of the cilium in the response to 
Shh making this organelle a Hh signaling hub (Fig.  2c, d ). 
Consequently, disruption of ciliogenesis or ciliary traffi cking also 
results in Hh signaling defects in mammals [ 56 ]. It should be 
noted that in the few cell types that are ciliated in the fl y, the cilium 
may also be implicated in Hh signaling [ 57 ]. 

 Signaling downstream of Smo, both in terms of the role and 
composition of the HSC, also differs somewhat between  Drosophila  
and mammals. In fl ies, the HSC (Cos2, Fu, SuFu) is recruited to 
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active, hyper-phosphorylated and dimerized Smo C-terminal tails 
in the presence of Hh, facilitating Fu autoactivation, which in turn 
phosphorylates Cos2 and SuFu (Fig.  2b ) [ 51 ,  53 ,  58 ]. These phos-
phorylation events are thought to trigger the release of Ci 155  from 
Cos2 and inhibit SuFu, allowing Ci 155  to enter the nucleus [ 37 ,  44 , 
 51 ,  53 ,  59 ,  60 ]. Signaling downstream of mammalian Smo is less 
well understood, but it is clear that it differs (Fig.  2d ). The ortho-
log of Fu, STK36, has no function in the  mammalian   pathway [ 61 , 
 62 ]. Kif7, the ortholog of Cos2, seems to perform similar func-
tions as Cos2, but the molecular details are still not well character-
ized [ 63 – 65 ]. Lastly, SuFu, which has only a minor inhibitory role 
in the fl y Hh pathway, is a major negative regulator in the mam-
malian pathway although it remains unknown how SuFu is itself 
controlled [ 66 ,  67 ]. 

 Some of these differences are explainable at the level of the 
primary sequence of Smo. Most vertebrate genomes including 
those of mammals encode one Smo ortholog. Vertebrate and 
invertebrate Smo orthologs show a fair degree of conservation 
throughout large parts of the proteins including the N-terminal 
and transmembrane domains. However, only the ~100 most 
membrane- proximal amino acids of the cytoplasmic C-terminus 
are broadly conserved (Fig.  3 ) [ 12 ]. The rest of the tail diverges 
substantially in different clades. This distal, non-conserved part 
of the Smo C-terminus comprises roughly an additional 100 
amino acids in most species. However, arthropod Smo proteins 
possess a much longer tail of approximately 350 amino acids. 
Interestingly, the SAID containing the PKA/Ck1 phosphoryla-
tion clusters crucial for the conformational regulation of Smo as 
well as most binding sites for  Drosophila  HSC proteins fall into 
this non- conserved region (Fig.  3a ) [ 24 ]. This suggests that the 
mechanism of Smo activation and the means by which it engages 
the downstream signaling machinery has diverged. In fact, ver-
tebrate Smo orthologs do not contain PKA phosphorylation 
sites and there is no evidence that they are regulated by  PKA  . It 
was a long-standing puzzle in the fi eld as to whether or not 
there is a vertebrate Smo kinase that serves a function analogous 
to PKA in  Drosophila . The answer emerged over the last decade 
through the collective efforts of several laboratories. As further 
elaborated below, GRK2 in conjunction with Ck1α fi lls the role 
of the activating vertebrate Smo kinase.

4        Role of GRKs 

   The fi rst connection between GRKs and the Hh pathway was 
established in mammalian cell culture experiments. The fact that 
Smo is a distant member of the GPCR superfamily suggested that 
proteins involved in GPCR regulation such as GRKs and β-arrestins 
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might also affect Smo and, by extension, Hh pathway activity. 
Metabolic labeling revealed that GRK2 does indeed promote Smo 
phosphorylation in HEK293 cells, and both β-arrestin and GRK2 
are recruited to active Smo localized at the plasma membrane [ 68 ]. 
The functional relevance of these fi ndings was confi rmed in a sub-
sequent study demonstrating that GRK2 phosphorylation and 
β-arrestin recruitment are required for the expression of 
Hh-responsive reporter genes in C3H10T1/2 cells [ 69 ]. 

 These results led to a careful evaluation of GRK loss-of- 
function phenotypes in vivo. Depletion of zGRK2/3 in zebrafi sh 
causes several phenotypes associated with mild Hh loss-of- function, 
including somite malformation and abnormal neural tube pattern-
ing, as well as lower transcription of Hh target genes [ 9 ]. GRK2 
knockout mice die embryonically due to abnormalities in the 

  Fig. 3    Conservation and divergence of functional elements in the  Drosophila  and  mammalian   Smo C-terminus. 
The Smo N-terminus, 7-transmembrane domain region, and the fi rst ~100 amino acids of the cytoplasmic tail 
are well conserved in bilaterians (yellow). However, the C-terminal regions are highly divergent in different 
clades. ( a ) In  Drosophila  Smo (left panel), the divergent C-terminus ( blue ) includes the Smo autoinhibitory 
domain (SAID) containing three clusters of PKA/Ck1 phosphorylation sites and a highly positively charged 
stretch that plays an important negative role in controlling Smo levels and activity. Several binding sites for the 
downstream HSC components Cos2 and Fu have also been mapped to this divergent region. Three of four 
Gprk2 phosphorylation clusters (including the functionally most important fi rst two) are situated in the more 
membrane- proximal conserved region of the cytoplasmic tail. Phosphorylation at these sites regulates interac-
tion with Cos2 at a proximal binding site. Smo core  ( right ), a truncated form of  Drosophila  Smo, lacks the non- 
conserved cytoplasmic tail but retains most of the Gprk2 sites and the proximal Cos2 interaction domain. 
Smo core  can activate signaling, suggesting that the non-conserved elements are not essential. ( b ) The divergent 
tail of mouse Smo ( purple ) lacks PKA phosphorylation sites, although it too has a (non-conserved) stretch of 
positively charged residues. Rather than PKA, mSmo is activated by GRK2 and Ck1 phosphorylation at six 
clusters of residues, three of which (including the functionally most important fi rst two) are highly conserved. 
By analogy with  Drosophila  Smo, mSmo may interact with Kif7 through a conserved binding site       
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development of the heart that are independent of the Hh pathway. 
However, at embryonic day (E)11.5, GRK2 knockout mouse 
embryos display defects in limb development and neural tube pat-
terning, consistent with an impairment of Hh signaling [ 9 ]. The 
phenotypes in both model organisms clearly confi rmed that GRK2 
is required for vertebrate Hh signaling. 

 The discovery of Hh signaling defects in  Drosophila  GRK mutants 
demonstrated that the role of GRKs in Hh signaling is more broadly 
conserved. In contrast to mammals, which have genes encoding 
seven distinct GRKs, the fl y genome encodes only two, Gprk1 and 2 
[ 70 ]. Gprk1 shows homology to the mammalian GRK2 group con-
sisting of GRKs 2 and 3. Gprk2 corresponds to the mammalian 
GRK5 group encompassing GRK4, 5, and 6. Several independent 
studies, based on either depletion of the protein by RNAi or classic 
loss-of-function genetic analysis, reported a moderate Hh loss-of-
function phenotype in response to the loss of Gprk2 [ 6 – 8 ]. Wings of 
 gprk2  mutant fl ies displayed a marked reduction in the area between 
longitudinal veins L3 and L4 caused by an earlier impairment of Hh 
target gene expression in the developing wing disk. Specifi cally, 
expression of high ( en ,  col ) and medium ( ptc ) threshold Hh target 
 genes   was either lost or strongly decreased, respectively. However, 
expression of the low threshold target gene  dpp  was unaffected. 
These analyses indicated that Gprk2 function is specifi cally required 
for cells to mount a strong Hh response. Interestingly, in addition to 
being ubiquitously expressed at basal levels,  gprk2  is a Hh target gene 
and both mRNA and protein levels are strongly induced in 
Hh-responding cells [ 7 ,  8 ]. This suggests that Gprk2 acts as part of a 
positive feedback mechanism to enhance Hh signaling. 

 Mechanistically, Gprk2 acts in the Hh pathway at the level of 
Smo, consistent with the typical function of GRKs in regulating 
GPCRs and with the observations in mammalian cells [ 68 ]. In the 
absence of Gprk2, Smo regulation is clearly impaired. In normal 
wing disks, Smo protein levels are low in most A Hh-responding 
cells (although it is actively signaling). In  gprk2  mutant disks, how-
ever, Smo accumulates to high levels in Hh-responding cells [ 7 ,  8 ]. 
This accumulated Smo protein is less extensively phosphorylated 
than normal [ 7 ]. Similarly, depletion of Gprk2 in  Drosophila  S2 
cells in the presence of Hh causes the accumulation of hypo- 
phosphorylated Smo at the plasma membrane [ 7 ]. This suggests 
that Gprk2 normally promotes the  internalization   and degradation 
of Smo in cells where it is activated, perhaps through a mechanism 
resembling homologous desensitization.  

   The fact that loss of GRK function in vivo results in Hh loss-of- 
function phenotypes in both vertebrate and invertebrate species sug-
gests they play a conserved and positive role in Hh signaling. The 
most straightforward model is that GRK-dependent Smo phosphor-
ylation, and possibly β-arrestin recruitment, is required for Smo 
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activation and Hh target gene expression. The aforementioned 
experiments in mammalian cells supported this view. However, for-
mal proof of this hypothesis required that GRK phosphorylation 
sites in Smo be mapped and functionally characterized. 

 The fi rst attempt employed in vitro kinase assays using mam-
malian GRK5 and fragments of the  Drosophila  Smo C-terminus as 
substrates to map phosphorylation sites. Chen and colleagues 
identifi ed four Ser/Thr residues located at two different clusters 
(GPS1 and GPS2) within the cytoplasmic tail of Smo, neither of 
which is conserved [ 6 ]. Of the two clusters only GPS1 (Ser 741  and 
Ser 742 ) seemed of some functional relevance. However, mutation 
of these sites to Asp to mimic the negative charge of the phosphate 
groups was not suffi cient to rescue the  gprk2  loss-of-function phe-
notype as expected. To explain this, the authors proposed that 
Gprk2 also has a kinase activity-independent function. According 
to their model, in addition to regulating Smo activity by phos-
phorylating it, the dimerization of Gprk2 bound to the Smo cyto-
plasmic tail stabilizes the open conformation of the Smo C-terminus 
and facilitates Smo dimerization, both of which are required for 
effi cient Hh signaling [ 6 ]. 

 Several lines of evidence call this model into question, includ-
ing the observation that mutation of GPS1 and GPS2 sites to Ala 
does not impair Smo activity [ 12 ]. By employing complementary 
cell-based approaches including direct monitoring of Smo phos-
phopeptides in control and Gprk2-depleted cells using a  label-
free semi-quantitative liquid chromatography/tandem mass 
spectrometry (LC-MS/MS) method  , we identifi ed four clusters 
of Gprk2- responsive Ser/Thr residues in the membrane-proximal 
region of the Smo cytoplasmic tail (Fig.  3a ). These four clusters 
harbor a total of 18 phosphorylated Ser/Thr residues [ 12 ]. 
Mutation of all 18 sites to Ala recapitulates the specifi c effect that 
loss of Gprk2 has on Smo accumulation in Hh-responding cells 
in vivo, confi rming that these are the functionally important 
phosphorylation sites. The phosphoproteomic analysis also 
detected phosphorylation at the two GPS1 residues. However, 
the observed decrease in phosphopeptide abundance in control 
versus Gprk2-depleted cells was relatively small, indicating that 
Gprk2 is not the major kinase responsible for  phosphorylating   
the GPS1 sites under physiological conditions [ 12 ]. 

 Functional characterization of the four clusters of Gprk2 phos-
phorylation sites strongly supports a strictly catalytic activity- 
dependent function for Gprk2 in regulating Smo. Mutation of the 
phosphorylation sites to Ala decreased but did not abolish Smo 
activity (measured using a dual luciferase-based Hh target gene 
transcriptional reporter assay), consistent with the in vivo pheno-
types. Mutation of individual clusters or individual residues within 
a cluster had partial effects, suggesting that increasing levels of 
Gprk2 phosphorylation have a graded effect on Smo activity. 
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Gprk2-dependent phosphorylation affects Smo signaling in at least 
two ways. First,  bioluminescence resonance energy transfer (BRET)   
experiments demonstrated that phosphorylation enhances dimer-
ization of the Smo C-terminus. Second, phosphorylation is required 
for recruitment of Cos2 to a novel binding site located between 
residues 625 and 651 in the Smo cytoplasmic tail. Both functions 
require Gprk2 kinase activity and can be rescued in the absence of 
the kinase itself by mutating the Gprk2 sites in Smo to Asp. 
Interestingly, not all four clusters are equally important—Ala sub-
stitution of the fi rst two clusters (c1/2) but not the last two clusters 
strongly impairs Smo activity, and mimicking phosphorylation at 
c1/2 is suffi cient to circumvent the loss of Gprk2 [ 12 ]. In contrast 
to the PKA phosphomimetic form of Smo [ 48 ], mimicking Gprk2 
phosphorylation is not suffi cient to constitutively activate Smo, 
suggesting Gprk2 acts downstream of PKA in Smo activation. 

 Mapping studies using mouse Smo (mSmo) uncovered con-
served regulatory phosphorylation sites in vertebrate Smo ortho-
logs. A total of 12 Ser/Thr residues grouped in six clusters (PS0-5) 
in mSmo are phosphorylated by GRK2 and Ck1α in response to 
Shh stimulation (Fig.  3b ) [ 11 ]. Phosphorylation at these sites 
appears to be graded in response to various Shh dosages and it is 
necessary and suffi cient to promote Smo activation, dimerization 
of the cytoplasmic tail, β-arrestin recruitment, and translocation of 
Smo into the cilium in NIH 3T3 cells and mouse embryonic fi bro-
blasts. Transgenic expression of a series of Smo constructs carrying 
different combinations of Ala or Asp substitutions at the GRK2/
Ck1α phosphorylation sites in the chick neural tube confi rmed the 
crucial activating role of these two kinases in vivo. Most impor-
tantly, phosphomimetic  substitutions   of the GRK2/Ck1α sites 
caused ectopic expression of Shh target genes such as Nkx2.2, 
Nkx6.1, and Olig2 and reduced expression of the dorsal marker 
Pax7. Of note, not all sites are equally important, as the fi rst two 
clusters (PS0/1 with four and three Ser/Thr residues, respectively) 
account for the majority of the activating effect. The authors pro-
posed a model similar to that of Smo activation by PKA in fl ies: the 
Shh gradient gets translated into graded mSmo phosphorylation 
and activation.  GRK2/Ck1α phosphorylation   causes a conforma-
tional change within the mSmo protein and leads to dimerization 
of C-termini, the extent of which correlates with the number of 
phosphorylated residues [ 11 ]. Only maximally phosphorylated 
mSmo is capable of inducing expression of high-threshold Shh tar-
get gene such as Nkx2.2 in the neural tube. Phosphorylation at the 
GRK2/Ck1α sites is also required for ciliary localization, most 
likely through the recruitment of β-arrestins [ 11 ]. This is in line 
with earlier work establishing that translocation of Smo into the 
cilium depends on β-arrestin recruitment [ 68 ]. However, the pre-
cise mechanism by which GRK2/Ck1α-dependent Smo activation 
and ciliary accumulation of  Smo   are coordinated is still unclear.  
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   At fi rst glance, GRK2/Ck1α regulation of mSmo and PKA/Ck1 
regulation of  Drosophila  Smo appear quite similar. In both systems, 
the Hh gradient is translated into distinct Smo phosphorylation 
and activation states correlating with the extent of the Smo confor-
mational change and C-terminal dimerization. It is important to 
note, however, that the principal kinase and the sites that are phos-
phorylated in each species are different. While this would appear to 
suggest that a similar regulatory mechanism arose independently in 
different lineages, this is not the case. In fact, the precise mecha-
nism of GRK regulation appears to be operative in all bilaterian 
lineages. In multiple sequence alignments of the conserved fi rst 98 
amino acids of the cytoplasmic tail of Smo orthologs from all three 
branches of Bilateria (corresponding to residues 554–651 in 
 Drosophila  Smo), there is a striking near-perfect alignment of the 
fi rst two phosphorylation clusters in the mouse and fl y proteins 
(c1/2 in  Drosophila  Smo and PS0/1 in mSmo), and these are 
highly conserved in all Smo orthologs [ 12 ]. Notably, these are the 
sites that are most important for activation of both the mouse and 
fl y proteins by GRKs. Thus phosphorylation by GRKs appears to 
be an evolutionarily ancient mechanism for regulating Smo activity 
that has been retained in all species in which it is found [ 12 ]. 

 A compelling argument in support of this idea came from the 
analysis of a C-terminally truncated form of  Drosophila  Smo con-
sisting of just the evolutionarily conserved portion (Smo core ). 
Smo core  is capable of activating cytoplasmic Hh signaling in both 
tissue culture cells and in vivo, although to a lesser extent than full- 
length Smo [ 12 ]. Smo core  lacks the PKA phosphorylation sites and 
most of the mapped binding sites of HSC proteins (Fig.  3a ), sug-
gesting that these arthropod-specifi c additions to Smo are not 
essential for its activity. Retained in Smo core , however, are the fi rst 
three conserved Gprk2 phosphorylation clusters and a newly iden-
tifi ed membrane-proximal Cos2 binding site. Rather than being 
regulated by PKA, Smo core  signaling is exclusively and absolutely 
dependent on GRK phosphorylation, making its regulation more 
similar to mSmo. GRK phosphorylation is required for the interac-
tion of Smo core  with Cos2 [ 12 ]. It will be interesting to see whether 
GRK2 phosphorylation promotes the recruitment of the mamma-
lian Cos2 ortholog Kif7 to the comparable conserved region of 
mSmo to promote signaling. 

 It seems, then, that the GRK-driven mechanism of Smo regu-
lation employed by mammalian Smo proteins is used in fl ies as 
well. However, whereas GRK2 is functionally equivalent to PKA in 
the fl y, in that it turns on mSmo, Gprk2 seems to play more of a 
fi ne-tuning role by increasing the signaling strength of  Drosophila  
Smo. The most straightforward explanation is that, while the func-
tional GRK-regulated core has been retained, additional regula-
tory  elements   were acquired early during the evolution of 
arthropods. These rendered Smo activity subject to control 

4.3  GRKs Activate 
Smo Proteins 
Through-an 
Evolutionarily 
Conserved  Mechanism  

Dominic Maier and David R. Hipfner



315

principally by PKA, and added additional HSC binding sites that 
enabled PKA-dependent engagement of the downstream signaling 
machinery. This PKA-dependent mechanism may be how Smo sig-
nals when initially activated in response to low levels of Hh (Fig.  4 ). 
As Hh levels increase, so too does the extent of PKA/Ck1 phos-
phorylation of Smo [ 71 ], leading to increased signaling and target 
gene expression. As  gprk2  is itself a medium/high threshold Hh 
target gene [ 7 ,  8 ], signaling above a certain threshold will activate 
its transcription, initiating a positive feedback mechanism. 
Increased Gprk2 phosphorylation of Smo will then enhance Smo 
dimerization and Cos2 binding via the proximal binding site. 
Maximal Smo signaling activity is thus the combined output of 
separate PKA- and GRK-regulated mechanisms.

   The shift from a GRK-regulated to a primarily PKA-regulated 
signaling mechanism could explain the mismatching roles of 

  Fig. 4    Model for increasing  Drosophila  Smo activity in response to a gradient of Hh  ligand  . In response to low 
levels of Hh, Smo becomes partially phosphorylated by PKA (and Ck1—not shown) at sites in the SAID. This 
leads to partial conformational activation and dimerization of Smo and subsequent engagement of the HSC 
components Cos2 and Fu via the non-conserved, distal C-terminus. Fu engagement leads to its autoactivation 
and phosphorylation of Cos2 (and Sufu—not shown), releasing some Ci 155  to partially activate transcription of 
target genes, particularly low/intermediate threshold targets. In response to higher levels of Hh, Smo is more 
heavily phosphorylated by PKA. At a certain point, Smo activity is suffi cient to activate  gprk2  transcription, 
triggering a positive feedback loop. As Gprk2 levels increase, it increasingly phosphorylates Smo, leading to 
additional engagement of Cos2 through the conserved proximal binding site to enhance downstream signal-
ing. The combined actions of PKA/Ck1 and Gprk2 on Smo are required for maximal signaling activity       

 

GRK in Hedgehog Signaling



316

β-arrestins seen in the  Drosophila  and mammalian Hh pathways. In 
the vertebrate Hh pathway, GRK2/Ck1α-dependent Smo phos-
phorylation triggers β-arrestin recruitment and this is required for 
Smo activation and traffi cking to the cilium [ 68 ,  69 ]. The positive 
role of β-arrestin in the Hh pathway was confi rmed in vivo, as 
zebrafi sh morphants depleted for β-arrestin2 show similar Hh 
defects as zGRK2/3 morphants [ 9 ,  72 ]. In fl ies, the role of 
β-arrestins is less clear. The interaction between Smo and Kurtz 
(Krz), the only typical β-arrestin in fl ies, can be visualized bio-
chemically through co-immunoprecipitation in tissue culture cells, 
when both proteins are overexpressed. In vivo, expression of Krz 
causes downregulation of Smo and a reduction in Hh target gene 
expression [ 7 ,  73 ]. However, loss of Krz fails to produce any mis-
regulation of Smo or Hh signaling, raising questions about the 
physiological importance of this interaction [ 73 ]. It is possible that 
other fl y arrestins, such as the two visual arrestins (Arr1 and Arr2), 
functionally compensate for the loss of Krz. Alternatively, regula-
tion of Smo by Krz might represent an evolutionarily ancient 
mechanism that has been largely replaced by a PKA-dependent 
mechanism. Indeed, protein levels of  Drosophila  Smo are thought 
to be regulated by ubiquitination and proteasome-dependent deg-
radation. The ubiquitination sites are in close proximity to the 
PKA sites and phosphorylation at the PKA clusters prevents Smo 
 degradation   [ 29 ,  30 ]. This suggests that Smo turnover in fl ies is 
mainly controlled by PKA and ubiquitination rather than by Gprk2 
and β-arrestin recruitment. It is also possible that both pathways 
coexist and have overlapping effects [ 29 ].  

   In addition to their conserved role as Smo kinases, GRKs can affect 
Hh signaling indirectly by controlling cellular levels of the second 
messenger cAMP. Both in Gprk2-depleted S2 cells and in  gprk2  
mutant fl ies, cAMP levels are abnormally low, by approximately 
60 % at the level of entire ovaries or whole animals [ 13 ,  74 ]. In fact, 
the abnormally low cAMP levels seem to be a major cause of the 
Hh signaling impairment in  gprk2  mutant animals because target 
gene expression can be largely, though not completely, rescued 
simply by stimulating cAMP production or activating PKA [ 13 ]. 
Consistent with this, Ala substitution of the four Gprk2 phosphor-
ylation clusters in Smo did not recapitulate the full severity of the 
 gprk2  mutant phenotype in terms of target gene expression in vivo, 
as it led to a loss of high-threshold target genes but had little effect 
on the intermediate-threshold target  ptc  [ 12 ]. Thus in parallel to 
directly activating Smo, Gprk2 also infl uences Hh signaling indi-
rectly, by keeping cAMP levels and PKA activity at levels permissive 
for Hh signaling. The fact that signaling in  gprk2  mutants could 
also be largely restored by expressing a PKA  phosphomimetic   form 
of Smo suggests that Smo is the target of this indirect effect—i.e. 
that PKA-dependent Smo activation is impaired in  gprk2  mutants.  

4.4  Indirect Role 
of GRKs in the  Hh 
Pathway  
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   What could be the connection between a GRK and cellular cAMP 
levels? One plausible answer is GPCR/heterotrimeric G-protein 
signaling. In canonical GPCR signaling, ligand-occupied, active 
GPCRs act as GEFs for the G α  subunits of the heterotrimeric 
G-protein complex, triggering G-protein signaling. GRKs nega-
tively regulate GPCR/heterotrimeric G-protein signaling by phos-
phorylating active GPCRs, generating high-affi nity binding sites 
for β-arrestins. β-Arrestins in turn block the GEF activity of the 
GPCR by shielding the G-protein binding site and by triggering 
clathrin-dependent receptor endocytosis. Not surprisingly, loss of 
GRK activity can have severe consequences on GPCR function, 
often characterized by prolonged and exaggerated heterotrimeric 
G-protein signaling responses. For example, loss of GRK2 results 
in elevated cAMP levels in response to V2 Vasopressin stimulation 
[ 75 ]. Similarly, activation of the angiotensin II type 1A receptor 
causes an excessive accumulation of the lipid-derived second mes-
senger diacyglycerol in GRK2-depleted cells [ 76 ]. The same phe-
nomenon can be observed in vivo under certain circumstances. For 
instance, loss of GRK5 renders mice supersensitive to muscarinic, 
but not dopaminergic, stimulation [ 77 ]. However, it should be 
noted that germline knockouts of most GRK isoforms display sur-
prisingly mild defects, possibly due to functional redundancies 
between GRKs [ 78 ]. More pronounced and severe impairment of 
GPCR signaling might be expected in double or triple knockouts. 

 Dysregulation of GPCR desensitization and signaling could 
explain the abnormally low cAMP levels in  gprk2  mutants (Fig.  5 ). 
One candidate for misregulation is Smo itself. Although Smo is a 
rather distant member of the GPCR superfamily, mounting evi-
dence suggests that Smo is a functional GPCR that directly couples 
to and signals through G αi  to inhibit cAMP production. Activation 
of endogenous Smo both in  Drosophila  and in cultured mamma-
lian cells lowered cAMP levels [ 79 ,  80 ]. Direct coupling of mouse 
Smo exclusively to members of the G αi  family of G proteins was 
observed in several cell lines when at least one of the interacting 
partners was overexpressed [ 80 ,  81 ]. Coupling of mammalian Smo 
to G αi  seems to be a physiologically relevant process, because the 
effi cacy of Smo toward G αi  is similar to that measured for the 
5-hydroxytryptamine 1A (5-HT1A) receptor, a well-defi ned G αi - 
coupled receptor. This fi ts with the observation that activation of 
endogenously expressed Smo decreases cellular cAMP levels to 
about the same extent as stimulation of the 5-HT1A receptor does 
[ 80 ]. Based on this it seems plausible that, in the absence of Gprk2, 
Smo-G αi  signaling is hyperactivated due to the lack of receptor 
desensitization. However, simultaneous elimination of Smo and 
Gprk2 in cells failed to rescue cAMP levels back to normal, indicat-
ing that the changes in cAMP levels upon removal of Gprk2 are 
not (only) Smo-dependent. Given that the fl y genome encodes 
about 100 GPCRs but only two GRKs [ 82 ], each  GRK   must be 

4.5  Global 
Misregulation 
of GPCR/
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G-Protein  Signaling   
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capable of regulating many different GPCRs. It follows that the 
 gprk2  mutant phenotype might be complex, resulting from mis-
regulation of several GPCRs. At least in  Drosophila , the net out-
come of this global GPCR misregulation is abnormally low cellular 
cAMP concentrations that are limiting for Smo activation and con-
sequently for Hh target gene expression (Fig.  5 ).

5        Cross-Talk Between GPCR Signaling and the Hh  Pathway   

 One implication of the indirect model of Smo regulation by GRKs is 
that the Hh pathway may normally be infl uenced by cross-talk with 
GPCR signaling. Consistent with this, several recent studies have 
described modulatory effects of GPCR signaling on Shh pathway 
responses in mammals. With respect to the role of PKA, the verte-
brate pathway has a simpler setup than its  Drosophila  counterpart. In 
mammals, PKA has only one function in the Hh pathway, promoting 
degradation of Gli2/3 transcription factors [ 5 ]. Consequently, 
increasing cAMP levels or activating PKA blocks Hh target gene 
expression, whereas reducing cAMP levels promotes it. Several recent 
examples demonstrate that this regulatory mechanism is utilized 
in vivo. Gpr161, a G αs -coupled GPCR localized to the primary cilium 
of mice, plays an inhibitory role in Shh-dependent neural tube pat-
terning. According to the proposed model, Gpr161 ensures Gli2/3 
degradation in the absence of Shh by keeping cAMP concentration/
PKA activity at levels high enough to restrict accumulation of full-
length Gli2 A /3 A . Therefore, Gpr161 functions in parallel to Ptc to 
keep the pathway off in the absence of Shh (Fig.  2c ). Shh deactivates 
both Ptc and Gpr161 by triggering removal of the two proteins from 
the ciliary membrane, permitting Gli2 A /3 A  accumulation and activity 
(Fig.  2d ) [ 83 ]. Another example is the GPCR PAC 1 , which couples 
to G αs  and activates adenylyl cyclase in response to its ligand, the 
PACAP peptide. PAC 1  activation inhibits the formation of medullo-
blastomas in  ptc1  mutant mice. As medulloblastoma in these mice is 
caused by uncontrolled Shh pathway activation driving proliferation 
of cerebellar granular cells, this indicates that the PAC 1 -dependent 
increase in cAMP levels inhibits Shh signaling [ 84 ,  85 ]. Interestingly, 
a positive infl uence of G αi -coupled  GPCRs   on Shh target gene expres-
sion and proliferation of cerebellar granular cells in mice has also been 
demonstrated. The GPCR CXCR4 signals through G αi , promotes 

Fig. 5 (continued) Too much PKA activity forces Ci 155  processing and diminishes target gene expression. 
Between these two extremes, increasing PKA activity promotes Smo activation in the presence of Hh, stimulat-
ing target gene expression. By controlling homologous desensitization of GPCRs, GRKs infl uence cAMP levels 
and so may impinge upon this normal regulation of Hh pathway activity. ( b ) In  Drosophila  cells lacking Gprk2, 
cAMP levels are abnormally low, perhaps due to GPCR misregulation. Under these conditions, PKA-dependent 
activation of Smo is diminished and Hh target gene expression is impaired       
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  Fig. 5    Model for GRK regulation of Hh pathway–GPCR  crosstalk   via cAMP in  Drosophila . ( a ) PKA plays two roles 
in the  Drosophila  Hh pathway. In the absence of Hh, PKA phosphorylation of Ci 155  promotes its processing to the 
Ci 75  repressor to prevent target gene expression. In the presence of Hh, PKA phosphorylation is required for Smo 
activation and expression of target genes. PKA activity (and by extension, cAMP levels) can set thresholds for 
pathway activity. Too little PKA activity leads to Ci 155  stabilization and Hh-independent target gene expression. 
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Shh signaling, and induces Shh-dependent cell proliferation [ 86 ]. 
These examples nicely illustrate that the Shh signaling outcomes can 
be both positively and negatively infl uenced, depending on whether 
the GPCR couples to an inhibitory or stimulatory G α  protein. 

 It should be pointed out, however, that the role of GPCR signal-
ing in the Hh pathway is controversial and confl icting evidence has 
been reported. For instance, a large-scale RNAi screen in a  Drosophila  
cell culture model, aimed at discovering novel components of the Hh 
pathway, failed to identify any GPCR or member of the heterotri-
meric G-protein family [ 87 ]. In addition, the positive role of G αi  sig-
naling in vertebrates was challenged by the fi nding that overexpression 
of G αi  in the chick neural tube had no obvious effect on its patterning 
[ 88 ]. Rather than being necessary and instructive, it may be more 
useful to view cAMP levels as being permissive for pathway function, 
by setting thresholds for activity. In cells where cAMP levels fall 
within a permissive range (for Smo activation in  Drosophila , or Gli 
regulation in mammals), heterotrimeric G proteins may not be 
required for proper pathway function. This would fi t well with the 
long-standing observation that a constitutively active, cAMP-insensi-
tive form of PKA is capable of supporting Hh signaling in fl ies [ 89 , 
 90 ]. However, the accumulating evidence in mammals clearly sug-
gests that in some cell types, cross- talk with GPCRs does infl uence 
Shh pathway activity. Given that some 30–50 % of medicinal  drugs   
are directed against GPCRs [ 91 ], this could be an interesting avenue 
to pursue in developing therapeutic inhibitors of Shh signaling.  

6    Conclusions 

 The combination of work in  Drosophila  and vertebrate models has 
led to substantial progress in our understanding of the role of GRKs 
in Hh signaling. GRKs activate Smo through an evolutionarily con-
served mechanism involving phosphorylation of residues within the 
cytoplasmic tail. In mammals, this phosphorylation promotes dimer-
ization, β-arrestin recruitment, and translocation of Smo into the 
cilium where it signals. In  Drosophila , it promotes recruitment of 
Cos2 to a region in the conserved portion of the Smo cytoplasmic tail 
to enhance downstream signaling. In addition to this direct function, 
GRKs may act indirectly by controlling global GPCR/heterotrimeric 
G-protein signaling, thus maintaining cAMP at levels permissive for 
Hh pathway function. Research in mammalian systems has so far 
focused only on the direct role of GRK2 in Smo activation. The iden-
tifi cation of additional GPCRs, including Gpr161, PAC 1 , and 
CXCR4 that are capable of cross- talking with the Shh pathway via 
cAMP regulation greatly expands the potential complexity of the role 
of GRKs in Shh signaling. Future studies will have to take into con-
sideration the potential indirect effects of manipulating GRKs and 
β-arrestins on these and other GPCRs when examining Shh-
dependent signaling outputs.     
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