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Preface

In 1991, a rare chromosomal translocation affecting chromosomes 9 and 7 was 
described in T-cell lymphoblastic leukemia. The translocation involved TAN-1, a 
previously unknown human locus highly homologous to Drosophila Notch, a gene 
well known to developmental biologists as a determinant of cell fate during devel-
opment. This serendipitously discovered link between developmental biology and 
cancer biology touched off a veritable explosion of discoveries on the role of Notch 
in human malignancy. Today, major pharmaceutical and biotechnology companies 
have Notch programs and have developed investigational drugs and biologics tar-
geting Notch signaling. Notch ligands have been used successfully to expand human 
cord blood progenitor cells for transplantation purposes. Studies of Notch signaling 
and its crosstalk with other developmental pathways have revealed a remarkably 
complex network of molecular interactions at the core of the cell fate-controlling 
machinery. Interest in this field has steadily increased, and today Notch signaling is 
known to play roles in virtually every aspect of cancer biology, from control of dif-
ferentiation, proliferation, and apoptosis in transformed cells to angiogenesis, 
tumor-stroma interaction, and anticancer immune responses. A number of observa-
tions have revealed a role of Notch in the self-renewal of “cancer stem-like cells” or 
“tumor-initiating cells” that are thought to be a major cause of treatment failure in 
cancer. It is not unreasonable to speculate that pharmacological manipulation of 
Notch signaling could alter the practice of medicine in the treatment of many human 
malignancies. This does not mean that targeting Notch in the clinic will be easy or 
straightforward. The notorious context dependence of Notch effects, well known to 
developmental biologists but frustrating to pharmacologists and cancer biologists, 
means that the question “what does Notch do in cancer and what is the best strategy 
to target it” does not have a simple answer.

Advances in genomics have revealed that human cancers are remarkably plastic, 
particularly during and after treatment with chemo- or radiotherapy or even targeted 
therapy: many cancers undergo a process of quasi-Darwinian clonal evolution, 
selecting cellular clones with more stem-like characteristics. Phenotypic plasticity 
due to tumor microenvironmental effects can also alter the biology of cancer cells 
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through metabolic and/or epigenetic effects. These aberrant cell fate decisions 
prominently involve developmental pathways including Notch.

Efforts to translate our growing but still incomplete understanding of Notch biol-
ogy in cancer will have to take these complexities into account. A detailed under-
standing of the intricate crosstalk between Notch and other pathways of therapeutic 
interest will be necessary to design rational drug combinations for specific diseases 
and disease subsets. The multiple classes of agents currently in various stages of 
development have different advantages and disadvantages. It is still unclear what 
the best agents are or what drug combinations are most promising in individual 
indications. Determining the status of Notch signaling in tumor samples is a chal-
lenge in its own right, with four Notch paralogs, five ligands, a host of co-ligands, 
as well as canonical and noncanonical Notch target genes that are differentially 
affected in different cell types. These hurdles are not insurmountable, but they need 
to be considered by those approaching the clinical development of Notch-targeting 
agents if we are to avoid unpleasant surprises.

Genetic experiments in model organisms have revealed much about genes and 
pathways that modify the effects of Notch signaling in tumorigenesis. These invalu-
able insights are now being translated to human tumor biology and experimental 
oncology.

This volume is an attempt at describing the current state of the art in the field of 
Notch signaling in cancer, with a specific focus on targeting Notch signaling for 
therapeutic purposes. Internationally known experts in the Notch field have contrib-
uted chapters to what we hope will be a comprehensive discussion.

No single book can encompass all aspects of a vast and growing field of biomedi-
cal research, and this volume is no exception. We hope that the reader will be left 
with a clear view of the field’s complexity, a clear understanding of what is known, 
and a sense of what remains unknown. We thank the readers for their interest in our 
work and hope that our effort will stimulate further interest in this fascinating field 
of biomedical research.

New Orleans, LA, USA Lucio Miele
Boston, MA, USA Spyros Artavanis-Tsakonas

Preface
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Chapter 1
Structural Biology of Notch Signaling

Kelly L. Arnett, Tom C. M. Seegar, and Stephen C. Blacklow

Abstract The conserved Notch signaling pathway plays a central role in devel-
opment and adult tissue homeostasis. Notch signaling is initiated by binding to a 
transmembrane ligand. E3 ubiquitin ligase-mediated ligand endocytosis enables 
release of the negative regulatory region (NRR) of Notch from autoinhibition, 
which then allows metalloprotease cleavage within the NRR, followed by intra-
membrane cleavage by the γ-secretase complex. After release from the mem-
brane, the Notch intracellular domain translocates to the nucleus to form a 
transcriptionally active complex and initiate transcription of Notch-responsive 
genes. Structural studies of Notch and Notch-associated molecules, which have 
advanced our understanding of each of these steps in the Notch signaling path-
way, are reviewed here.

Keywords Notch · DSL · Receptor signaling · Protein biochemistry · Structural 
biology · Regulated intramembrane proteolysis · Transcription

1.1  Introduction

Notch receptors bind transmembrane ligands on neighboring cells and transduce 
signals, playing an essential role in cell-fate decisions during development and 
tissue homeostasis. In mouse, fly, and worm models, severe deficiencies in Notch 
signaling lead to embryonic lethality. Abnormal decreases and increases in Notch 
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signaling are associated with human developmental abnormalities and disease, and 
cancer-associated mutations have been found which produce both constitutively 
active and inactive forms of Notch. Notch receptors, their ligands, and many 
accessory proteins are essential for transducing a Notch signal, which proceeds 
through a series of connected events: (1) ligand binding, (2) ligand endocytosis, (3) 
release from autoinhibition, (4) metalloprotease cleavage, (5) intramembrane cleav-
age, and (6) transcriptional activation (Fig. 1.1).

Notch receptors are large modular transmembrane proteins with distinct regions 
playing specific roles in each of these steps (Fig. 1.2a). The N-terminal region of 
Notch receptors consists of a series of epidermal growth factor (EGF)-like repeats 
that bind ligands of the Delta and Serrate families and initiate the Notch signal [28, 
94]. C-terminal to the EGF repeats, a region known as the negative regulatory region 
(NRR) of Notch holds Notch receptors in an autoinhibited conformation prior to 
ligand engagement [35, 95]. Ligand binding and endocytosis of the ligand, stimu-
lated by Mind bomb or Neuralized E3 ubiquitin ligases, are required for release 

Ligand
endocytosis

Sending cell Receiving cell

g-secretase:  
PS1, Nicastrin, 
Pen2, Aph-1

DSL
Ligand

Mind bomb 1 NICD
NECD

Adam10/17

Furin

pro-Notch
Golgi

Receptor maturation:
glycosylation 
and furin cleavage

Pofut

and other
glycosyltransferases

Rumi ER

Fringe

Ligand binding 
and 

Receptor activation

target
genes

CBP/p300

CSL
MAM

NICD

CSL
Co-repressor

Transcriptional 
activation

Fig. 1.1 Overview of major events in Notch signaling. Notch is expressed as a pro-protein precur-
sor and undergoes a series of posttranslational modifications during maturation, including O-linked 
glycosylation and processing at site S1 by a furin-like protease. Signals are initiated by the engage-
ment of ligand on the signal-sending cell with the extracellular part of Notch (NECD) on the sig-
nal-receiving cell. Ligand endocytosis promotes relief of Notch autoinhibition allowing 
metalloprotease cleavage by an ADAM family metalloprotease at site S2. This proteolytic step 
allows the cleavage of Notch by the γ-secretase complex at site S3 within the transmembrane 
domain and release of the Notch intracellular domain (NICD) from the membrane. Upon 
translocation to the nucleus, NICD enters into a transcriptional activation complex with the DNA- 
binding transcription factor CSL and coactivator Mastermind (MAM)

K. L. Arnett et al.
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Fig. 1.2 Domain organization of Notch receptors. (a) Domain organization of Notch receptors and 
DSL family ligands from fly, human, and worm. Notch extracellular domain (NECD), Notch intra-
cellular domain (NICD), epidermal growth factor-like repeats (EGF), transmembrane region (TM), 
negative regulatory region (NRR), RBPJ-associated module (RAM), ankyrin repeats (ANK), and 
C-terminal PEST domain are indicated. Calcium-binding EGF repeats are in a dark shade, and 
non-calcium-binding EGF repeats are in a light shade. (b) Schematic of a Notch EGF domain 
showing sugar modifications. N-acetylglucosamine (GlcNac), xyloside xylosyltransferase 1 
(XXYLT1), glucoside xylosyltransferases 1,2 (GXYLT1,2), β-1,4-galactosyltransferase (β4GalT), 
sialyltransferase (SaiT). (c) Domain organization of Notch1 showing positions of glucose addition 
by Rumi (blue circles) and fucose addition by Pofut1 (red triangles). Ligand- binding EGF repeats 
11–12 are indicated in yellow

1 Structural Biology of Notch Signaling
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from the autoinhibited state, allowing cleavage of the NRR by ADAM family metal-
loproteases [14, 79]. Subsequent intramembrane cleavage by γ-secretase releases 
the Notch intracellular domain (NICD) from its membrane tether, allowing it to 
translocate to the cell nucleus where it can assemble into an active complex with 
CSL (RBPJ) and Mastermind and initiate transcription of Notch-responsive genes 
[90, 122]. Here we review structures of Notch and Notch-associated molecules that 
advance our understanding of each of these steps in the Notch signaling pathway.

1.2  Signal Initiation by Ligand Binding to Notch

1.2.1  Ligand-Binding Region of Notch Receptors

The N-terminal regions of Notch receptors consist of a series of EGF-like repeats 
that bind ligand. Each EGF repeat is about 40 amino acids in length and has three 
intradomain disulfide bonds with fixed pairings of Cys(I)–Cys(III), Cys(II)–
Cys(IV), and Cys(V)–Cys(VI). Many of the Notch EGF-like repeats bind calcium 
and are posttranslationally glycosylated (Fig. 1.2b). Notch receptors from different 
species vary in the number of EGF-like repeats. Drosophila Notch has 36 repeats, 
and the four mammalian Notch receptors (Notch1–Notch4) have 29–36 EGF-like 
repeats. Interestingly, the two Notch receptors in worms, Lin-12 and GLP-1, are 
smaller with 14 and 11 EGF-like repeats, respectively.

The minimal region of Notch required for ligand binding in flies encompasses 
only EGF repeats 11–12 [28, 94], though the minimal region that appears to be 
required for full activation of Notch1 signaling in cell-based assays is larger and is 

NRREGF repeats

EGF11 EGF12 EGF13

T466-Fucose

Y444
D452

I471
D469

E455

Y482

N490

I509 E493

D507

A

B

Fig. 1.3 Structure of the ligand-binding region of Notch1. (a) Domain organization of Notch1, 
highlighting EGF repeats 11–13. (b) Ribbon diagram of human Notch1 EGF repeats 11–13. EGF 
repeat 11 (red), EGF12 (orange), and EGF13 (straw) are shown. Acidic resides that coordinate 
calcium ions (magenta) and resides involved in packing between EGF repeats are labeled. T466 of 
EGF12, which has a fucose adduct, is labeled (PDB code 4CUD)

K. L. Arnett et al.
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encompassed by EGF repeats 6–15 [1, 126]. Structures inclusive of the minimal 
ligand-binding region from human Notch1, spanning repeats 11–13, have been 
determined by NMR and X-ray crystallography [21, 40]. The X-ray structure of 
Notch1 EGF repeats 11–13 (Fig. 1.3) shows that the modules are in an extended 
rodlike conformation. The interdomain arrangements in this three-repeat structure 
are defined by the coordination of Ca2+ ions at the interface between adjacent repeats 
as well as by hydrophobic packing of residues at the interdomain interface.

1.2.2  Notch Ligands

There are two families of canonical Notch ligands, homologous to the parent mol-
ecules Delta and Serrate in flies. In mammals, there are three homologs of Delta, 
Delta-like (DLL)1, DLL3, and DLL4, and two of Serrate, Jagged1 (Jag1) and 
Jagged2 (Jag2). Whereas DLL1, DLL4, Jag1, and Jag2 activate Notch signaling, it 
is believed that DLL3 is a decoy ligand that does not stimulate signaling [42, 60].

All of these proteins in mammals are single-pass, type 1 transmembrane proteins 
with a modular extracellular domain organization and intracellular tail (Fig. 1.4). 
Both Serrate and Delta family members contain a module at the N-terminus of 
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DSL EGF

repeats VWC
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Delta

H. sapiens 
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Delta-like 1

C. elegans
Apx-1
C. elegans
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C. elegans
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Delta-like 3
H. sapiens 
Delta-like 4

Fig. 1.4 Domain 
organization of Notch 
ligands. Domain 
organization of DSL 
family ligands from fly, 
human, and worm. Module 
at the N-terminus of Notch 
ligands (MNNL), Delta/
Serrate/Lag-2 domain 
(DSL), von Willebrand 
factor type C domain 
(VWC). Calcium-binding 
EGF repeats are in a dark 
shade, and non-calcium- 
binding EGF repeats are in 
a light shade

1 Structural Biology of Notch Signaling
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Notch ligand (MNNL) domain, followed by a Delta-Serrate-Lag-2 (DSL) domain 
and a variable number of additional EGF-like repeats. The Serrate class of ligands 
diverges from the Delta-like proteins in the inclusion of a cysteine-rich domain 
homologous to the von Willebrand factor C domain immediately proximal to the 
transmembrane region. All of the activating ligands contain C-terminal intracellular 
tails that contain recognition motifs for Mind bomb and Neuralized E3 ligases and 
that are predicted to be predominantly unstructured in isolation.

Structures have been reported for fragments of the DLL1 and Jagged1 extracel-
lular domains and for a modified fragment of DLL4 in complex with ligand- binding 
repeats EGF11–13 of Notch1 [17, 21, 52, 72, 109]. In the reported X-ray structures 
(Fig. 1.5), the three ligand molecules (unbound and Notch-bound) adopt an extended 
conformation, and studies of the DLL1 and Jagged1 proteins using velocity sedi-
mentation and other methods also support the conclusion that the overall architec-
ture of these molecules remains extended in solution [17, 52]. In the larger DLL1 
fragment, which includes almost the complete extracellular region of the protein, 
electron density is visible for the region spanning from the N-terminal MNNL 
domain through EGF-like repeat six. Intriguingly, the interdomain interface between 
EGF repeats five and six generates a ~90-degree bend in the protein, suggesting that 
simple representation of the ligands as extended sticks orthogonal to the plane of the 

Jagged1

Delta-like 1

Delta-like 4*  
(from complex)

DLL1

MNNL DSL EGF repeats

1 2 3

4 5

6

1 2 3

A

B

C D MNNL DSL EGF1

Fig. 1.5 Structures of DSL family ligands. Domain organization and ribbon diagrams represent-
ing X-ray structures of human ligands: Jagged1 (a), Delta-like 1, DLL1 (b), and Delta-like 4, 
DLL4, from the structure of its complex with Notch1 (c). MNNL (blue), DSL (teal), and EGF 
repeats (green) are shown. An overlay of DLL4 and DLL1 (d) reveals a difference in the orienta-
tion of the MNNL domain with respect to the DSL and EGF1 domains in the two structures. 
Jagged1 (PDB code 4CC0), Delta-like1 (PDB code 4XBM), Delta-like4 (PDB code 4XL1)

K. L. Arnett et al.
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plasma membrane does not accurately reflect the configuration of the ligand mole-
cules on the cell surface. Structures of the smaller Jagged1 and DLL4 fragments 
superimpose on the larger DLL1 structure with root mean square deviations of 1.9 
and 3.1 Å, respectively.

Key structural elements of the ligand ectodomains, in addition to the canonical 
EGF-like repeats, are their MNNL and DSL modules. The MNNL domain of the 
ligands folds into a β-sandwich resembling the C2 domains found in proteins such 
as syntaxin, Munc13, and PTEN.  In these other proteins, C2 domains can bind 
calcium and are often involved in membrane localization by facilitating binding to 
membrane lipids or phosphoinositides [64, 102]. The structure of the N-terminal 
fragment of Jag1 revealed a bound calcium ion in the MNNL tip, and calcium is 
reported to stabilize binding of Jag1 to phospholipid bilayers [17]. Although a 
similar lipid-binding function was proposed for DLL1, Ca2+ is not observed in the 
X-ray structures of either DLL1 in isolation or DLL4 in the DLL4-Notch1 complex 
nor are the residues involved in calcium and lipid binding conserved in the DLL 
proteins [8, 52, 72]. The DSL domain, immediately C-terminal to the MNNL 
module, is a variant EGF-like domain unique to members of the Delta, Serrate, and 
Lag-2 family of Notch ligands, and numerous biochemical and mutational studies 
highlight the importance of this domain in receptor recognition [21, 52, 89, 101].

1.2.3  Initiation of Notch Activation by Notch/Ligand 
Interactions

For many years, complexes between Notch and ligand resisted crystallization, pre-
sumably due to the relatively low affinity between the small minimal binding regions 
that were produced for biochemical and structural studies [21, 118]. Using yeast 
display, Luca and colleagues [72] evolved a high-affinity variant of DLL4 that forms 
a stable complex with a minimal ligand-binding fragment of Notch1 and solved the 
X-ray structure of this DLL4-Notch1 complex, which includes the MNNL-EGF2 
region of DLL4 and the EGF11–13 region of Notch1 (Fig. 1.6). In the complex, the 
Notch1 and DLL4 molecules are each in an extended conformation and aligned in 
an antiparallel orientation with about 1100 Å2 of surface area buried at the interface. 
The Notch1 EGF11–13 fragment does not undergo a substantial conformational 
change upon binding [72]. In contrast, the MNNL domain in the bound DLL4 com-
plex rotates substantially with respect to the adjacent DSL domain when compared 
to the unbound DLL1 structure, which results in the engagement of DLL4 with 
Notch1 at two discontinuous surfaces, first between the MNNL domain and EGF12 
and second between the DSL domain and EGF11. In agreement with biochemical 
assays identifying the minimal ligand-binding region of Notch, the observed bind-
ing surface is localized to just these two sites, referred to as site 1, between EGF12 
and the MNNL domain, and site 2, between EGF11 and the DSL domain.

1 Structural Biology of Notch Signaling
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Site 1 includes the glycosylated surface of EGF12 and the cysteine-tethered loop 
of the DLL4 MNNL domain. A hydrophobic pocket at the base of the MNNL loop 
is generated by the convergence of His64, Phe76, and Phe109, which contact 
Leu468 and Ile477 of EGF12. Leu468 and Ile477 appear to make critical 
contributions to ligand binding, as alanine substitutions at these residues interfere 
with ligand binding and receptor activation [118].

O-linked fucosylation of Notch receptors exerts an important influence on Notch 
signaling [85, 97, 99, 125, 126]. Genetic deletion of the enzyme that catalyzes this 
posttranslational modification in mice (POFUT1) is embryonically lethal and gives 
rise to Notch loss-of-function phenotypes [99]. Within the ligand-binding region of 
Notch1, even the point mutation of Thr466  in Notch EGF12, which is an 
O-fucosylation site within the ligand-binding region, results in embryonic lethality 
when paired with a null allele. This mutation also impairs Notch1 activation by Jag1 
and DLL1 ligands in signaling assays [32, 93].

In the structure of the DLL4-Notch1 complex, His74 and Tyr65  in the DLL4 
MNNL loop pack against the fucose on Thr466 of Notch1, sandwiching the sugar 
moiety at the interface [72]. Addition of an N-acetylglucosamine (GlcNac) to the 
fucose moiety by fringe glycosyltransferases fine-tunes the responsiveness of Notch 
receptors to Delta and Serrate family ligands [55]. Recent biochemical data 
investigating the binding of Notch1 fragments to Dll1, DLL4, and Jag1 show that 
GlcNac addition to the fucose at Thr466 results in higher affinity for DLL1 and Jag1 
[109], and modeling of a GlcNac added onto the fucosylated T466  in the X-ray 
structure of the complex is consistent with the idea that the presence of the sugar 
will extend the protein-protein interface [72]. These results nicely complement 
previous functional studies pointing to enhanced responsiveness of Fringe-modified 
Notch to Delta in flies [125, 126].

The second major point of contact in the Notch1-DLL4 structure involves the 
interface between the DSL module of DLL4 and the EGF11 domain of Notch1. The 
binding interface between these modules is highly conserved across a wide range of 
Notch receptors and ligands. Functional studies probing the interaction between 
Serrate and Notch in flies point to the particular importance of Arg191 and Phe195 
of the ligand in specific recognition [21]. Perhaps the conserved interaction at the 
DSL-EGF11 interface serves as a primary anchor in ligand binding, with the 
MNNL-EGF12 interface responsible for tuning ligand specificity for the various 
mammalian Notch receptors [1, 116] or modulating the strength of the various 
receptors more generally for all ligands.

1.3  Ligand Endocytosis Mediated by E3 Ubiquitin Ligases

Ubiquitination-mediated endocytosis of ligand into the signal-sending cell is 
required for Notch activation and signal transduction in the receiving cell [80]. 
Removal of the cytoplasmic tails from Delta and Serrate results in Notch loss-of- 
function phenotypes in flies [106]. Two structurally distinct families of E3 ligases, 

1 Structural Biology of Notch Signaling
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Mind bomb (Mib) and Neuralized (Neur), can catalyze ubiquitination of ligand 
cytoplasmic tails [23, 45, 62, 63, 77]. Since Mind bomb1 (Mib1) is the primary E3 
ligase implicated in ligand endocytosis and Notch signal transduction in mammals 
[53, 54], only it will be discussed herein.

Mib-Herc2
repeat 1 

ZZ finger 

Mib
Repeat 2

Mib-Herc2
repeat 2

Mib
Repeat 1

50°

Mib-Herc2 Mib
Repeats

Ankyrin
Repeats

Ring
Domains

ZZ finger

A

B

Jagged1 peptide
1121-1126
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680-686

C D

Mib-Herc2
repeat 1 

N

C C

Fig. 1.7 Structure of the Mind bomb1 ligand-binding region. (a) Domain organization of Mib1, 
highlighting the MZM, REP, ANK, and RNG regions of the protein. (b) Ribbon diagram of the 
X-ray structure of the human MZM-REP region of Mib1, colored by domain. The two Zn2+ ions 
in the ZZ domain are represented by gray spheres. Surface representation of Mib-Herc2 repeat 1 
showing the binding of the N-box peptide from human Jagged1 (c) and fly Delta (d). Mib1 MZM- 
REP (PDB code 4XI6), Mib1 MZM-REP/Jagged1 N-box (PDB code 4XI7), Mib1 MZM-REP/
Delta N-box (PDB code 4XIB)
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Mind bomb proteins have four structural regions: an N-terminal MZM region 
consisting of a ZZ zinc finger (ZZ) domain flanked by two Mib-Herc2 domains, a 
REP region with two Mib-repeat domains, an ankyrin repeat domain (ANK), and a 
C-terminal region with three RING domains (Fig. 1.7). The MZM and REP regions 
are required for ligand binding [16, 45, 77], whereas the RING domains are 
presumed to associate with the ubiquitin (Ub)-conjugated E2 required for Ub 
transfer.

The human Mib1 MZM-REP region, the structure of which was recently solved 
by X-ray crystallography [77], adopts a compact architecture (Fig. 1.7). The MZM 
region forms an integrated structural unit with extensive interdomain contacts. The 
Mib-Herc2 domains exhibit the overall topology of SH3 domains. As in other ZZ 
zinc finger domains, the Mib1 ZZ module includes two structured Zn++ ions that are 
coordinated by a Cys2 X Cys2 motif and Cys2 X His2 motif. Each of the two Mib 
repeats shares structural features with the Mib-Herc2 domains (and thus with SH3 
domains), packing against the MZM over a small interface area, but not with each 
other. Small-angle X-ray scattering data suggest that in solution the MZM-REP is 
sampling conformations that are more open than the compact structure observed in 
the crystal.

Notch ligands from flies to mammals share a conserved “N-box” near the trans-
membrane region [22]. N-box peptides from human Jagged1 and fly Delta each 
bind in a shallow groove on the first Mib-Herc2 domain of the MZM (Fig. 1.7). 
Jagged ligands also contain a second Mib1-binding site near the ligand C-terminus, 
denoted as the “C-box.” The human Jagged1 C-box peptide binds to the Mib repeats 
and contributes substantially to the overall binding affinity, creating a bipartite 
binding mode [77]. It is proposed that this binding mode enables optional positioning 
of the lysine-containing loop between the two binding sites for ubiquitination. 
Although an analogous C-box peptide in the Delta family of ligands is not readily 
apparent from informatics analysis, the bipartite mode of recognition also seems to 
apply for these molecules as well (SCB, unpublished data).

1.4  Release from Autoinhibition in the Negative Regulatory 
Region of Notch

The negative regulatory region (NRR) of Notch lies between the ligand-binding 
EGF repeats and the transmembrane domain and keeps Notch in an autoinhibited 
state prior to ligand engagement [35, 38, 56, 95]. Transcriptionally active Notch 
molecules (NICD) are created by intramembrane proteolysis of membrane-bound 
Notch by the γ-secretase complex, which is preceded by cleavage at the S2 cleavage 
site [14, 79] by metalloproteases of the ADAM family, most notably ADAM10. The 
metalloprotease-sensitive S2 site is located in the NRR within the heterodimerization 
domain (HD), so named for the presence of the furin S1 cleavage site [9, 68], which 

1 Structural Biology of Notch Signaling



12

upon cleavage creates an obligate heterodimer from the pro-Notch precursor in 
many Notch family members.

Structures of the human Notch1, Notch2, and Notch3 NRRs (Fig. 1.8) adopt the 
same architecture, in which the HD domain folds into an α-/β-sandwich and is 
capped by three Lin-12/Notch repeats that each share a fold characterized by three 
disulfide bonds and a coordinated calcium ion [34–36, 127]. The LNRs stabilize the 
HD and prevent access to the buried S2 site [110, 111]. Many of the constitutively 
active cancer-associated mutations found in Notch1  in patients with T-cell acute 
lymphoblastic leukemia (T-ALL) are localized to the hydrophobic core of the HD 
and are shown to destabilize the NRR [34, 75]. Notch3 appears to have a higher 
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Fig. 1.8 Notch negative regulatory region (NRR) structures. (a) Domain organization of Notch, 
highlighting the NRR. (b) Ribbon diagrams of X-ray structures of Notch1 NRR (left), Notch 2 
NRR (center), and Notch 3 NRR (right). Lin-12/Notch (LNR) repeats are colored in shades of 
green. Heterodimerization (HD) domain is colored in shades of violet. (c) Complex between an 
inhibitory anti-Notch1 NRR antibody (yellow, orange) showing how the antibody stabilizes the 
closed conformation of the NRR. Notch1 NRR (PDB code 3I08), Notch 2 NRR (PDB code 2OO4), 
Notch 3 NRR (PDB code 4ZLP), and Notch1/antibody (PDB code 3L95)

K. L. Arnett et al.



13

constitutive amount of basal activity than either Notch1 or Notch2 [127], and this 
difference seems to correlate with a less stable autoinhibited conformation of its 
NRR.

Many lines of evidence suggest a mechanotransduction model for release of 
autoinhibition, in which ligand endocytosis provides a pulling force on the NRR 
[37, 84, 88, 98]. This pulling force may peel the three LNR domains away from the 
HD, allowing partial unfolding of the HD and exposure of the S2 site to ADAM 
metalloproteases.

Several antagonist antibodies that bind to the Notch1 NRR have been described 
[3, 123]. For one of these antibodies, the structure of the antibody in complex with 
the Notch1 NRR shows that it bridges from the LNR “cap” to the HD domain 
“stem” (Fig. 1.8c), stabilizing the NRR in a closed conformation [123].

1.5  Cleavage by ADAM Family Metalloproteases at Site S2

Exposure of the S2 site within the NRR allows cleavage by ADAM family metal-
loproteases. Though ADAM10 and ADAM17 both appear to be able to cleave 
Notch1 between Ala1710 and Val1711, the importance of ADAM10  in the 
proteolytic processing of Notch receptors was first recognized in Drosophila from 
the overlapping phenotypes observed due to the loss of Notch and the transcriptional 
silencing of the ADAM10 homolog, kuzbanian [87, 103]. In both cases, mosaic 
sensory organ neural progenitor cells deficient in kuzbanian or notch fail to become 
epithelial, causing a deficiency in wing margin and sensory organ formation. In 
mice, genetic ablation of ADAM10 in endothelial, neuronal progenitor, or epithelial 
cells attenuates Notch1 transcriptional targets, resulting in prenatal death [33, 50, 
115]. Adam10−/− and notch−/− organisms have similar phenotypes and die during 
development. ADAM10 has other substrates and other proteases may also process 
Notch. ADAM17, which shares 29% sequence identity with ADAM10, appears to 
selectively process certain Notch1 receptors that have leukemia-associated activating 
mutations, though the origin of this selectivity remains unclear [12].

The ADAMs are type 1 membrane proteins with a modular domain organization 
(Fig. 1.9). Each ADAM contains an N-terminal signal sequence, followed by pro-, 
metalloprotease, disintegrin, cysteine-rich domains, a transmembrane segment, and 
cytoplasmic tail. All ADAMs except ADAM10 and ADAM17 also contain an addi-
tional EGF-like domain between the cysteine-rich and transmembrane domains. 
The structure of the catalytically inactive ADAM22 (Fig. 1.9b) shows the metallo-
protease-like domain resting within an “open-cup” structure adopted by the disinte-
grin/cysteine-rich domains [67]. This overall globular structure places the 
metalloprotease domain in close proximity to the disintegrin domain, with the cys-
teine-rich domain functioning as a rigid scaffold held together by a conserved disul-
fide bond network.

The metalloprotease domain of ADAMs shares a characteristic reprolysin-type 
active site (HEXGHXXGXXHD) with coordination of a catalytic zinc ion followed 
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by a conserved methionine (Met-turn). Structures of bound peptide-like inhibitors to 
the ADAM17 (Fig.  1.9c) metalloprotease domain reveal an elongated substrate 
bound to a catalytic cleft, extending the core antiparallel β-sheet by an additional 
β-strand [76]. The disintegrin domain contains an insertion of 17–55 amino acids 
with low sequence conservation across the ADAM family called the hypervariable 
region (HVR). This domain may also direct enzymatic activity by binding directly 
to proteolytic substrates: binding of an acidic surface in the cysteine-rich domain of 
ADAM10 (Fig. 1.9c) to an ephrin-A5/EphA3 complex has been described, and this 
interaction has been proposed to position the metalloprotease domain optimally for 
ephrin-5A cleavage [46]. Furthermore, the importance of the disintegrin/cysteine- 
rich domains of ADAM10 in Notch signaling is observed in transgenic flies express-
ing a truncated form of ADAM10 that lacks the metalloprotease domain. These flies 
acquire a phenotype resembling Notch and ADAM10 knockouts, suggesting that 
disintegrin/cysteine-rich region may act as a dominant-negative modulator of Notch 
signaling by interfering with the activity of the endogenous metalloprotease [87].

1.6  Cleavage by γ-Secretase at Site S3

Cleavage at S2 by an ADAM family protease creates a membrane-tethered Notch 
molecule with about ten extracellular residues remaining exterior to the plasma mem-
brane (12 in the case of Notch1). This Notch extracellular truncation (NEXT) is a 
substrate for γ-secretase, an intramembrane-cleaving aspartyl protease. The 
γ-secretase complex consists of four proteins. The catalytic subunit, called presenilin, 
has nine transmembrane segments, is cleaved between TM6 and TM7 during matura-
tion, and contains the two essential aspartates forming the active site. In humans, two 
homologous forms of presenilin are made, PS1 and PS2. Aph-1, also expressed in two 
forms Aph-1a and Aph-1b, is proposed to play a role as a scaffold protein and has 
seven TM segments. Pen-2, essential for catalytic activity and in stimulating auto-
proteolysis of PS1, has three TM segments. Nicastrin, which has a single TM segment 
and a large, heavily glycosylated head group, was previously proposed to be required 
for substrate recognition [96], although this proposed role has been called into ques-
tion by recent biochemical and structural studies [5, 6, 10, 69, 104, 105, 130].

Recent cryo-electron microscopy studies have elucidated atomic resolution 
structures (Fig.  1.10) of the entire human γ-secretase [5, 6, 105]. The large 
extracellular domain of Nicastrin sits on top of the intramembrane region of 
γ-secretase making contact with the two ends of the horseshoe shape created by the 
TM segments of the four proteins. The large glycosylated Nicastrin headpiece 
cantilevers over PS1 and sterically blocks the interaction of Notch substrates with 
large ectodomains [10]. The single TM segment of Nicastrin forms one end of the 
horseshoe, and PEN-2, with three TM segments, forms the other end; Aph-1 is 
adjacent to Nicastrin. PS1 sits between Aph-1 and PEN-2 and forms the convex side 
of the complex. Among γ-secretase subunits, PS1 has the greatest conformational 
variability. In initial high-resolution models, TM2 and TM6 of PS1 are largely 
disordered. The two catalytic aspartates, D257 on TM6 and D385 on TM7, are 
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located near the highly conserved PAL motif (433–435) on TM9, shown to be 
required for γ-secretase catalytic activity [114], and surrounded by other conserved 
residues. In the high-resolution 3.4 Å structure (PDB code 5a63), however, D257 
and D385 are too far apart to catalyze proteolysis, and thus this structure likely 
represents an inactive conformation (Table. 1.1).

Application of masked classification to the high-resolution dataset allowed three 
conformational snapshots to be observed [5]. Notably, TM6 is in a different location 
in each of these models. TM2 is only observed in class 1. In class 3, PEN-2 rotates 
away from PS1, and there is significant rearrangement of TM3–TM6 of PS1. In class 
1, TM2, TM3, and TM5 create a cavity lined with residues mutated in an early-onset 
familial form of Alzheimer’s disease (FAD). Within this cavity, helical density that 
cannot be attributed to γ-secretase is observed. Additional helical density is also 
observed in class 2, but is best ordered in class 1, where the density is modeled as a 
kinked helix that ends in an extended conformation approaching the active site of 
PS1. This density, presumably from a mixture of copurified peptides, may mimic 
substrate binding. In a structure solved with the γ-secretase inhibitor DAPT, there is 
less flexibility in PS1, and one well-ordered class is observed, which resembles class 
1 of the apo complex. DAPT occupies the base of the cavity near the active site.

1.7  Transcriptional Activation and Assembly of Notch 
Nuclear Complexes

Intramembrane proteolysis by the γ-secretase complex releases Notch from the 
membrane, allowing the intracellular portion of Notch (NICD) to translocate to the 
nucleus. In the nucleus, NICD interacts with the DNA-binding protein CSL and a 
member of the Mastermind (MAM) family [90, 121] to form a transcriptionally 
active complex. NICD consists of a high-affinity RBPJ-associated module (RAM), 
an ankyrin repeat domain (ANK), and a C-terminal region including a PEST 
sequence involved in Notch turnover. The only region of intracellular Notch with 
known secondary structure is the ANK domain.

Progress toward visualizing Notch nuclear complexes began with reports of the 
X-ray structures of the ankyrin repeat (ANK) domains from fly Notch and human 
Notch1 [26, 82, 134]. The conserved ANK region includes 7 ankyrin repeats, the 
first of which is largely disordered in fly and human proteins when they are not 
bound to the CSL transcription factor. Each ankyrin repeat motif consists of two 
antiparallel α-helices followed by an extended β-hairpin. These repeats stack against 
each other in a conserved manner to form a curved solenoid-type structure with both 
a convex and a concave face.

Fig. 1.10 (continued) γ-secretase complex structures, class 1 (b, c), class 2 (d), and class 3 (e), and 
of the DAPT-bound complex (f), which adopts a “class 1” conformation. Panel c shows a surface 
representation of the class 1 structure with the Nicastrin headpiece extended over the TM region of 
the complex, blocking access to the catalytic site. γ-Secretase (PDB code 5A63), class 1 (PDB 
code 5FN3), class 2 (PDB code 5FN4), class 3 (PDB code 5FN5), DAPT complex (PDB code 
5FN2)
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Table 1.1 Atomic resolution structures of Notch pathway-related proteins and their complexes

Description PDB Species Method Reference

Notch EGF region

Notch1 EGF11–13 (ligand binding) 1TOZ H. sapiens NMR [40]
Notch1 EGF11–13 (ligand binding) 2VJ3 H. sapiens X-ray [21]
Notch1 EGF12 2RR0 M. musculus NMR [43]
Notch1 EGF12, O-fucosylated 2RR2 M. musculus NMR [43]
Notch1 EGF12, sugar modified 2RQZ M. musculus NMR [43]
Notch1 EGF11–13, T466 O-fucosylated 4CUD H. sapiens X-ray [109]
Notch1 EGF11–13, T466 sugar modified 4D0E H. sapiens X-ray [109]
Notch1 EGF11–13, T466V 4CUE H. sapiens X-ray [109]
Notch1 EGF11–13, T466A 4D0F H. sapiens X-ray [109]
Notch1 EGF11–13, T466S 4CUF H. sapiens X-ray [109]
DSL ligands

Jagged1 DSL-EGF3 2VJ2 H. sapiens X-ray [21]
Jagged1 EGF2 2KB9 H. sapiens NMR [91]
Jagged1 MNNL-EGF3 4CC0 H. sapiens X-ray [17]
Jagged1 MNNL-EGF3 4CBZ H. sapiens X-ray [17]
Jagged1 MNNL-EGF3 4CC1 H. sapiens X-ray [17]
Delta-like1 N-terminal MNNL-EGF6 4XBM H. sapiens X-ray [52]
Jagged1 + anti-Jagged1 Fab 5BO1 H. sapiens X-ray [61]
Notch/ligand complex

Notch1 EGF11–13 + affinity-matured 
Delta-like4 MNNL-EGF1

4XL1 R. norvegicus X-ray [72]

Notch1 EGF11–13 + affinity-matured 
Delta-like4 MNNL-EGF2

4XLW R. norvegicus X-ray [72]

Notch negative regulatory region

Notch1 LNR-A domain 1PB5 H. sapiens NMR [112]
Notch2 NRR (LNR-HD) 2OO4 H. sapiens X-ray [35]
Notch1 NRR 3ETO H. sapiens X-ray [34]
Notch1 NRR, S1-cleaved 3I08 H. sapiens X-ray [36]
Notch1 NRR + antagonist antibody fragment 3L95 H. sapiens X-ray [123]
Notch3 NRR 4ZLP H. sapiens X-ray [127]
Extracellular/TM Notch-associated molecules

Adam17 (TACE) catalytic domain + inhibitor 1BKC H. sapiens X-ray [76]
Manic Fringe 2J0A M. musculus X-ray [48]
Manic Fringe + UDP/Mn 2J0B M. musculus X-ray [48]
Adam10 disintegrin and Cys-rich domain 2AO7 B. taurus X-ray [46]
Adam17 + N-TIMP-3 3CKI H. sapiens X-ray [120]
Adam17 membrane proximal domain 2M2F H. sapiens NMR [25]
Nicastrin extracellular domain 4R12 D. purpureum X-ray [124]
γ-Secretase complex (PS1, Nicastrin, APH-1, 
Pen-2)

5A63 H. sapiens EM [6]

γ-Secretase complex 4UIS H. sapiens EM [105]

(continued)
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Table 1.1 (continued)

Description PDB Species Method Reference

γ-Secretase complex + DAPT 5FN2 H. sapiens EM [5]
γ-Secretase complex, structure class 1 5FN3 H. sapiens EM [5]
γ-Secretase complex, structure class 2 5FN4 H. sapiens EM [5]
γ-Secretase complex, structure class 3 5FN5 H. sapiens EM [5]
Xyloside α-1,3-xylosyltransferase(XXYLT1) 
+ human factor IX (hFA9)

4WM0 M. musculus/H. 
sapiens

X-ray [128]

XXYLT1 + hFA9 + UDP 4WMI M. musculus/H. 
sapiens

X-ray [128]

XXYLT1 +hFA9 + UDP 4WMK M. musculus/H. 
sapiens

X-ray [128]

XXYLT1+ hFA9 + UDP 4WN2 M. musculus/H. 
sapiens

X-ray [128]

XXYLT1 +hFA9 + UDP-glucose 4MWA M. musculus/H. 
sapiens

X-ray [128]

XXYLT1 + hFA9 + UDP-xylose 4WNH M. musculus/H. 
sapiens

X-ray [128]

Intracellular ligand-associated molecules

Neuralized NHR domain 2E63 H. sapiens NMR [41]
Neuralized NHR domain 2YUE D. melanogaster NMR [41]
Neuralized NHR1 domain 4KG0 D. melanogaster X-ray [39]
Mind bomb1 REP (Mib repeat domain) 4TSE H. sapiens X-ray [77]
Mind bomb1 MZM-REP 4XI6 H. sapiens X-ray [77]
Mind bomb1 MZM-REP + Jagged1 N-box 
peptide

4XI7 H. sapiens X-ray [77]

Mind bomb1 MZM-REP + Delta N-box 
peptide

4XIB H. sapiens/D. 
melanogaster

X-ray [77]

Intracellular Notch nuclear complex

Notch ANK 1OT8 D. melanogaster X-ray [134]
Lag-1 (CSL) + DNA 1TTU C. elegans X-ray [57]
Notch1 ANK repeats 3–7 1YMP M. musculus X-ray [71]
Notch1 ANK 1YYH H. sapiens X-ray [26]
Notch1 ANK 2F8Y H. sapiens X-ray [82]
Notch1 ANK+ MAML+ RBPJ (CSL) + DNA 2F8X H. sapiens X-ray [82]
Lin12 RAMANK (Notch)+ Sel8 
(MAM) + Lag-1(CSL) + DNA

2FO1 C. elegans X-ray [119]

Notch1 ANK, Hydroxylated 2QC9 H. sapiens X-ray [19]
RBPJ (CSL) + DNA 3BRG M. musculus X-ray [30]
Lin12 RAM (Notch) + Lag-1 (CSL) + DNA 3BRD C. elegans X-ray [30]
Lin12 RAM (Notch) + Lag-1 (CSL) + DNA 3BRF C. elegans X-ray [30]
RBPJ (CSL) + DNA (HES1 non-consensus) 3IAG M. musculus X-ray [29]
Notch1 ANK + MAML RBPJ (CSL) + DNA 
(HES1 paired site)

3NBN H. sapiens X-ray [2]

Notch1 ANK + Notch1 RAM + MAML + 
RBPJ (CSL) + DNA

3 V79 H. sapiens X-ray [18]

(continued)
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1.7.1  The DNA-Binding Protein CSL

CSL, named for CBF1 in humans (gene name RBPJ) and Suppressor of Hairless in 
flies (Su(H)) and Lag-1 in worms, is the DNA-binding protein associated with Notch. 
CSL consists of a conserved core with three structured domains, an N-terminal immu-
noglobulin-like Rel homology region (NTD), a β-trefoil domain (BTD), and a 
C-terminal Rel homology region (CTD), which are linked by a long β-strand that spans 
all three domains [57]. The NTD and BTD together form an electropositive surface 
that binds DNA. The NTD inserts a β-hairpin into the major groove of DNA to recog-
nize the GGGA base pairs that form the core of the consensus binding motif (C/t)
(G/a/c)TG(G/t/a)GA(A/g). The BTD provides additional DNA contacts in the major 
and minor grooves. Unlike other Rel family proteins, which use both their N- and 
C-terminal domains to contact cognate DNA sequences, the CTD does not contact 
DNA but rather sits above the BTD and NTD providing essential contacts with Notch.

1.7.2  Assembly of the Notch Transcription Complex (NTC)

The architecture of the NTC is illustrated by complexes of human and worm Notch, 
CSL, and MAM on DNA [18, 82, 119]. The 7-repeat ankyrin domain of Notch is the 
minimal region of Notch required for assembly with CSL and MAM (Fig. 1.11). 

Table 1.1 (continued)

Description PDB Species Method Reference

Intracellular Notch-associated molecules

Su(dx) WW domains 3–4 1TK7 D. melanogaster NMR [27]
Deltex WWE domain 2A90 D. melanogaster X-ray [133]
Su(dx) WW domain 4 + phosphorylated 
Notch peptide

2JMF D. melanogaster NMR [47]

Factor Inhibiting HIF-1 (FIH) + Notch1 
peptide

3P3N H. sapiens/M. 
musculus

X-ray [19]

FIH + Notch1 peptide 3P3P H. sapiens/M. 
musculus

X-ray [19]

KyoT2 + RBPJ (CSL) + DNA 4J2X M. musculus/H. 
sapiens

X-ray [20]

Suppressor of Hairless (Su(H)) + hairless (H) 5E24 D. melanogaster X-ray [129]

Fig. 1.11 Structures of nuclear Notch transcription complexes (NTC). (a) Domain organization of 
human Notch1, MAML1, and RBPJ (CSL) proteins. Ribbon diagrams of X-ray structures of the 
human NTC (b) and worm NTC (c) showing Notch (human Notch1 and worm Lin12) ankyrin 
domain (ANK, orange), CSL (human RBPJ and worm Lag-1), N-terminal domain (NTD), β-trefoil 
domain (BTD), and C-terminal domain (CTD) (shades of teal) and Mastermind (human MAML1 
and worm Lag-3) (yellow) bound to a segment of the HES1 promoter (gray). (d) Structure of a 
dimer of NTC trimers on a Suppressor of Hairless Paired Site (SPS, or sequence-paired site), 
shown with one NTC as a ribbon diagram and one as a surface representation. Human NTC (PDB 
code 3 V79), worm NTC (PDB code 2FO1); dimeric NTC/SPS (PDB code 3NBN)
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However, the high-affinity interaction between Notch and CSL is driven by the 
conserved RAM region immediately internal to the cell membrane, which binds 
exclusively to the β-trefoil domain [29, 30, 49, 59, 70, 107]. The RAM region binds 
in an extended conformation to a hydrophobic groove in the BTD of CSL, with the 
tryptophan of a conserved ϕWϕP RBPJ-binding motif providing most of the energy 
of binding [49]. The ANK domain of Notch, which has only weak intrinsic affinity 
for CSL in the absence of RAM [4, 24], contacts the NTD and CTD Rel homology 
domains of CSL to create a composite binding surface for MAM [82, 119]. Only a 
short N-terminal region of the 1016 amino acid MAML1 (13–74) is required for 
cooperative binding to CSL and Notch, and this natively unstructured region adopts 
a kinked helical conformation upon binding to CSL and Notch. When fused to a 
carrier protein domain like GFP, this N-terminal region of MAML1 acts as a strong 
dominant-negative inhibitor of Notch signaling [117], a property that has been used 
to probe the role of Notch in a variety of different physiologic and pathophysiologic 
contexts [e.g., [78, 131]].

1.7.3  Dimeric Assembly of Notch Transcription Complexes

In the promoter region of a number of key Notch-responsive genes, there are spe-
cialized DNA elements called sequence-paired sites [7, 83] or Suppressor of 
Hairless Paired Sites (SPS). In these SPS elements, the two CSL-binding sites are 
oriented head-to-head with a conserved 15–17 base-pair spacing [15]. In the crystal 
structure of an NTC/paired-site complex (Fig. 1.11d), two NTC trimers assemble 
together to form a dimer with pseudo twofold symmetry that binds cooperatively to 
an SPS from the HES1 promoter region. Each of the two NTC complexes in the 
dimer superimposes well on an NTC bound to a single site [2]. The dimer interface 
is restricted to a small surface of less than 500 Å2 on each ANK domain, with a rela-
tively small number of key contacts. The guanidine group from R1984 of one Notch 
molecule fits into a pocket lined by backbone carbonyl groups on the surface of the 
adjacent Notch molecule. Residues K1945 and E1949 of one copy form salt bridges 
with the second copy, as seen in the crystal contacts between monomers in the 
structure of a single trimeric Notch complex [2, 81]. The limited contact interface 
allows the two rigid NTC structures consisting of CSL, Notch1-ANK, and MAML 
to rotate relative to each other to accommodate longer or shorter spacers between 
the two CSL-binding sites, supporting loading onto DNA elements readily over a 
range of spacer lengths from 15 to 17 nucleotides. Interactions at the dimer inter-
face are necessary for dimeric assembly and for active transcription on promoter 
elements containing SPS sequences [2, 81] and are required for induction of T-ALL 
in mice [66].
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1.7.4  Intracellular Notch Repressor Complexes

CSL also interacts with a number of corepressors in the absence of Notch [11]. CSL 
corepressors are typically part of larger multiprotein complexes, many of which 
include histone-modifying components responsible for placing repressive marks on 
local chromatin. Known repressors include KyoT2, MINT/SHARP, SMRT, SKIP, 
and CIR in mammals and Hairless in flies [44, 51, 58, 65, 86, 92, 100, 108, 132].

The structure of the KyoT2 in complex with CSL reveals that this corepressor 
competes directly with Notch for binding to CSL [20]. KyoT2, which shares the 
conserved ϕWϕP motif found in the RAM region of Notch, fills the hydrophobic 
groove in the CSL BTD domain with high affinity and in a manner similar to the 
mammalian Notch1 and worm Lin12 RAM regions (Fig. 1.12). The transition from 
a KyoT2 repressed to a Notch active complex thus requires either exchange of 
molecules or loading of new Notch-bound complexes onto DNA, as Notch and 
KyoT2 binding are mutually exclusive through direct competition.

In flies, the protein Hairless (H) binds Suppressor of Hairless, Su(H), the fly 
ortholog of CSL, to form a corepressor complex [13, 73]. Hairless and NICD 
binding to CSL are also mutually exclusive [74], but the mechanism of binding of 
Hairless to Su(H) is fundamentally different from that of KyoT2 and other 
corepressors that bind to the BTD (Fig. 1.13). Hairless binds exclusively to the CTD 
of Su(H) in a unique way [129]. Upon binding the Su(H) CTD, the natively 
unstructured region of Hairless that binds adopts a β-hairpin that is wedged between 
the first and last β-strand of the CTD β-sandwich. This rearrangement induces a 
significant conformational change in CSL, producing steric clashes that would 
prevent binding to the ankyrin domain of Notch and to MAM.

1.8  Summary

Since the first Notch structures in 2003 of the ankyrin domain of fly Notch [134] and 
LNR-A of human Notch1 [112], there has been an explosion of structural and 
biochemical data that have helped to elucidate molecular mechanistic detail for 
many major steps in Notch signaling, including ligand binding, ligand endocytosis, 
release from autoinhibition, metalloprotease cleavage, intramembrane cleavage, 
and transcriptional activation. A clear picture is emerging of the mechanism of 
Notch autoinhibition, the minimal requirements for ligand binding by Notch, and 
the assembly of intracellular Notch into transcriptionally active complexes. 
Structures of a growing list of Notch-related proteins and complexes have been 
solved and are shedding new light on modulators of signaling, such as ligand-asso-
ciated E3 ligases, Notch-modifying glycosyltransferases, Notch- activating prote-
ases (including the γ-secretase intramembrane protease), and CSL corepressors. 
While all of these structures have contributed greatly to our current understanding 
of Notch signaling, there are still some important, and as yet unsolved, structural 

1 Structural Biology of Notch Signaling



24

questions to be answered. How Notch is recognized for modification by glycosyl-
transferases remains relatively poorly understood at a detailed structural level. 
Similarly, the current view of Notch-ligand complexes is limited to a the “minimal-
interacting” region between Notch1 and DLL4, leaving unanswered how these 
interacting regions on the two proteins are presented to each other in the context of 
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Fig. 1.12 Structures of RAM and corepressor KyoT2 peptides bound to CSL. Surface representa-
tions of worm Lag-1 bound to Lin12 RAM in the absence (a) and presence (b) of Lin12 and Lag-3 
colored as in Fig. 1.10. (c) Surface representations of corepressor KyoT2 bound to mouse RBPJ 
and (d) human Notch1 RAM peptide bound to human RBPJ. The conserved binding groove for 
RAM and for the KyoT2 peptide is in the CSL β-trefoil domain. Worm Lag-1/Lin12 RAM (PDB 
code 3BRD), worm Lag-1/Lin12 RAMANK/Lag-3 (PDB code 2FO1), mouse RBPJ/KyoT2 (PDB 
code 4J2X), and human RBPJ/Notch RAM/Notch ANK/MAML1 (PDB code 3V79)
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full-length molecules or ectodomains. The unusual interdomain orientation in DLL1 
also suggests the tantalizing possibility that Notch-ligand complexes might exhibit 
catch-bond behavior, as the kink in the structure could serve as a hook that strength-
ens the ligand-receptor interaction when force is applied. Binding of ligand tails by 
the E3 ligase Mind bomb1 is understood, at least in part, but how it transfers ubiq-
uitin to the ligand tail and promotes ubiquitin- mediated endocytosis remain elusive. 
Partial structures for metalloproteases ADAM17 and ADAM10 have been solved, 
but an intact enzyme and the mechanism of Notch recognition and cleavage are still 
unknown. Notch modulators, such as NRARP and the Hes family proteins, play 
important roles in Notch signaling, but their structures and mechanism of action 
are largely unknown. Transcriptional activation of Notch-responsive genes is also 
dependent on the recruitment of additional coactivators linked to the general tran-
scription machinery, such as p300 (E1A-binding protein p300) or CREB-binding 
protein (CBP) [31, 113], but little is known about the structure or mechanism of 
these interactions. Thus, there is much to occupy the attention of mechanistic bio-
chemists in the Notch field for a number of years to come.

 Note added in proof Since this chapter was written, a structure of a JAG1-Notch1 complex was 
reported (V.C. Luca et al., Science 10.1126/science.aaf9739;2017), the structure of an ADAM10 
ectodomain was reported (T.C.M. Seegar et al., Cell 171, 1638–1648.e7;2017), and new structures 
of DLL4 and JAG2 isolated ligand fragments were reported (Suckling, R.J., et al. EMBO J 36(15): 
2204–2215;2017). 
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Fig. 1.13 Structure of Hairless bound to Suppressor of Hairless, Su(H). (a) Ribbon diagram of 
mouse RBPJ bound to DNA, colored as in Fig. 1.10. (b) Ribbon diagram of fly Hairless (orange) 
bound to Su(H). Insertion of Hairless remodels the CTD of Su(H). Mouse RBPJ (PDB code 
3BRG), fly Su(H)/Hairless (PDB code 5E24)
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Chapter 2
Noncanonical Notch Signaling

Jyothi Vijayaraghavan and Barbara A. Osborne

Abstract Discovered nearly a century ago, today, Notch is known to mediate sev-
eral biological processes through the canonical pathway that involves ligands, 
RBPJ, proteases, and coactivators. However, recent studies in vertebrates and 
invertebrates reveal that Notch can also exert its effect independent of RBPJ, in a 
noncanonical fashion. These studies demonstrate that Notch can exert its 
noncanonical role not only through nuclear partners but also via nonnuclear or 
cytosolic interactions. Additionally, there now is increasing evidence that Notch 
signaling can be initiated in a “noncanonical” fashion, independent of ligands. In 
this review, we detail the different cytosolic and nuclear, noncanonical interactions 
of Notch and discuss how they affect signaling processes in various contexts. We 
also discuss the evidence for ligand-independent, noncanonical initiation of Notch 
signaling.

Keywords Notch signaling · Noncanonical · RBPJ-independent signaling · 
Noncanonical Notch · Deltex · Akt · Abl · Cell survival · β-catenin · NF-κB

2.1  Introduction

The Notch signaling pathway is ancient and conserved throughout evolution. As 
detailed in previous chapters, Notch signaling was first described in Drosophila in 
1916 as a mutation that gave rise to aberrant or “notched” wings in flies [55]. With 
the advent of molecular biology, the genetics of Notch signaling in Drosophila was 
uncovered at the molecular level revealing a single gene encoding one Notch 
receptor and two genes encoding the ligands, Delta and Serrate [6]. One of the first 
reports of a mammalian homologue of Notch is the elegant description of an 
oncogenic form of Notch by Sklar and colleagues in human T lymphoblastic 
leukemia (T-ALL) [24]. This landmark study provides the first observation of Notch 
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expression in the immune system and importantly demonstrates that Notch 
expression can be oncogenic. Over the ensuing 25 years, it has become apparent 
that the Notch family of proteins are critical regulators of development in numerous 
vertebrate cell lineages, and, in many instances, deregulated Notch expression can 
be oncogenic [41].

The canonical Notch signaling pathway, observed in a wide variety of organisms, 
involves activation of Notch, initiated by ligand binding, followed by proteolysis 
through an ADAM protease and subsequent cleavage by gamma secretase. This 
two-step proteolysis leads to release of the intracellular domain of Notch (NICD) 
which rapidly translocates to the nucleus where NICD binds the DNA-binding 
protein, CSL/RBPJ, displacing corepressors and recruiting coactivators such as 
p300 and Mastermind, leading to the initiation of CSL-regulated transcription [11]. 
This canonical Notch signaling pathway is known to regulate many functions 
ascribed to Notch, and, in these instances, deletion of CSL/RBPJ usually phenocopies 
deletion of Notch. However, in recent years, it has become obvious that canonical 
Notch signaling does not account for all Notch function. We now recognize that 
noncanonical Notch signaling plays an important role in many Notch-driven 
processes. Indeed, recent evidence from Nematostella, the cnidarian sea anemone, 
suggests that the canonical Notch signaling pathway emerged after the divergence 
of the cnidarian-bilaterian lineages [45]. These data imply that noncanonical Notch 
signaling may be the ancestral signaling pathway and canonical Notch signaling 
evolved specifically in the bilaterian lineage.

The term noncanonical Notch signaling was originally coined to describe signal-
ing events that are Notch dependent but do not rely on CSL/RBPJ.  It was first 
observed in Drosophila using a genetic approach that examined the precise 
requirement of various components of the Notch signaling pathway. More recently, 
as our understanding of noncanonical Notch signaling has been refined, it is apparent 
that, at least in some instances, noncanonical Notch signaling may occur in the 
cytosol. We refer to this as noncanonical, cytosolic Notch signaling. Noncanonical 
Notch signaling can also occur in the nucleus, and we refer to this as noncanonical, 
nuclear Notch signaling. In the following sections, we will highlight several 
examples of noncanonical Notch signaling that have been observed in organisms as 
diverse as flies, mice, and humans and discuss the therapeutic implications of 
noncanonical Notch signaling.

2.2  Noncanonical, Cytosolic Notch Signaling

The notion that Notch plays a role in the cytosol is strengthened by the early obser-
vation that endogenous Notch is rarely observed in the nucleus and is mostly 
detected in the cytoplasm and/or cell membrane [7]. This implies that Notch may 
interact with various molecular partners in nonnuclear environments, affecting their 
function posttranslationally. Studies as early as in the 1990s have described 
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cytoplasmic interactions of Notch that are different from the usual, previously 
explored, nuclear roles of Notch. However, lack of follow-up studies exploring 
these interactions and their biological implications prevents us from strongly 
categorizing these molecular factors as noncanonical partners of Notch. In this 
section, we illustrate the abovementioned cytosolic interactions of Notch in addition 
to several other studies that provide solid evidence for the nonnuclear, noncanonical 
pathway of Notch signaling.

2.2.1  Notch and Deltex

In the early 1990s, in an attempt to identify interacting partners of Notch, Artavanis- 
Tsakonas and colleagues uncovered a small number of genes called the “Notch 
group” [5, 91]. This group comprised the following genes – Delta, Serrate, Enhancer 
of split, Mastermind, Strawberry, Notch, and Deltex [20]. Following this, pioneering 
work by the Artavanis-Tsakonas lab in 1994 revealed a cytosolic interaction between 
Deltex and the ankyrin repeats of Notch, a first of its kind interaction for Notch [20]. 
The ankyrin repeats form part of the intracellular domain of the Notch receptor and 
constitute the most conserved region between Notch and its vertebrate counterparts 
[81]. These repeats have been reported to be vital for Notch-mediated signaling 
events by several groups [68, 69]. Deltex is a cytoplasmic protein of unknown 
biochemical function that is ubiquitously expressed throughout development [12]. 
Using three techniques – in vivo co-localization, Drosophila cultured cell expression 
assay, and yeast interaction trap assay – Diederich et al. identified Deltex as the first 
cytoplasmic protein known to interact with Notch ankyrin repeats, implicating 
Deltex in the Notch signaling pathway. Further in 1995, the same group elucidated 
the role of Deltex in Notch signaling using Drosophila as their system [52]. In this 
study, they described a model for the action of Deltex, wherein the Deltex-Notch 
interaction antagonizes the interaction between Su(H) and Notch, thus preventing 
the cytoplasmic retention of Su(H). [Note: Su(H) is Drosophila CSL.] Therefore, 
Artavanis-Tsakonas and colleagues were the first to uncover a cytoplasmic 
interaction of Notch, providing the first clue of an alternate, nonnuclear role of 
Notch.

Shedding more light on the Deltex-Notch interaction, a study in 1998 described 
E47, a protein that is essential for B lymphocyte development, as a novel target of 
Notch [60]. Ordentlich et  al. provide convincing evidence of inhibition of full- 
length E47 by cytoplasmic Notch1 and Notch2. Additionally, they showed that this 
inhibition did not correlate with the ability of Notch to activate RBPJ/CBF1. 
Furthermore, E47 was also inhibited by the cytoplasmic, Notch-interacting protein, 
Deltex, independent of CBF1/RBPJ. Therefore, in addition to identifying E47 as a 
novel target of Notch, this study also showed that the pathway that connects Notch 
and E47 is independent of RBPJ and also involves Deltex. These data not only add 
to the Deltex-Notch story but also present the first indication of a cytosolic and 
noncanonical mode of Notch signaling.
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2.2.2  An Early Description of RBPJ-Independent Notch 
Signaling

In the canonical pathway, Notch controls cell fate by activating expression of the 
transcriptional regulator RBPJ which upregulates the expression of the Hes-1 gene, 
a well-characterized Notch target gene [35]. One of the earliest studies providing 
compelling evidence of an RBPJ-independent role of Notch came almost two 
decades ago from Shawber and colleagues [75]. They demonstrated that 
constitutively active forms of Notch inhibit muscle differentiation in mouse 
myoblasts but do not interact with RBPJ (referred to as CBF1  in this paper) or 
upregulate Hes1 gene expression. The authors generated truncated, cytoplasmic 
forms of Notch1 that lack the Notch/RBPJ interaction sequences, and showed that, 
although these cytoplasmic forms cannot interact with RBPJ or upregulate Hes1, 
they can, nonetheless, prevent muscle cell differentiation when stably expressed in 
mouse myoblasts. While the mechanism by which this form of Notch prevents 
muscle cell differentiation was not explored in this study, it is suggestive of 
cytoplasmic molecular partners of Notch that propagate its signal independent of 
RBPJ. In addition to being one of the first reports of an RBPJ-independent role of 
Notch in mammals, this study also provided further proof of cytosolic functions of 
Notch even though these cytosolic functions were not explored in this study.

2.2.3  Notch and Abl

Another study describing a cytosolic, noncanonical function of Notch was con-
ducted by Giniger in 1998 [30]. He showed that modest reduction in Notch levels, 
in the context of an Abl mutation, results in synthetic lethality and defects in 
Drosophila axon extension. Abl is a cytosolic, tyrosine kinase that is widely 
expressed and is involved in the development of various tissues [32, 79, 82]. It is one 
of the first cellular genes implicated in a common human cancer [23, 26]. More 
recently, a pivotal role has been established for Abl in axon patterning, particularly 
in Drosophila, where it contributes to the growth and guidance of many developing 
axons [29, 89]. Giniger found that Notch is present in extending axons and in growth 
cones of Drosophila and that the Abl accessory protein, Disabled, binds directly to 
NICD in vitro, providing the first link between the Notch and Abl pathways. These 
results led to speculations that Abl and its associated accessory factors might be 
involved in an alternate, noncanonical, Su(H)-independent signaling pathway of 
Notch in Drosophila.

Several years later in 2003, Giniger and colleagues provided additional evidence 
for the Notch-Abl interaction while examining the path taken by the intersegmental 
nerve b (ISNb) axons to approach its muscle targets [17]. The ISNb axons, which 
innervate body wall muscles, exit the central nervous system and reach a turning 
point to innervate specific target muscles in Drosophila [44, 84]. Crowner et  al. 
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showed that the turning of the ISNb axons requires interaction of Notch with 
components of the Abl pathway and its accessory proteins. However, genetic 
interaction experiments failed to provide evidence for a role of the canonical, Su(H)-
dependent pathway in this process. Further in 2008, Giniger and colleagues 
reevaluated axon guidance in Drosophila and provided genetic and biochemical 
evidence for a Su(H)-dependent Notch pathway for cell fate specification, whereas 
axon guidance required cytosolic interaction of Notch with Abl [27]. In this way, the 
Giniger group presents convincing evidence for both the canonical, Su(H)-dependent 
Notch pathway and the noncanonical, nonnuclear Notch pathway in the Drosophila 
nervous system.

2.2.4  Notch in Apoptosis and Cell Survival

Notch has been linked with apoptosis/cell survival for several years [18, 36, 58, 67]. 
Studies in the recent past attribute this anti-apoptotic role of Notch to the 
noncanonical, membrane-tethered or cytoplasm-localized form of Notch. Insightful 
studies from the Sarin laboratory have revealed the mechanisms by which Notch 
regulates apoptosis. In an attempt to determine if Notch mediates apoptosis in model 
T cell lines, Sade et al. found that ectopic expression of the intracellular domain of 
Notch1 confers protection against diverse apoptotic stimuli [72]. This anti-apoptotic 
activity results from NICD-induced increased expression of Bcl-xL, FLIP, and IAP- 
2, components of three major families of anti-apoptotic proteins. Using 
pharmacological inhibitors and dominant-negative experiments, they showed that 
NICD-mediated anti-apoptotic function requires phosphatidylinositol 3-kinase 
(PI3K)-dependent activation of the serine/threonine kinase Akt/PKB, through the 
tyrosine kinase, p56lck. They further demonstrated that endogenous Notch1 
associates with PI3K and p56lck, both of which are membrane-localized signaling 
complexes, lending further support to a noncanonical, cytosolic function of Notch.

In 2009, the Sarin laboratory identified a novel Notch-mediated signaling path-
way that favors cell survival [64]. Here, Notch inhibits apoptosis triggered by 
neglect or nutrient withdrawal in mammalian cells by integrating its signal with the 
mTOR-Rictor signaling complex, ultimately resulting in activation of the kinase 
Akt/PKB.  Their data reveal that, although Notch processing is required for the 
activation of the cascade, NICD activity did not require CSL-mediated transcription, 
suggesting a role for the noncanonical Notch signaling pathway. Moreover, spatial 
constraint experiments showed that enforced nuclear retention of NICD abrogates 
the anti-apoptotic activity, whereas the membrane-tethered form of NICD blocks 
apoptosis through mTOR-Rictor and Akt-dependent signaling. This suggests that 
cytoplasmic localization of NICD is required for its anti-apoptotic function. Further 
in 2010, Perumalsamy et  al. investigated the mechanisms underlying the anti- 
apoptotic activity of Notch with regard to intersections with mitochondrial events 
[63]. They showed that Notch activity inhibits apoptosis induced by Bax, a 
proapoptotic protein from the Bcl2 family of proteins that determines mitochondrial 
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involvement in apoptotic cascades. This activity of Notch required ligand-dependent 
processing to generate NICD but was independent of the canonical, nuclear 
interactions of Notch. Indeed, similar to results from previous studies from the Sarin 
laboratory, this anti-apoptotic activity was compromised by forced nuclear retention 
of NICD and recapitulated by NICD recombinants localized outside the nucleus. 
Experiments using siRNA and dominant-negative constructs revealed that the 
kinase Akt is an intermediate in the Notch-mediated anti-apoptotic pathway and that 
this process requires Mitofusin 1 and Mitofusin 2 (Mfn 1 and Mfn 2). Mitofusins are 
mitochondrial remodeling proteins that coordinately regulate mitochondrial fusion 
[13]. Therefore, Sarin and colleagues have identified a nonnuclear, Notch-Akt-Mfn- 
mediated anti-apoptotic signaling pathway, thus laying the foundation for further 
analysis of a noncanonical Notch pathway that regulates cell survival.

Further in 2012, Sarin and colleagues went on to identify the cellular and molec-
ular patterns of Notch activity that govern survival outcomes of mature T cells fol-
lowing their activation [65]. They describe a ligand-dependent, noncanonical Notch 
activation pathway coupled with a spatial pattern of Notch that protects Tregs from 
apoptosis caused by cytokine withdrawal. The survival of Tregs was mediated by the 
interaction of Notch signaling with PI3K signaling and mammalian target of 
rapamycin complex 2 (mTORC2), wherein biochemical studies revealed a 
membrane-proximal complex of NICD and the mTORC2 component, Rictor. 
Interestingly, they found that induced Tregs (iTregs) and effector T cells, where 
nuclear NICD is predominant, were susceptible to cytokine withdrawal-induced 
apoptosis. Reconstitution with the nuclear excluded forms of Notch1 protected iTregs 
and Notch−/− Tregs from apoptosis, whereas the nuclear-localized forms failed to do 
so, again showing that NICD activity outside the nucleus accounts for its anti- 
apoptotic activity.

Liu et al. revealed another mechanism that contributes to the survival effect of 
Notch [49]. The X-linked inhibitor of apoptosis protein (XIAP), one of the best 
characterized members of caspase inhibitors, is often overexpressed in malignant 
cells and elevated XIAP levels increasing resistance to apoptosis [19, 74]. Liu and 
colleagues have shown that NICD inhibits the degradation of XIAP during apoptosis 
by binding directly to XIAP, thereby blocking the binding of E2 ubiquitin- 
conjugating enzymes and preventing the in  vitro and in  vivo ubiquitination of 
XIAP. The authors also examined whether the interaction of Notch with the cytosolic 
protein XIAP is possible and found that NICD is able to bind XIAP in the cytoplasm, 
describing another cytosolic, noncanonical interaction of Notch.

2.2.5  Notch and Akt

A number of vital biological processes such as DNA synthesis, gene expression, 
neurotransmission, and hormonal storage and release are regulated by discrete 
subcellular pools of zinc [16, 34, 48]. Previous studies have demonstrated that zinc 
activates both PI3K and Akt [25, 40], thereby indirectly implicating a role for zinc 
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in Notch signaling. Based on these observations, a group in Korea investigated the 
crosstalk between zinc and Notch1 signaling [9]. Here, they showed that zinc acts 
as a negative regulator of Notch signaling by causing the cytoplasmic retention of 
not only NICD but also RBPJ, and this prevents their interaction both in vitro and 
in  vivo. Their data further reveal that this cytoplasmic retention of NICD is a 
consequence of the activation of the PI3K-Akt signaling pathway. However, the 
mechanism of the zinc-mediated suppression of Notch signaling via PI3K-Akt and 
the biological implications of this downregulation are not understood. Nevertheless, 
the cytoplasmic retention of Notch and inhibition of Notch/RBPJ binding due to 
zinc give rise to speculation that this may be yet another instance of nonnuclear, 
RBPJ-independent signaling through Notch.

Another study in 2008 describing the cytoplasmic localization of Notch was 
conducted by the Shin group [80]. They explored the effect of Akt on NICD- 
mediated transcription in 293 T and Cos7 cells. Using luciferase reporter constructs, 
they demonstrated that constitutively active Akt downregulates NICD-dependent 
transcription. The CSL family protein, RBPJ/CBF1, recruits a corepressor complex 
involving SMRT and HDAC1 to exert its inhibitory effect on transcription after 
binding to DNA.  Therefore, the authors further determined if this inhibition of 
Notch-dependent transcription by Akt is due to the effect of corepressors or HDAC 
activity and found that this downregulation is independent of both factors. In fact, 
the Akt-induced inhibition of Notch-mediated transcription was because Akt 
inhibited proper nuclear localization of NICD. Co-expression of the Akt isoforms 
resulted in cytoplasmic mislocalization of NICD. This, in turn, can lead to reduced 
expression of canonical Notch targets as less NICD is available in the nucleus to 
bind RBPJ allowing for more cytoplasmic, potential noncanonical interactions of 
Notch.

A hallmark of all stem cells is the maintenance of a delicate balance between 
differentiation and self-renewal, impairments which can lead to tumorigenesis or 
lineage depletion [21, 56]. In mammalian neural stem cells (NSCs) and Drosophila 
neuroblasts, the self-renewal versus differentiation decision requires Notch signaling 
[4, 86]; however, the mechanism by which Notch regulates these processes is not 
well defined. Shedding light on this aspect, a 2013 study described a new mechanism 
where canonical Notch signaling cooperates with a noncanonical Notch pathway to 
mediate Notch-directed NSC regulation [46]. In the noncanonical pathway, Notch 
activates the mTORC2/Akt pathway by interacting with PTEN-induced kinase 1 
(PINK1) to influence mitochondrial function and enhance Drosophila neuroblast 
growth and proliferation. PINK1 is a mitochondrial serine/threonine kinase that is 
critical in regulating mTORC2 activity and influences mitochondrial function and 
dynamics [90]. Experiments exploring the mechanism by which Notch and PINK1 
interact to influence mitochondrial function showed enrichment of full-length Notch 
at the mitochondria and the presence of increased mitochondrial Notch on PINK1 
overexpression. These results demonstrate that Notch can exert effects directly at 
the mitochondrial membrane. Further, through co-immunoprecipitation studies, the 
authors showed that PINK1 and Notch physically associate in the mitochondria of 
human NSCs and in glioblastoma multiforme cells. These results identify a novel 
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noncanonical role for Notch, where it regulates mTORC2/Akt activity by directly 
interacting with a mitochondrial kinase PINK1, thereby influencing mitochondrial 
function.

2.2.6  Notch and β-Catenin

In 2009, the Srivastava lab showed that Notch1 antagonizes the Wnt/β-catenin sig-
naling pathway, which promotes the expansion of cardiac progenitor cells by reduc-
ing the levels of active β-catenin in these cells [42]. More recently, they expanded 
these studies to determine the mechanism by which Notch negatively regulates 
β-catenin and explore this interaction in other stem cell types [43]. Their data in 
embryonic stem cells provide evidence for the negative regulation of active β-catenin 
by Notch and reveal that this regulation is independent of RBPJ-mediated transcrip-
tion. To further determine if this regulation involves a physical interaction between 
Notch and β-catenin, the authors performed co-immunoprecipitation studies and 
found that Notch does, indeed, physically associate with active β-catenin and that 
this is the membrane-tethered form of Notch. This study, therefore, highlights a dif-
ferent role for Notch than the known, nuclear, canonical role, where a membrane-
bound form of Notch physically associates with active β-catenin and negatively 
regulates it through the adaptor protein, Numb.

Lending further credence to the Notch-β-catenin interaction, Acosta et al. showed 
that Notch interacts with β-catenin in a nonnuclear fashion in Xenopus blastula cells 
and regulates early Xenopus development in a CSL-independent manner [1]. Wnt 
signaling has been shown to be important during early development in vertebrates; 
however, the role of Notch at these stages is still not well understood. Therefore, the 
authors set out to determine if Wnt signaling and Notch interact during early stages 
of Xenopus development. Overexpression of NICD alone resulted in accumulation 
of Notch in both the cytoplasm and nuclei of Xenopus blastula cells. However, upon 
co-expressing NICD with β-catenin, NICD was located on cell-cell junctions and 
not in the nuclei, whereas β-catenin was degraded. This suggests that Notch interacts 
with β-catenin in a nonnuclear fashion and regulates its degradation, perhaps 
through endosomal trafficking. Therefore, this study contributes to another 
nonnuclear, CSL-independent mode of Notch signaling.

2.3  Noncanonical, Nuclear Notch Signaling

In addition to the numerous accounts of noncanonical, cytosolic Notch signaling 
highlighted above, there are a few examples of noncanonical, nuclear Notch 
signaling. A recent paper from Chiang and colleagues questions the conventional 
canonical Notch signaling pathway in the nucleus where a lone NICD/Mastermind/
RBPJ complex regulates all Notch-responsive genes [66]. In this report, the authors 
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demonstrate a direct physical interaction between Notch1 and Zmiz1, a member of 
the protein inhibitor of activated STAT (PIAS) family of coactivators. The authors 
show that Zmiz1 and Notch interaction is important for both T cell development and 
leukemogenesis, but this interaction plays no role in other Notch-mediated events 
such as myeloid suppression or intestinal homeostasis. The data in this report 
suggest a previously unrecognized intricacy in the proteins that comprise the Notch/
RBPJ complex. Whereas some genes are clearly regulated by canonical Notch/
RBPJ complexes, others require coactivator Zmiz1. Although not directly addressed 
in this report, it is interesting to speculate that Zmiz1/Notch1 may regulate a unique 
subset of genes in the absence of RBPJ.

Additionally, a recent report from Kastner and Chan and colleagues examines 
the role of Ikaros in shaping the repertoire of Notch target genes in T cells [28]. In 
this study, DNA-binding complexes of NICD/Ikaros were identified in the absence 
of RBPJ.  These complexes are likely repressive since the genes associated with 
these complexes were only expressed when cells are treated with a gamma-secretase 
inhibitor. Thus, another form of noncanonical Notch signaling may be a physical 
interaction of NICD with Ikaros that acts to repress associated genes.

2.4  Notch and NF-κB: A Player in Both Cytosolic 
and Nuclear Noncanonical Notch Signaling

Many investigations point to connections between NF-κB and Notch signaling path-
ways [61]. In some situations, NF-κB signaling can initiate Notch signaling either 
by direct or indirect interaction between the two pathways suggesting that NF-κB 
acts upstream of Notch [14]. As early as 1996, Guan and coworkers demonstrated a 
physical interaction between Notch1 and the p50 subunit of the NF-κB complex 
suggesting another level of interaction between these two pathways [88]. Following 
up on this observation, our group and others have observed physical interactions 
between Notch1 and several cytosolic proteins involved in NF-κB signaling [61, 
77], and these are discussed below.

2.4.1  Notch/NF-κB Interactions in the Cytosol

A recent study investigating the effects of hyperactivated Notch signaling in breast 
cancer identified IL-6 as a novel target of Notch in basal breast tumor cells, where 
Notch upregulates IL-6 expression [37]. This Notch-induced increase in IL-6 levels 
further activates the JAK-STAT signaling pathway in both an autocrine and paracrine 
fashion and is controlled by the cellular p53 status and two proteins from the NF-κB 
signaling pathway – IKKα and IKKβ. Transfection of a NICD construct that lacks 
the CSL-binding RAM domain upregulated IL-6 expression but not the expression 
of the canonical target gene Hes1, suggesting a noncanonical mode of Notch action. 
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Furthermore, transfection of a NICD-ER fusion protein that is retained in the 
cytoplasm in the absence of tamoxifen upregulated IL-6 expression irrespective of 
the presence of tamoxifen, whereas the canonical target gene Nrarp was upregulated 
only in the presence of tamoxifen. This indicated that cytoplasmic localization of 
NICD is sufficient to upregulate IL-6, while nuclear translocation is necessary for 
the activation of the canonical target gene, Nrarp.

Early studies from our lab and others demonstrated that signaling through the T 
cell receptor (TCR) results in rapid activation of Notch1 signaling [2, 62], and these 
reports provided the first link of TCR signaling to Notch activation. Our data also 
linked TCR activation of Notch1 to triggering NF-κB activity, suggesting that 
Notch1 activation may drive NF-κB activity [62]. Following on this observation, we 
asked whether Notch1 physically interacts with NF-κB family members in 
lymphocytes and determined that Notch1 is found in a complex with either p50 or 
c-rel, two NF-κB family members, and is responsible for shuttling p50 and c-rel into 
the nucleus [78]. Using biochemical approaches, as well as confocal microscopy, 
we showed that NICD directly interacts with NF-κB and competes with IκBα, 
leading to retention of NF-κB in the nucleus. These data show that Notch1 plays a 
key role in the cytosol in escorting NF-κB into the nucleus and, in the nucleus, in 
promoting retention of the NF-κB complex, suggesting that Notch1/NF-κB 
interactions may occur in both the cytosol and the nucleus [78].

TCR-mediated signaling also induces the formation of the CBM complex (com-
prising CARMA1, BCL10, and MALT1) that is essential for TCR-induced NF-κB 
activation [70, 71, 87]. Signaling through TCR activates Notch proteins, which have 
also been implicated in NF-κB activation [78]. However, the molecular interactions 
that link Notch signaling through TCR to early events in NF-κB activation remain 
largely unknown. In collaboration with our colleagues, we revealed a novel cyto-
solic function of Notch1 where it acts as a scaffold protein and influences the forma-
tion of the CBM complex [77]. Via two distinct approaches, lipid rafts and a novel 
approach called biomolecular fluorescence complementation (BiFC), we demon-
strated that cytosolic Notch1 physically interacts with the components of the CBM 
complex following stimulation through the TCR. Additionally, experiments using a 
luciferase reporter assay and Notch1 constructs with localization restricted to the 
cytoplasm or to the plasma membrane showed that nonnuclear Notch1 can enhance 
NF-κB transcriptional activity in stimulated T cells. Thus, this study presents a 
novel model where Notch1 has the ability to function in the cytoplasm to facilitate 
early events during T cell activation, by physically interacting with the CBM com-
plex and initiating NF-κB signaling.

2.4.2  Notch/NF-κB Interactions in the Nucleus

A close examination of NF-κB- and CSL-consensus binding sites reveals an inter-
esting observation. The DNA sequence recognized by CSL/RBPJ and NF-κB is 
quite similar and potentially overlapping. While not all CSL-binding motifs are 
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subsets of a larger NF-κB response element, NF-κB consensus sites incorporate a 
nested CSL-binding site [47, 51, 85]. This observation suggests that CSL/RBPJ and 
NF-κB may compete for the same DNA-binding site [31].

As described above, we and others have demonstrated that TCR signaling results 
in rapid activation of Notch1 and blockade of Notch using various strategies, 
including inhibition of γ-secretase (GSI) as well as deletion of Notch1 [2, 62], result 
in diminished T cell activation and proliferation and reduced cytokine secretion [50, 
54, 59]. To better understand how Notch1 regulates expression of various cytokine 
genes, we conducted ChIP analysis of promoters from a variety of cytokine genes 
expressed in CD4 T cells. In such studies, we identified complexes of Notch and 
NF-κB1 (p50), as well as Notch and c-Rel bound to DNA in the promoter region of 
the IFNγ gene [78] indicating that there may be other nuclear partners, in addition 
to CSL, that cooperate with Notch to regulate target genes. We followed up these 
observations with an examination of the promoters of several other T cell-specific 
genes including IL-2, granzyme B, perforin, and cyclin D3 and the transcription 
factors T-bet and EOMES [15, 38, 54, 78]. In all cases, we found that Notch-1 could 
be found in a complex with either p50 or c-rel suggesting that Notch/NF-κB 
complexes may regulate transcription independent of CSL/RBPJ. In some instances 
(EOMES, granzyme B, and perforin), we reported evidence suggesting that these 
complexes may form independent of CSL [38, 54, 78].

The observation that several T cell-specific genes may be regulated by Notch/
NF-κB complexes led us to question whether CSL/RBPJ is required for Notch- 
dependent T cell function. When T cells are activated by engagement of antigen 
with the T cell receptor, cell division and rapid proliferation are induced. This phase 
of proliferation is accompanied by the production and subsequent secretion of T 
cell-specific cytokines such as IL-2 and interferon-γ. Additionally, if provided with 
appropriate signals, CD4+ T cells can differentiate into one of several different 
effector cell subsets including T helper-1 (Th1), T helper-2 (Th2), T helper-17 
(Th17), or T regulatory (Treg) cells. Notch signaling has been implicated in the 
activation and proliferation of T cells as well as in the production of cytokines and 
the differentiation of naïve T cells into various effector cell subsets [3, 8, 39, 59, 73]. 
We asked whether canonical Notch signaling was required for these functions [22]. 
In these experiments, CD4+ T cells were isolated from either wild-type animals or 
animals in which Notch1−/− or RBPJ−/− was conditionally deleted in peripheral T 
cells and activated in vitro through cross-linking the T cell receptor. Surprisingly, 
we observed that while conditional deletion of Notch1 abrogated the ability of CD4+ 
T cells to proliferate in response to TCR stimulation, T cells from conditional 
deletion of RBPJ proliferated as well and perhaps even better than wild-type T cells 
indicating T cell activation was not dependent upon RBPJ. We then asked if the 
ability to produce IL-2 and interferon-γ was dependent upon RBPJ, and again, we 
found that CD4+ T cells from T cells lacking RBPJ expression produced as much or 
more IL-2 and interferon-γ than wild-type T cells. Lastly, we asked whether naïve 
CD4+ T cells could differentiate into Th1 effector cells in the absence of RBPJ 
expression. Once again, we observed that CD4+T cells lacking RBPJ readily 
differentiated into Th1 effectors. Taken together these data indicate that activation, 
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proliferation, and differentiation of CD4+ T cells can occur in the absence of RBPJ 
expression and imply that these functions occur through a noncanonical Notch 
signaling pathway.

Based on our prior observation that localized Notch-1/NF-κB complexes on both 
the IL-2 and interferon-γ promoters, we asked whether Notch signaling regulates 
CD4+ T cell activation, proliferation, and differentiation in concert with NF-κB. We 
used CD4+ T cells from wild type mice or animals with conditional deletion of 
either Notch-1 or RBPJ and treated these cells with DHMEQ, an NF-κB inhibitor 
[83]. The results from these experiments showed that, as expected, Notch1-deleted 
CD4+ T cells did not proliferate or produce IL-2 or interferon-γ when treated with 
either DMSO control or DHMEQ. However, in contrast, RBPJ-deficient CD4+ T 
cells both proliferated and produced cytokines when treated with DMSO, but the 
ability to proliferate and secrete IL-2 and interferon-γ was greatly reduced by treat-
ment with DHMEQ.  These data suggest that noncanonical Notch1 signaling in 
CD4+ T cells occurs, at least in part, through NF-κB. Whether this interaction takes 
place in the nucleus or cytosol remains to be determined.

2.5  Other Forms of Noncanonical Notch Signaling

Just as we recognize that Notch signaling can occur in the absence of RBPJ, it is 
also becoming clear that Notch signaling may be initiated in the absence of ligand 
binding. While this is not necessarily noncanonical as defined above, these reports 
indicate that Notch signaling can also be initiated in a “noncanonical” fashion. 
Mukherjee and colleagues found that in Drosophila crystal cells, a myeloid-like cell 
that circulates in the hemolymph, HIF-α (the Drosophila homologue of HIF-1α) 
stabilizes Notch in the endosome and enables cleavage of Notch by γ-secretase, thus 
releasing the active form of Notch into the cytosol [57]. Interestingly, this activation 
of Notch is totally independent of interaction with Notch ligands (Fig. 2.1a).

Another example of ligand-independent interaction of Notch in Drosophila 
comes from the report by Hori et al. [33] where Notch interaction in the endosomal 
compartment with the ESCRT protein Shrub diverts Notch from lysosomal 
degradation into a signaling pathway and initiates ligand-independent Notch 
signaling. This process is context dependent and only occurs in selected cell types 
during Drosophila development. It remains to be determined whether the ESCRT 
pathway or the HIF-α-dependent pathway of ligand-independent activation of 
Notch signaling occurs in vertebrates. However, it is tempting to speculate that 
because activation through the T cell receptor leads to rapid activation of HIF-1α in 
CD4+T cells, HIF-1α may play a role in ligand-independent Notch activation in 
mammalian T cells as well [53].

Lastly, another example of “noncanonical” Notch signaling comes from the 
recent reports that Notch ligands have been found in exosomes. In particular, 
Sheldon et al. demonstrated that endothelial cells produce exosomes containing the 
Delta ligand Dll4 [76]. Exosomes are small extracellular membrane vesicles that 
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originate from endosomes. These vesicles are released from a wide variety of cell 
types and are postulated to influence cell signaling by interactions with cells either 
in the near vicinity or at more distant sites. Interestingly, DLL ligands are thought 
to require endocytosis to become functional [10]; therefore the incorporation of 
these ligands into exosomes is not surprising. One can readily see how exosomes 
containing Notch ligands might influence Notch signaling in a cell contact- 
independent fashion. In the report by Sheldon et al. [76], Dll4-containing exosomes 
produced by endothelial cells were shown to interact with Notch expressed in cells 
at a distant site. Surprisingly, rather than activating the Notch signaling pathway, 
these Dll4 exosomes instead inhibit Notch signaling and cause a developmental 
switch in the recipient cell resulting in a change in phenotype from endothelial cell 
to tip cell (Fig. 2.1b). During angiogenesis, a tip cell promotes the growth of new 
blood vessels; hence, the transfer of Dll4 exosomes to endothelial cells could 
promote vascularization. However, a more recent report employing Dll4 containing 
exosomes in a 3D microfluidic device reported a different effect and suggested that 
the exosomes initiate Notch signaling rather than suppressing Notch signaling. In 
any case, it is likely that exosomes can influence Notch signaling at distant sites.

2.6  Concluding Remarks

As highlighted above, signaling through the Notch receptor is not only complicated 
but also versatile, with important biological implications in several systems. The 
phenotype of mutations in Notch was discovered almost a century ago and the 
molecular components of the canonical Notch signaling pathway determined within 
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the past 3 decades. Canonical Notch signaling is known to impact multiple cell fate 
decisions. However, noncanonical Notch signaling has only recently been recognized 
with reports of signaling events through Notch that are RBPJ-independent. Moreover, 
with the growing number of studies, it is increasingly realized that noncanonical 
Notch signaling can occur in the nucleus as well as in nonnuclear environments. In 
this chapter, we have attempted to describe the various nuclear and nonnuclear 
interactions of Notch that contribute to its noncanonical role (summarized in Fig. 2.2). 
However, there is still much to be understood in terms of the molecular partners of 
Notch in this noncanonical pathway and the biological consequences of these 
interactions. Future studies in this regard will not only help reveal the multiple roles 
played by Notch through its noncanonical interactions but also provide a basis to 
explore and develop novel therapeutic strategies that influence Notch signaling in 
unique contexts. The ability to influence Notch signaling in situations where Notch 
expression drives disease (such as cancer and various autoimmune diseases) while 
leaving Notch signaling required for cell or tissue homeostasis (such as replacement 
of the epithelia in the intestine) intact could prove of great value in the clinic.
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Drosophila crystal cells. (b) Effect of Dll4 containing exosomes on Notch signaling
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Chapter 3
Dual Function of Notch Signaling in  
Cancer: Oncogene and Tumor Suppressor

Ute Koch and Freddy Radtke

Abstract The Notch cascade is an evolutionarily conserved cell-to-cell signaling 
system that regulates many aspects of embryonic development. It regulates also 
self-renewal and differentiation processes as well as tissue homeostasis in several 
adult vertebrate organs. In the last 15 years, it has become evident that deregulated 
Notch signaling is associated with several human disorders, including cancer. 
Recently, large sequencing efforts of cancer genomes have uncovered both gain- 
and loss-of-function mutations in different genes involved in the Notch signaling 
cascade, indicating that Notch can be both oncogenic and tumor suppressive. For 
specific tumor types, results generated from experimental mouse models predicted 
and also validated such relationships, whereas for others, the conclusive findings 
were unanticipated. The oncogenic and tumor-suppressive functions of Notch 
appear to be context- and tissue-specific. In this review we will discuss the context- 
dependent and tissue-specific oncogenic and tumor-suppressive functions of Notch.

Keywords Notch · Cancer · Oncogene · Tumor Suppressor · Mutations

3.1  A Brief Introduction to the Notch Cascade

The Notch signaling cascade consists of membrane-bound receptors and ligands 
that regulate multiple functions in adult vertebrate tissues including stem cell self- 
renewal, cell fate specification, proliferation, and apoptosis through cell-to-cell sig-
naling [48, 50]. Mammals possess four Notch receptors (Notch1–4), four delta-like 
ligands (Dll1–4), and two ligands of the Jagged family (Jag1 and 2). During matura-
tion and transport to the cell surface, Notch receptors traffic from the endoplasmic 
reticulum to the Golgi where they undergo proteolytic cleavage by a furin-like pro-
tease. At the cell surface, Notch receptors exist as heterodimeric receptors consist-
ing of an extracellular subunit (NEC), which is non-covalently bound to a second 
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subunit harboring one part of the extracellular heterodimerization (HD) domain fol-
lowed by the transmembrane domain and the cytoplasmic region of the Notch 
receptor (N™). The extracellular subunit of Notch receptors contains between 29 
and 36 epidermal growth factor-like repeats (involved in ligand binding), 3 cysteine- 
rich LIN12 repeats (LNR), and a hydrophobic stretch of amino acids involved in the 
heterodimerization of NEC and N™. The LNR together with the hydrophobic stretch 
of amino acids constitute the negative regulatory region (NRR), which prevents 
ligand-independent activation of Notch receptors. The intracellular part of Notch 
receptors contains multiple elements including nuclear localization signals, protein- 
protein interaction domains, transcriptional activation domains, and a PEST 
sequence involved in regulating protein stability (Fig. 3.1).

Normally, Notch signaling is initiated by ligand-receptor interaction between 
neighboring cells. This triggers a series of proteolytic cleavage events, the first of 
which is mediated by metalloproteases of the ADAM family (ADAM-10 or ADAM- 
17), located 12–13 amino acids external to the transmembrane domain. 
Subsequently, the γ-secretase multi-protein complex cleaves the remaining Notch 
receptor within the transmembrane domain, resulting in the release of the intracel-
lular cytoplasmic domain of Notch (NICD). NICD subsequently translocates to the 
nucleus where it interacts with the DNA-binding transcription factor RBP-J (also 
known as CSL) in order to form a short-lived transcription activation complex. The 
binding of NICD to RBP-J results in the recruitment of other coactivators including 
mastermind-like proteins (MAML1–3), p300, and many other proteins in order to 
induce transcription of downstream target genes [124] (for a more comprehensive 
description of the molecular aspects of the Notch cascade, the reader is referred to 
excellent reviews [11, 50]).

3.2  Notch Functions as Oncoprotein

The first evidence demonstrating that components of the Notch cascade can func-
tion as oncoproteins resulted from the finding that the NOTCH1 locus is disrupted 
by t(7;9) translocations in rare cases (<1%) of human T cell acute lymphoblastic 
leukemia (T-ALL). This translocation results in the fusion of the 3’end of the human 
NOTCH1 gene to the TCRB promoter/enhancer region. TCRB-driven transcripts of 
this fusion gene generate a truncated, dominant active NOTCH1 protein that lacks 
the NRR domain [29, 86]. The oncogenic potential of this truncated form of the 
NOTCH1 protein was demonstrated in murine bone marrow reconstitution experi-
ments in which expression of the truncated NOTCH1 protein was shown to be suf-
ficient to cause T-ALL in mice [12, 70]. However, the clinical relevance of this 
finding appeared to be limited due to the rare number of patients that carry such 
translocations. In the last decade, large sequencing efforts were performed with the 
aim to uncover the genomic landscape of many tumor types. In the context of 
T-ALL, Aster and colleagues sequenced the cancer genome of multiple human 
T-ALL cell lines as well as of 96 primary T-ALL samples from children and 
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Fig. 3.1 Mutational landscape of NOTCH1 and NOTCH2 in cancers in which Notch functions as 
oncogene or tumor suppressor. Schematic representation of the NOTCH1 and NOTCH2 receptors 
with their structural distribution of missense (gray) and nonsense (red dots) mutations in indicated 
neoplasms. B-CLL, T-ALL, and SMZL indicated in red are neoplasms in which Notch functions 
as oncogene, whereas SSCS and HNSSCs indicated in yellow are cancer in which Notch exerts 
tumor-suppressive mutations. NOTCH1 oncogenic driver mutations in T cell acute lymphoblastic 
leukemia (T-ALL) [116] and B cell chronic lymphocytic leukemia (B-CLL) [24, 32, 77, 103] and 
Notch2 driver mutations in splenic marginal zone lymphomas (SMZL) [46, 88] [69] are displayed 
on the left side of the schematic Notch receptors. For NOTCH1 and T-ALL, missense mutations 
cluster largely to the NRR domain, while truncating mutations are mostly confined to the PEST 
domain. In B-CLL truncating mutations are predominant and cluster to the C-terminal PEST 
domain and adjacent transactivation domain. Similarly NOTCH2 mutations in SMZL are mostly 
confined to the PEST domain. In contrast, mutations depicted on the right side of the schematic 
receptors from squamous cell carcinoma (SSC) [73, 113] and head and neck squamous cell carci-
noma (HNSCC) [2, 73, 106] in which Notch1 and 2 exert tumor-suppressive functions appear all 
over the protein, with a tendency to be more frequent in the NEC domain of the receptors. Below are 
indicated the different protein domains of the Notch receptors. The extracellular part of the Notch 
receptors (NEC) contains EGF-like repeats (EGF-like) followed by three cysteine-rich LIN domains 
(LNR) that prevent ligand-independent cleavage, the heterodimerization domain (HD) and the 
transmembrane domain (TM). The N™ part of the receptors includes the cytoplasmic domain 
consisting of a RAM domain (RAM) followed by six ankyrin repeats (ankyrin) that bind to the 
RBP-J transcription factor, a transactivation domain (TAD) and a PEST sequence (PEST) involved 
in regulating protein stability
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adolescents at time of diagnosis for NOTCH1 mutations [116]. Fifty-six percent of 
the investigated tumor samples were found to carry mutations in the NOTCH1 gene 
throughout all major molecular T-ALL subtypes, rendering NOTCH1 as the most 
frequently mutated gene in human T-ALL. The somatic mutations cluster to two 
regions within the human NOTCH1 gene (Fig. 3.1). The most common mutations 
are found in exon 26 and 27 coding for the HD domain, which is the region of the 
NRR that normally prevents activation of Notch receptor signaling in the absence of 
ligand binding. Mutations in the NRR facilitate ligand-independent activation of 
Notch receptors. The second cluster of mutations localize to the C-terminal PEST 
sequence encoded by exon 34 of NOTCH1. Most of these mutations consist of 
either nonsense or frame-shift mutations resulting in the deletion of the PEST 
domain which is involved in targeting NICD for degradation [16]. Mutations in the 
PEST domain are present in 20–30% of tumors resulting in increased Notch activity 
due to persistent stabilization of NICD. Ten to twenty percent of primary human 
T-ALLs carry mutations both the HD and the PEST domains [116]. This study iden-
tified NOTCH1 as being a major player in the pathogenesis of human 
T-ALL. Surprisingly, and in contrast to the truncated dominant active form of NICD, 
HD, PEST, and HD/PEST mutations were found to be weak inducers of Notch 
activity in in vitro Notch-driven reporter assays. When tested in retroviral mouse 
models, introduction of these mutations led to ectopic T cell development but were 
not sufficient to induce leukemia. However, when these constructs were studied in 
an oncogenic LSL-K-rasG12D background that predisposes mice to T-ALL develop-
ment, these relatively weak activating Notch mutations shortened disease latency 
and gave rise to T-ALL cell lines whose growth was dependent on Notch signaling 
[15]. These data suggest that frequently occurring NOTCH1 mutations found in 
human T-ALL patients do not solely generate a sufficiently strong Notch signal to 
initiate leukemic development in mouse models. However these weakly leukemo-
genic NOTCH1 mutations can complement and synergize with other already exist-
ing leukemogenic events. In agreement with this, other transgenic mouse models of 
T-ALL such as TAL1/SCL, OLIG2, and LMO1/1 have been found to develop spon-
taneous activating mutations in the Notch1 gene [4]. Taken together, these data sug-
gest that the commonly found NOTCH1 mutations in human T-ALL are likely to be 
secondary events that contribute to preexisting primary tumor initiating hits in order 
to accelerate tumor progression. Importantly, arising tumors remained sensitive to 
growth inhibition by pharmacological (γ-secretase inhibitor) Notch inhibitors, indi-
cating that these tumors remained addicted to Notch. This warrants the rational to 
therapeutically block Notch signaling in T-ALL patients.

Activating mutations in the NOTCH1 gene have also been identified in B cell 
chronic lymphocytic leukemia (B-CLL) [24, 32, 77, 103]. This was originally unan-
ticipated due to early studies showing that overexpression of NICD antagonizes 
early B cell development in the bone marrow [78] and/or induces growth arrest and 
apoptosis in both murine and human B cell lines and in multiple B cell neoplasms 
[129]. On the other hand, Notch2-mediated signaling is essential for the develop-
ment and maintenance of splenic marginal zone B cells [90]. Furthermore, Notch1 
has been shown to synergize with B cell receptor and/or CD40 signaling to enhance 
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B cell activation and function [108]. Although high levels of Notch signaling are 
incompatible with early stages of B cell development, Notch signaling is important 
in more mature B cells. Therefore, retrospectively, the identification of activating 
Notch mutations in B cell neoplasms appears to be less of a surprise. B-CLL is 
among the most common types of leukemia in the Western world. Clinically, the 
progression of the disease is very heterogeneous. CLL patients can be subdivided in 
two major subgroups based on the immunoglobulin heavy chain variable (IGHV) 
gene status of CLL cells. Approximately 60% of CLLs carry immunoglobulin 
heavy chain variable genes exhibiting somatic hypermutations in their variable 
regions, while the remaining 40% of CLLs do not carry IGHV gene mutations. The 
subgroup carrying unmutated IGHV genes is associated with a more aggressive 
form of the disease [127]. NOTCH1 mutations in CLL were first identified in 
2009 in 2 out of 43 CLL cases analyzed. In both cases the mutations localized to 
exon 34 leading to predicted loss of the PEST domain [24]. A follow-up analysis of 
133 CLL patients by the same group identified NOTCH1 PEST domain mutations 
to occur with a frequency of approximately 5%. Neither HD domain nor NOTCH2 
gene mutations were identified in this study, suggesting that mutations are restricted 
to the NOTCH1 gene and in particular to exon 34 coding for the PEST sequence 
[103]. In 2011, two groups used next-generation sequencing to identify recurrent 
mutations in larger CLL cohorts. NOTCH1 mutations were found to occur at a fre-
quency of 8.3% and 12.2%, respectively [32, 77], all localized to the PEST domain. 
A more recent study reports that mutations can also occur within the noncoding 
region of NOTCH1, namely, the 3’ UTR. These mutations generate a new splice 
acceptor site within the 3’ UTR inducing aberrant splicing events that lead to dele-
tions that include the final 158 coding bases of exon 34 [76]. Although the fre-
quency of NOTCH1 PEST mutations seems to vary between 5% and 10% at 
diagnosis, they are primarily found in samples of the more aggressive IGHV non-
mutated CLL patient subgroup and often correlate with trisomy 12. Moreover, the 
mutation frequency appears to increase with disease progression reaching 31% in 
patients subsequently diagnosed with Richter transformation and 21% in chemore-
fractory CLL [32]. Taken together although NOTCH1 mutations do not appear to be 
causative in CLL, they are associated with poor prognosis and worse outcome and 
are most likely acquired during disease progression.

NOTCH1 mutations clustering to the PEST sequence have also been identified in 
Mantle cell lymphoma (in 12% of clinical cases and 20% of cell lines) [51], an 
aggressive subtype of non-Hodgkin lymphoma.

Even though the identification of NOTCH1 mutations in CLL and MCL was 
somewhat unanticipated, the identification of mutations in genes involved in the 
Notch pathway in splenic marginal zone lymphoma (SMZL) was less surprising, 
as NOTCH2 is a well-established master regulator of marginal zone B cell devel-
opment and maintenance [42, 90]. Next-generation sequencing identified 
NOTCH2 mutations in 20–25% of SMZL cases [46, 88] establishing NOTCH2 as 
one of the most frequently mutated genes in SMZL. NOTCH2 mutations were 
also associated with adverse clinical outcomes including reduced treatment-free 
and overall survival [46, 69]. Surprisingly mutations in the NOTCH1 gene were 
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also identified in approximately 5% of the investigated cases. Mutations in both 
NOTCH1 and NOTCH2 predominantly cluster to the PEST sequence and are 
therefore predicted to cause sustained Notch signaling due to increased protein 
stability. Additional mutations in Notch signaling-associated genes such as 
SPEN, DTX1, and MAML2 have also been identified, though with lower fre-
quency to NOTCH1/Notch2 [46, 88].

The fact that NOTCH mutations within B cell neoplasms are predominantly 
restricted to the PEST sequence, whereas the most frequent mutations in T-ALL are 
localized to the HD domain (Fig. 3.1), indicates that transformed B cells do not 
undergo selective pressure to acquire mutations that render these cells independent 
of Notch ligands. Thus, transformed B cells are likely to receive their Notch ligand- 
mediated signals through naturally occurring ligands expressed on cells located in 
secondary lymphoid organs. In this scenario the prediction is that circulating trans-
formed B cells would have little or no ongoing NOTCH signaling as they migrate 
out from their microenvironment(s) limiting their access to Notch ligands. The cor-
relation between PEST mutations in NOTCH genes in B cell neoplasms with poor 
patient outcome, increased chemoresistance, and disease progression is intriguing. 
It suggests that the Notch mutations are likely to be acquired during disease pro-
gression. However, whether these mutations are causative, how increased Notch 
signaling may contribute to disease progression, and whether inhibition of Notch 
signaling would resensitize chemoresistant B cell neoplasms to standard of care 
therapies is currently poorly understood and is a matter of ongoing investigation.

The first evidence that aberrant Notch signaling has oncogenic functions in solid 
tumors was derived from animal studies demonstrating that integration of the mouse 
mammary tumor virus (MMTV) into the Notch4 gene results in the formation of 
mammary tumors [34]. MMTV integration into the Notch4 locus results in the 
expression of long terminal repeat (LTR)-driven transcripts encoding for truncated 
Notch4 mRNA species named int3 [109]. Expression of this truncated dominant 
active form of the Notch4/int3 gene either under the control of MMTV LTR or the 
whey acidic protein (WAP) promoter in transgenic mice results in the development 
of mammary tumors in 100% of cases [33, 44]. Similarly, transgenic female mice 
carrying an MMTV-N1ICD construct encoding human NOTCH1 cDNA also devel-
oped mammary carcinomas, but only following multiple pregnancies [47]. Increased 
expression of NOTCH1 and JAGGED1 correlates with poor overall survival in 
women with advanced breast cancer [84], as well as reduced disease-free survival 
[85]. Moreover, loss of the negative Notch regulator, Numb, is observed in approxi-
mately 50% of human mammary carcinomas [71]. A recent study identified a 
NOTCH4/HES/HEY gene signature to be predictive of poor therapeutic response 
and prognosis in estrogen receptor-positive (ER+) patients that often acquire de 
novo resistance to hormonal therapy. Mechanistically, JAGGED1-mediated 
NOTCH4 receptor activation increases breast cancer stem cell activity and thereby 
drives antiestrogen resistance in human breast tumors. Combining endocrine ther-
apy with blockage of Notch signaling was effective in overcoming resistance in 
ER+ human breast cancer [98].
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Additional evidence for a role of Notch signaling in breast cancer is derived 
from transcriptomic sequencing of breast cancer cell lines and tumors. This study 
identified translocations within both NOTCH1 and NOTCH2 genes. These genetic 
rearrangements lead to the generation of fusion transcripts encoding truncated ver-
sions of NOTCH1 or NOTCH2 that lack most or the entire extracellular domain of 
corresponding receptors including the LNR domain. These translocations have 
been identified in approximately 10% of investigated triple-negative breast cancer 
samples and have been shown to correlate with high Notch signaling activity in 
in  vitro studies [87]. This is reminiscent to observations made on rare cases of 
human T-ALL that express truncated dominant forms of NOTCH1 as a conse-
quence of t(7;9) translocations. It is worth mentioning that cancers expressing these 
truncated dominant active forms of Notch proteins cannot be treated therapeuti-
cally with blocking Notch antibodies and are only responsive to γ-secretase inhibi-
tors if their S3 cleavage site of their Notch receptors remains intact. In contrast, 
inhibitors that block Notch signaling at the level of the transcription activation 
complex should be effective in such cancers.

In addition to breast cancer, increased Notch signaling is also observed in approx-
imately one third of non-small cell lung carcinomas (NSCLCs) due to the loss of 
Numb expression (in 30% of cases) and due to activating mutations in the NOTCH1 
gene (in 10% of cases investigated) [118]. The oncogenic role of Notch signaling in 
NSCLC was confirmed in a KrasG12V-driven experimental mouse model [8]. Genetic 
loss-of-function (LoF) studies on RBP-J and presenilins showed that Notch signal-
ing is essential for the formation of NSCLC. Moreover, pharmacological inhibition 
of Notch signaling in mice carrying autochthonous NSCLCs prevented cancer 
growth, characterized by increased expression of dual-specificity phosphatase1 
(DUSP1), which is directly repressed by the Notch target gene Hes1. DUSPs are 
negative regulators of MAPK/ERK signaling. Accordingly, Notch inhibition results 
in the upregulation of DUSP1 expression and in decreased levels of phospho-Erk 
correlating with the inhibited growth of murine and human NSCLCs [57].

Although activating mutations in Notch genes in other solid tumors are either 
rare or have yet to be reported, oncogenic roles for Notch have also been linked to 
other solid tumors including colorectal cancer, melanoma, pancreatic cancer, chol-
angiocarcinoma, and medulloblastoma [49, 80, 126].

3.3  Oncogenic Notch-Driven Signaling Events: T-ALL 
as Paradigm

In the past decade, oncogenic Notch signaling has been associated with multiple 
cancers, which leads to the important question of how Notch conveys its oncogenic 
potential. Identification of target genes and signaling pathways that are regulated by, 
or cooperate, with aberrant Notch signaling is an important field of investigation. 
Although the Notch signaling cascade seems surprisingly simple, it is likely that 
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certain Notch-driven oncogenic events can be tumor-specific, while others may be 
shared between different neoplasms. In this regard, T-ALL is in one of the best- 
understood Notch-driven cancers. Therefore, we will summarize the genes and sig-
naling pathways controlled by NOTCH1 that are implicated in T cell transformation. 
c-Myc has been identified by several labs as being one of the most important direct 
Notch target genes [67, 94, 117]. ChIP-on-chip analysis demonstrated that c-Myc 
and NICD share common target genes involved in the regulation of growth, metabo-
lism, and proliferation. This led to the generation of a model depicting a feed- 
forward loop through which Notch and c-Myc reinforce the expression of genes 
required for the growth of leukemic cells [67]. Although early ChIP analysis sug-
gested that Notch regulates c-Myc expression via its binding to the c-Myc promoter, 
subsequent ChIP sequencing studies showed that Notch appears to preferentially 
regulate gene expression through its dynamic interactions with superenhancers 
[112]. Notch controls c-Myc expression in both murine and human T-ALL cells by 
binding to a distal enhancer located more than 1 megabase 3′ of the murine and 
human C-MYC gene. The Notch-bound enhancer complex loops and physically 
interacts with the c-Myc promoter [40, 123]. Similarly, NOTCH1 was first shown to 
regulate the expression of the interleukin 7 receptor α-chain (IL-7Rα, a receptor 
tyrosine kinase) by directly binding to the human IL7R gene promoter [38]. 
Subsequent studies extended these findings further and revealed that Notch1  in 
coordination with Runx1 regulates a superenhancer located 3′ of the IL7R gene 
[112]. IL-7 signaling is essential for proliferation and survival of T cell progenitors, 
and its importance in the context of T-ALL is highlighted by the identification of 
oncogenic IL7R gain-of-function mutations in 10% of T-ALL cases [74, 96, 125, 
128]. Insulin-like growth factor receptor-1 (IGF1R) is another receptor tyrosine 
kinase that has been shown to be directly controlled by NOTCH1 and to be impor-
tant for T-ALL cell growth and for leukemia-initiating activity in  vivo [60]. 
Activation of receptor tyrosine kinases often correlates with activated PI3K/Akt and 
increased mTOR signaling. This has also been observed in the context of Notch- 
driven T-ALL. Protein microarray screens identified the mTOR pathway as being 
positively regulated by Notch in T-ALL cells. Pharmacological inhibition of Notch 
in T-ALL cell lines induced hypophosphorylation of multiple signaling proteins 
involved in the mTOR pathway. How Notch activates the mTOR pathway is not 
completely understood. The effects of pharmacological Notch inhibition on mTOR 
signaling could be rescued by c-Myc expression suggesting that mTOR is possibly 
activated via the direct Notch target gene, c-Myc [13]. Alternatively, as suggested by 
studies in Drosophila and human T-ALL cell lines, the basic helix-loop-helix Notch 
target gene Hes1 has been shown to negatively regulate the expression of the tumor 
suppressor PTEN. PTEN counteracts PI3K activity and, thereby, negatively regu-
lates Akt/mTOR signaling [68]. This particular study also linked mutational loss of 
PTEN in T-ALL cells to the acquisition of therapeutic resistance to NOTCH inhibi-
tors [68]. Experimentally induced loss of PTEN expression accelerated disease 
onset in murine T-ALL models, suggesting that Notch1 activation and PTEN defi-
ciency collaborate in disease onset or progression [59].
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The importance of the transcriptional repressor Hes1 in T-ALL, which is one of 
the best-known Notch target genes, has been shown through conditional LoF 
experiments in murine T-ALL models as well as by gene knockdown studies in 
human T-ALL cell lines [93, 115]. Hes1 is required for the development and the 
maintenance of T-ALL in both mouse and human T-ALL cells. In addition, HES1 
is known to be able repress PTEN expression and thereby contribute to increased 
Akt/mTOR signaling [68]. Furthermore, a more recent study revealed that HES1 is 
critically required for T-ALL tumor cell survival. Mechanistically, Hes1 appears to 
directly downregulate the expression of the BCL2 binding component 3 (BBC3) 
gene in T-ALL cells, which encodes for the BH3-only pro-apoptotic factor, Puma 
[93]. Moreover, HES1 was also implicated in transcriptionally repressing the 
expression of the deubiquitinase CYLD, which negatively regulates the IKK com-
plex, consequently leading to sustained NF-κB activation in T-ALL cells [30] [21]. 
CYLD functions as tumor suppressor in the skin, and LoF mutations in this gene 
have been identified in familial cylindromatosis [9]. The fact that (i) cylindromato-
sis patients do not have an increased risk of developing T-ALL and that (ii) CYLD 
mutations in T-ALL patients have currently not been described suggest that Notch 
signaling must be able to maintain strong NF-κB signaling at least in part through 
alternative mechanisms. Strong NF-κB signaling in Notch-driven T-ALL is charac-
terized by nuclear localization of NF-κB, which is in part mediated by nuclear 
retention [95] resulting in the expression of NF-κB target genes including Bcl-2A1, 
NF-κB2, and ICAM1. Importantly, repression of NF-κB signaling in T-ALL cells 
inhibited cell growth both in vitro and in vivo [110].

NFAT signaling is another cascade known to be activated as a result of aberrant 
Notch signaling in T-ALL. High levels of Notch signaling induce the expression of 
calcineurin, which is a calcium-activated serine/threonine phosphatase. This phos-
phatase is important for the activation of NFAT transcription factors and for their 
translocation from the cytoplasm to the nucleus. Inhibitors of calcineurin such as 
cyclosporin A or FK506, which are used clinically as immunosuppressants, have 
been shown to induce cell death in T-ALL, leading to tumor regression and pro-
longed survival in murine T-ALL models.

Finally, aberrant Notch signaling has also been shown to directly regulate the 
expression of cell cycle proteins. Expression of G1 proteins such as cyclin D3, 
CDK4, and CDK6 is Notch-dependent in vitro and in vivo, and CCND3 has been 
identified as a direct Notch target gene [45]. Cyclin D3-deficient mice exhibit 
greatly reduced susceptibility to Notch-induced leukemogenesis, and knockdown of 
cyclin D3 in human T-ALL cells inhibited their proliferation. The results indicate 
that cyclin D3 may be an essential cell cycle protein through which Notch can exert 
its oncogenic effects [97]. In agreement with the findings that Notch directly regu-
lates the expression of cell cycle proteins, GSI-mediated inhibition of Notch signal-
ing has been shown to lead to the upregulated expression of cyclin-dependent kinase 
inhibitors CDKN2B (p19INK4d) and CDKN1B (p27Kip1) in T-ALL cell lines [82]. 
Consistently, increased Notch signaling induces the transcriptional expression of S 
phase kinase-associated protein 2 (SKP2), an F-box protein that functions as a com-
ponent of the E3-ligase complex. The E3-ligase complex functions to degrade 
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p27Kip1 and p21Cip1, thereby promoting the G1-S transition [91] [26]. Notch was also 
shown to suppress p53 through the repression of the ARF-mdm2-p53 surveillance 
network in mice. Attenuation of Notch signaling led to increased p53 expression 
and to tumor regression by inducing apoptosis. Inhibition of the mdm2-p53 interac-
tion by the small molecule nutlin resulted in the stabilization of p53, leading to 
induction of cell death even in the presence of sustained Notch signaling. These 
findings provide a proof of principle for p53 being a potential therapeutic target in 
the context of Notch-driven T-ALL.

Although many of the herein described potential mediators of oncogenic 
Notch signaling may be specific to T-ALL, it is interesting to note that a Notch-
c-Myc axis has also been described in the context of Notch-driven breast cancers 
[47, 87]. Whether this is a general hallmark of oncogenic Notch signaling awaits 
further investigation.

3.4  Changing Metabolism Is Part of the Oncogenic Notch 
Program

In recent years, it has become clear that intrinsic alterations in metabolism occur as 
a direct consequence of aberrant oncogenic signaling in cancer cells, as opposed to 
a passive response of damaged mitochondria [114]. Metabolic reprogramming is 
now an established hallmark of cancer [39]. Cancer cells tend to rely on glycolysis 
for energy production and anabolic growth, even if sufficient oxygen is available for 
oxidative phosphorylation, a phenomenon known as the Warburg effect. One of the 
main reasons for cancer cells to do so is that cell growth is dependent on the biosyn-
thesis of cellular building blocks derived from metabolic intermediates that are 
largely generated via the glycolytic and tricarboxylic acid pathway [114].

One of the first studies linking Notch signaling to anabolic growth is derived 
from work on T cell progenitors which demonstrated that Notch regulates cell size, 
glucose uptake, and glycolysis through PI3K/Akt activation [18]. Subsequently, 
gene expression analysis of T-ALL cells revealed that NOTCH1 promotes leukemic 
cell growth through direct transcriptional regulation of anabolic genes involved in 
protein translation, ribosome biosynthesis, and nucleotide and amino acid metabo-
lism. Similarly and equally important is the regulation of anabolic gene expression 
by the Notch target C-MYC. As a result, a Notch-Myc feed-forward loop has been 
proposed in which Notch functions as the driver of cell growth and anabolism in 
T-ALL [67, 117]. A recent study by Ferrando and colleagues using murine models 
and xenografted primary human T-ALL shows that leukemic cells harboring 
NOTCH1 mutations utilize glutamine as their predominant carbon source, which is 
used to generate all tricarboxylic acid cycle intermediates. Pharmacological or 
genetic Notch inhibition results in a dramatic reduction in glutamine usage and trig-
gers autophagy as a compensatory mechanism to support leukemic cell metabolism. 
Inhibition of glutaminolysis and autophagy synergistically enhanced the efficiency 
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of therapeutic Notch inhibition in mice harboring T-ALL. Moreover, loss of PTEN 
resulted in increased glycolysis in targeted cells, rescuing the metabolism of leuke-
mic cells that were treated with Notch inhibitors [41]. This study offers a possible 
explanation as to why the therapeutic response of T-ALL patients to pharmacologi-
cal Notch inhibitors has been rather limited so far. Furthermore, it suggests that 
combining Notch inhibitors with drugs that target glutaminolysis and/or autophagy 
could be a more effective means for treatment of T-ALL. Since the Notch-MYC- 
AKT/mTOR axis is also conserved in other cancers, it is possible that metabolic 
reprogramming by Notch signaling may be a general mechanism by which Notch 
exerts its oncogenic properties.

3.5  Notch Functions as Tumor Suppressor

As outlined above, a highly context-dependent role of Notch signaling has been 
observed in a variety of blood-borne and solid tumors. Highlighted thus far were the 
oncogenic properties of Notch signaling and the possible molecular modes of action 
involved. In the subsequent sections, we will present and discuss tumor-suppressive 
functions of Notch signaling in various solid tumors (skin, head and neck, lung, 
bladder, and brain). The general aim of the following paragraphs is to highlight the 
most recent findings of Notch exerting its tumor-suppressive function in a variety of 
pathologies. We seek to highlight general paradigms and aim to put these into more 
a universal context of Notch acting as a tumor suppressor.

3.5.1  Notch Tumor Suppressor in the Skin: A General 
Paradigm

In vitro studies performed in the Dotto laboratory revealed a crucial physiological 
function of Notch1 in cutaneous epithelial cells [66, 81]. Here, Notch1 signaling 
induces growth arrest in keratinocytes as well as promotes early stages of differen-
tiation. Therefore, Notch1 negatively regulates the proliferation of cutaneous epi-
thelial progenitor cells and is essential for their terminal differentiation. The first 
conclusive evidence, however, showing that Notch acts as a tumor suppressor came 
from studies in the mouse skin, in which the loss of both Notch1 alleles was shown 
to lead to the development of spontaneous basal cell carcinomas (BCC) in mice 
[63]. Additional LoF experiments unequivocally demonstrated a tumor-suppressive 
function of NOTCH signaling in the skin of both mice and humans [53, 75]. 
Although initial studies indicated that Notch1 functions as a tumor suppressor in a 
cell-autonomous manner, Kopan’s group has highlighted a non-cell-autonomous 
mechanism in mice [23], supporting the notion that the carcinogenic effect is not 
solely dependent on cell intrinsic mechanisms driven downstream of Notch1 
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deficiency. In accordance with these findings, a more recent paper from Hu et al. 
showed that mesenchymal loss of RBP-J in the dermis was sufficient to induce 
inflammation and actinic keratosis, followed by the development of squamous cell 
carcinoma (SCC) in the overlying epidermis in aged mice [43]. Thus, defective 
Notch signaling in dermal fibroblasts was sufficient to induce a pro-tumorigenic 
microenvironment, thereby initiating carcinogenesis in the adjacent epidermis, with 
possible contributions by inflammatory cells recruited to tumor sites. It was further 
proposed that this could be due to the role of Notch in inhibiting AP1-mediated 
transcription of fibroblast growth factors, cytokines, proteases, and extracellular 
matrix proteins in dermal fibroblasts. In summary, the nonautonomous role of Notch 
signaling during cutaneous carcinogenesis may be coupled to its function in regulat-
ing dermal inflammation and/or barrier function of the epidermal epithelium [23, 
43]. This has been shown to be a common paradigm in several epithelial malignan-
cies creating a protumorigenic microenvironment (reviewed in Balkwill et al. [6], 
Balkwill and Mantovani [7], Mantovani et al. [55], and Solinas et al. [100]).

3.6  Notch Functions as a Tumor Suppressor in SCC

NOTCH1 also functions as a tumor suppressor in human non-melanoma skin can-
cers. Multiple components of the Notch signaling pathway, including NOTCH1, 
NOTCH2, and JAGGED1, are expressed at lower levels in human BCC samples 
compared to normal skin samples [107]. Additional evidence strengthening the role 
of NOTCH in human skin cancers came from the results of clinical trials employing 
semagacestat, a γ-secretase inhibitor, as a treatment for Alzheimer’s disease. The 
trial revealed that treatment with this γ-secretase inhibitor was associated with an 
increased risk of developing skin cancer [31] (Fig. 3.2).

The tumor-suppressive role of Notch signaling is demonstrated most clearly in 
SCC. SCC, which causes >900,000 deaths worldwide per year, is an epidermal 
malignancy that occurs in tissues normally covered with stratified epithelium. SCC 
can arise in many different organs such as the head and neck, skin, esophagus, and 
lung [122]. SCCs, other than those in the skin, commonly metastasize, and survival 
rates have not improved in decades [20]. A better understanding of the underlying 
biology of SCC is only beginning to be elucidated but should be enhanced via the 
characterization of the molecular alterations inherent in these cells [1]. The tran-
scriptional downregulation of Notch [53], with concomitant p53 mutations or LoF 
[119], is a causative event in human epithelial malignancies. In addition to the 
transcriptional downregulation, Notch receptor genes were also found to acquire 
recurrent LoF mutations. Wang et  al. were the first to identify frequent somatic 
Notch LoF mutations in human cutaneous and lung SCCs. However, these aberra-
tions occurred at a greater frequency in cutaneous SCCs than in lung SCCs. The 
detected mutations were found to cluster mainly in the extracellular EGF-like 
repeat region of NOTCH1 and NOTCH2 [113]. Utilizing cell-based assays, it was 
confirmed that these mutations represent LoF mutations. They cause receptor-
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Fig. 3.2 Schematic representation of oncogenic or tumor-suppressive roles of NOTCH signaling 
associated with human cancers. The left side of the panel represents the major human tissues in 
which an oncogenic role for NOTCH has been described. (a) Weng et al. were the first to show that 
more than 50% of human pediatric T cell acute lymphoblastic leukemia (T-ALL) patient samples 
carry activating mutations in the NOTCH1 gene [116]. Several studies [24, 32, 76, 77, 103] 
revealed also activating mutations in the NOTCH1 gene in B cell chronic lymphocytic leukemia 
(B-CLL). NOTCH1 mutations clustering in the PEST domain were associated with overall poor 
survival in mantle cell lymphoma (MCL) [51]. In splenic marginal zone lymphomas (SMZLs), 
next-generation sequencing identified mutations in NOTCH2 to be more frequent than NOTCH1, 
and in both receptors, mutations clustered also mainly to the PEST domain [46, 69, 88]. (b) An 
additional oncogenic function of Notch signaling was identified in non-small cell lung carcinomas 
(NSCLCs) [57, 118]. (c) However, the first evidence that Notch signaling has an oncogenic func-
tion in solid tumors was found in breast cancer. Increased expression of NOTCH1 and JAGGED1 
correlates with poor overall survival in women with advanced breast cancer, as well as reduced 
disease-free survival [84, 85]. On the other hand, lately several potentially tumor-suppressive func-
tions of Notch signaling have been discovered in human malignancies. These are schematically 
highlighted on the right-side panel. (d) NOTCH1 mutations have been identified in low-grade 
human gliomas [10], and Giachino et al. underscored the tumor-suppressive role of Notch in a 
mouse model [37]. (e–g) Notch signaling has a tumor suppressor in the skin, and its tumor- 
suppressive role is demonstrated most clearly in squamous cell carcinoma (SCC), and highlighted 
here are cutaneous (CSCC) [52, 54, 73, 102, 113], head and neck (HNSCC) [2, 106], esophageal 
(ESCC) [3, 35, 101], as well as lung SCC [113]. Most of these studies find potentially inactivating 
mutations in the NOTCH1 and NOTCH2 receptors, which are located predominantly in the EGF 
repeats (see text for details). (g) George et al. found, analyzing 110 human small cell lung carcino-
mas (SCLCs), that all four NOTCH receptors were affected with potentially inactivating mutations 
also clustering preferentially in the extracellular domains [36]. (h) NOTCH acting as a tumor sup-
pressor in urothelial SCC (USCC), as has been shown by the groups of Real and Serrano [56] as 
well as by the Klinakis team [79], both using exome sequencing approaches followed by functional 
assays
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ligand interactions to be distorted or result in truncated receptors. Truncations 
inducing stop codons, such as Q610 in NOTCH1 or W330 in NOTCH2, result in 
the loss of EGF repeats 11–13 which are essential for ligand binding [121] and will 
most likely prevent signaling. Other mutations resulting in secreted or membrane-
tethered peptides, however, that enable Notch receptors to retain ligand-binding 
capacity, would create a dominant negative activity [83].

An elegant study published by the Blanpain group assessed the mutational land-
scape of SCCs in the frequently used DMBA-induced TPA skin SCC mouse model 
and its relevance to human SCCs [62]. In this model it was shown that LoF of 
Notch could efficiently substitute for TPA.  These findings therefore established 
that Notch deficiency acts as a tumor-promoting event [23]. The comprehensive 
analysis using whole genome sequencing revealed that the genetic abnormalities in 
premalignant and fully malignant tumors, as well as their metastases highly resem-
bled aberrations found in human SCCs. With respect to the Notch1 gene, which is 
mutated with a frequency of 30% in mouse skin SCC – of which most mutations 
cluster to regions encoding the EGF repeats – the human NOTCH1 counterpart was 
also found to be recurrently mutated in SCCs isolated from different human tis-
sues. Fifty to Seventy five percent of human cutaneous SCCs were found to carry 
NOTCH1 mutations, 14–19% in head and neck SCCs (HNSCCs); 8–16% in oral, 
esophageal, and lung SCCs; and at a low frequency (2%) in nasopharyngeal SCC. 
Notch2 was found to be mutated at a low frequency of 7% in murine cutaneous 
SCC, whereas 31–63% of human skin SCC carried NOTCH2 mutations. However, 
NOTCH2 was mutated at much lower frequencies in HNSCC (5–9%), 6% in oral 
SCC, 2–4% in esophageal, and only 1% in nasopharyngeal and was absent in lung 
SCC. The frequently recurrent mutations detected in this study strongly correlated 
with previously identified NOTCH aberrations. Taken together, these findings not 
only validate the tumor- suppressive function of Notch in the murine skin [63] but 
also highlight the robust genomics approaches that will be essential to employ in 
order to define the mechanisms by which identified recurrently mutated genes in 
human cancers promote tumor initiation and/or progression.

Substantiating the study by the Cho laboratory [113], several groups recently 
confirmed that mutations affecting NOTCH signaling are frequently found in cuta-
neous SCC [52, 54, 73, 102]. A report published by South and colleagues involving 
whole-exome sequencing of 20 sporadic cutaneous SCC revealed an overall mean 
somatic mutation rate of 50 per megabase pair. The majority were C>T transitions, 
consistent with genetic changes found in UVR-induced DNA damage. Their find-
ings confirm that mutations in NOTCH1 and NOTCH2 (frequency 82% combined) 
and TP53 (63%) dominate this genetic landscape, with smaller contributions from 
CDKN2A (28%) and RAS family mutations (11%). Finally, the study showed that 
NOTCH1 expression levels were reduced in samples with Notch mutations, which 
is consistent with a LoF phenotype. This reduced expression pattern was even 
apparent in adjacent normal-appearing skin [102]. The authors concluded that 
NOTCH1 acts as a gatekeeper in human cutaneous SCC. The sample set was derived 
from a heterogeneous patient population including immunosuppressed individuals 
and included poorly differentiated tumors. Thus, NOTCH signaling was confirmed 
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to be a major tumor-suppressive mechanism in this cancer, and its disruption is 
likely to be an early event occurring during the development of cutaneous SCC.

In addition, Pickering et al. [73] characterized somatic mutations in aggressive 
metastasizing cutaneous SCC and performed whole-exome sequencing on DNA 
from 39 patients. Six of the top mutated genes, detected in aggressive cutaneous 
SCC (TP53, CDKN2A, NOTCH1, NOTCH2, HRAS, and FAT1) in this study, were 
also reported by South and colleagues [102] in a cohort of 20 cutaneous SCCs (see 
above). Although two groups had previously reported high frequencies of both 
NOTCH1 and NOTCH2 mutations in cutaneous SCC [28, 102], Pickering et  al. 
were able to demonstrate for the first time that both genes are significantly mutated 
in metastasizing cutaneous SCC [73]. Since conditional Notch1 deficiency in the 
mouse skin predisposes animals to skin tumors [63], it is likely that Notch1 may 
play a similar role in cutaneous SCC. In contrast to Notch1, skin-specific deletion 
of Notch2 in mice does not predispose to tumor development or any other apparent 
phenotype [27], suggesting that Notch2-mediated signaling is not predominant in 
murine skin. Loss of Notch2 is compensated by other redundant Notch receptors in 
murine skin. However, the combined inactivation of Notch1 and Notch2 is known to 
lead to more severe defects in the differentiation of skin than loss of Notch1 alone 
[23, 25, 27]. Thus, NOTCH1 and NOTCH2 signaling may both function as a barrier 
against carcinogenesis in some systems (human), whereas Notch1 may be the pri-
mary barrier for other systems (mouse).

Recently, the Khavari laboratory added a study to the growing body of work on 
genome-level sequencing of cutaneous SCCs [52]. The authors confirmed find-
ings that the TP53 and NOTCH1 genes are each mutated in approximately half of 
cutaneous SCCs and that CDKN2A, NOTCH2, and HRAS are also commonly 
mutated genes albeit at slightly lower frequencies. In addition, it is interesting to 
note that recurrent LoF mutations in NOTCH1/2 leading to a loss of tumor sup-
pressor function occurred in the early stages of SCC carcinogenesis, in particular 
during actinic keratosis (precancerous stage of cutaneous SCC) and subsequently 
in invasive cutaneous SCC. Overall, these data sets attest to the tumor-suppressive 
functions of Notch signaling in normal human skin and that perturbation of the 
major signaling pathways in this tissue can lead to rapid expansion of preexisting 
tumor-initiating clonal populations, highlighting NOTCH1 as a gatekeeper in 
squamous carcinogenesis of the skin.

NOTCH has also been recently attributed a tumor suppressor function in 
HNSCC. Agrawal et  al., and Stransky et  al. published two landmark studies on 
human HNSCC revealing inactivating mutations in NOTCH1 and provided novel 
insights into the genetic basis underlying HNSCC [2, 106]. Both groups performed 
next-generation sequencing of the exons of all known human genes on tumor- 
derived DNA isolated from two distinct patient cohorts. The two groups analyzed 
a total of 32 [2] and 74 [106] tumor samples including tumors being either positive 
or negative for the human papillomavirus. Both groups independently identified 
NOTCH1 mutations among other genetic aberrations previously identified as key 
players (TP53, CDK2A, PIK3CA, PTEN, HRAS) in HNSCC. In accordance with 
the findings from Nassar et al. [62], both studies reported inactivating mutations in 
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NOTCH1 in 10–15% of head and neck tumors, and it was the second most fre-
quently mutated gene after TP53 (mutated in 50–80% of tumors). In several tumors, 
both alleles harbored inactivating NOTCH1 mutations. This finding in correlation 
with the observation that mice with a disrupted Notch1 gene in the skin show a 
malignant phenotype [63, 75] provides strong evidence that NOTCH1 has an 
important tumor suppressor function in HNSCC. Stransky et al. [106] also found 
mutations in other cell differentiation-related genes, such as NOTCH2, NOTCH3, 
and TP63, suggesting that deregulation of the terminal differentiation program of 
mucosal keratinocytes is critical for SCC development. Oral SCC is the most com-
mon subtype of HNSCC, and thus it is not surprising that mutations in TP53, FAT1, 
HRAS, CASP8, and NOTCH1 are shared with other HNSCCs [19]. In oral SCC 
inactivating mutations of NOTCH1 are also found in about 10–15% of the tumor 
samples analyzed (Caucasian patients) thus reflecting an equal mutational fre-
quency found in all HNSCCs.

Whole-exome sequencing studies performed on patient cohorts from different 
ethnic backgrounds (Chinese and Caucasian) using esophageal SCC samples found 
NOTCH1, NOTCH2, or NOTCH3 mutations to occur at a similar frequency in 
Chinese individuals (16–22%) [35, 101] as reported in US cases (28%) [3]. Thus, 
different ethnic populations reveal similar mutational frequencies in NOTCH recep-
tor family genes in esophageal SCC.

In summary, all these observations would indicate that loss of Notch signaling 
activity is possibly a crucial event for the growth of tumor cells with epithelial squa-
mous differentiation characteristics. Although high-throughput sequencing 
approaches can reveal many mutations in a large number of genes, this does not 
necessarily imply that all identified genes carry “driver mutations” causally related 
to the malignant transformation process. It is noteworthy though to mention here a 
study published by Martincorena et al. [58] that has led to a paradigm shift in the 
understanding of cutaneous SCC. Ultra-deep genome sequencing of normal eyelid 
skin was used to identify clones of cells carrying genes with attributed tumor sup-
pressor activity. Martincorena et al. assessed 74 cancer genes in 234 biopsies iso-
lated from the normal eyelid skin of 4 individuals. They confirmed a remarkably 
high frequency of somatic mutations in key genes, including TP53, NOTCH1–3, 
FGFR3, FAT1, and RBM10, and demonstrated tolerance to cancer-causing muta-
tions in normal skin. Mutations in NOTCH1 were especially frequent and found in 
up to 25% of normal keratinocytes and often occurred in conjunction with loss of 
heterozygosity, resulting in biallelic NOTCH1 inactivation. In 1 cm2 of normal skin, 
the authors identified six clones each containing up to six driver mutations within a 
given cell. These findings could raise many questions about the mechanisms/gate-
keepers that block progression to actinic keratosis and to invasive cutaneous SCC. It 
is widely assumed that driver mutations occur infrequently in long-lived lineages of 
rare subclones of cells [64] and that most arise in cancerous tissue that is too small 
to be clinically detectable. Therefore, the report by Martincorena et al. [58] over-
rode these assumptions and revealed that sun-exposed normal skin is already com-
posed of a polyclonal mixture of driver mutations including NOTCH. Tumors have 
to be viewed as genetically unstable and acquiring many mutations including “pas-
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senger mutations” [99, 120] that occur during the progression, rather than in the 
initiation of the disease. Therefore scrutinizing functional studies in animal models 
are required to elucidate the exact role of the NOTCH receptors and other genes 
mutated in SCC.  In conclusion, all of the abovementioned studies confirm the 
assumption by Nassar et al. [62] that extensive genomics studies in mice can pro-
vide a valuable resource to define genetic heterogeneity found in human cancers. 
However, it will be inevitable to define mechanisms by which certain genes such as 
NOTCH1 and NOTCH2 promote tumor initiation and progression. These mecha-
nisms may be investigated in light of the Notch signaling cascade being highly 
context- and tissue-specific.

3.6.1  Dual Function of Notch in Lung Cancer

There are two major types of lung cancers: non-small cell lung cancers (NSCLCs) 
and small cell lung cancer (SCLC). NSCLCs account for about 85% of lung cancers, 
are strongly correlated with tobacco smoke, and can be further subdivided into the 
following three subtypes: (i) lung adenocarcinoma accounts for approximately 50% 
of all NSCLCs and is the most common form of lung cancer in the United States and 
arises predominantly in distal airways, (ii) SCC makes up 40% of NSCLCs and 
develops within the lining of the bronchial tubes (proximal airways), and (iii) large 
cell carcinomas referred to NSCLCs that are neither adenocarcinomas nor SCC [1, 
22]. SCLC is an extremely aggressive malignancy and accounts for the remaining 
15% of lung cancers in the United States. SCLC (i) occurs due to smoking at a 
higher frequency, (ii) grows more rapidly, and (iii) metastasizes earlier than 
NSCLC. However, it is also more responsive to chemotherapy. The role of the Notch 
signaling cascade in lung cancer is pleiotropic in terms of tumor-suppressive or 
oncogenic properties. Lung adenocarcinoma is the most frequent occurring NSCLC 
subtype, and Notch signaling has been accredited with tumor-promoting effects in 
this malignancy although Notch-related alterations are rare (reviewed in 
Ntziachristos et al. [65]). The second major type of NSCLC is SCC, and the tumor- 
suppressive role of Notch in this malignancy has been outlined above. SCLC is a 
neuroendocrine subtype of lung cancer, and although it only accounts for a smaller 
fraction of all lung cancers (approximately 15%), it is the most malignant type of 
cancer. Although earlier studies have failed to identify recurrent mutations in genes 
of the Notch signaling cascade [72, 89], a report published by George and col-
leagues recently identified recurrent somatic mutations in NOTCH1, NOTCH2, 
NOTCH3, and NOTCH4 in tumor specimens of patients diagnosed with stage I–IV 
SCLC [36]. Although, previous studies already implicated a tumor-suppressive role 
for Notch activity in SCLC. There, it was shown that hyperactivation of Notch sig-
naling blocks cell cycle progression of SCLC cell lines [104, 105]. It was however 
not until the comprehensive genomic sequencing of 110 human SCLC and addi-
tional murine samples conducted by George et  al. that Notch mutations were 
unequivocally identified. Mutations affected Notch receptor family genes in both 

3 Dual Function of Notch Signaling in Cancer: Oncogene and Tumor Suppressor



72

human (NOTCH1–4) and mouse (NOTCH3 only) SCLC, with NOTCH1 mutations 
occurring at a frequency of 20% in human patient tissue [36]. The mutations how-
ever did not cluster significantly in any specific domain, but a higher frequency of 
missense and nonsense mutations occurred in the extracellular domain. Overall, 
NOTCH family genes were genetically altered in 25% of human SCLC with 
NOTCH1 itself being most frequently affected. A functional role of Notch signaling 
in lung cancer was elegantly shown in a mouse model [61, 92] of lung cancer. Notch 
signaling may inhibit the expansion and/or differentiation of neuroendocrine cells 
and thereby counteracts the expansion of SCLC tumors [104, 111]. Constitutive 
overexpression of either Notch1 or Notch2 in a lung cancer mouse model [61, 92] 
led to a significant reduction in lung tumors, overall increased survival rate and 
seemed to block malignant progression in early tumor initiation phase. In addition, 
ectopic expression of N1ICD in murine and human SCLC cell lines was shown to 
lead to growth arrest. These studies provide the first functional analysis to identify 
and validate the role of Notch as a tumor suppressor in SCLC. Its function could be 
postulated as a key regulator of neuroendocrine differentiation.

3.7  Novel Tumor-Suppressive Roles for Notch Signaling 
Activity in Urothelial Cancers and Glioblastoma

As discussed above Notch signaling has a dual function acting either as an onco-
gene or a tumor suppressor in a highly context- and tissue-specific manner. The 
role of Notch signaling in other solid tumors, other than epithelial-derived, is 
less clear, and we would like to highlight only two other examples in which an 
undiscovered tumor-suppressive role was attributed to NOTCH  – in bladder 
cancer and in glioblastoma.

Notch acts as a tumor suppressor in bladder cancer. Until recently, the role of 
Notch signaling in urothelial cancer (UC) remained unclear. However, lately studies 
were published, although with different emphasis and some divergence on the 
molecular and mechanistic details, and together revealed that the Notch signaling 
cascade is frequently inactivated in bladder cancer and exerts a tumor-suppressive 
role in this tissue [5, 56, 79].

The groups of Real and Serrano [56, 79], as well as the Klinakis team [79], 
employed exome sequencing approaches to identify somatic LoF mutations in 
NOTCH pathway components; in particular, NOTCH1 and NOTCH2 genes were 
found to be frequently mutated. Rampias et al. [79] showed that tumors harboring 
NOTCH-inactivating mutations, either exclusively or in combination with FGFR3 
or RAS mutations, exhibited increased phosphorylation of ERK1/2, suggesting that 
NOTCH negatively regulates ERK1/2 activation. Consistent with this idea, activa-
tion of NOTCH signaling inhibited the proliferation of human bladder transitional 
carcinoma cell lines and led to reduced ERK1/2 phosphorylation via transcriptional 
induction of several DUSP, responsible for the dephosphorylation of ERK1/2. 
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Rampias et al. demonstrated that the expression of several members of the DUSP 
family is induced by active Notch signaling in UC cell lines [79]. Inactivation of 
Notch signaling results in diminished DUSP activity, thus leading to high levels of 
phospho-MAPK.  Genetic inactivation of Notch signaling in mice promoted the 
development of high-grade invasive UCs characterized by high ERK1/2 phosphory-
lation and expression of basal cell markers, similar to the aggressive basal subtype 
of bladder cancer observed in humans. In contrast, the overexpression of activated 
NOTCH1 in UC cells reversed the cancer phenotype. Similarly, urothelium-specific 
loss of Notch signaling also resulted in the formation of bladder tumors exhibiting 
basal characteristics. These findings implicate loss of NOTCH signaling as a driver 
event in UC in mice and men. Although Maraver et al. [56] also concluded that the 
loss of tumor-suppressive activity of Notch via genetic inactivation occurs predomi-
nantly in UC with squamous features, they highlighted another consequence of LoF 
Notch function in UC. In a genetic LoF approach (using either tissue-specific con-
ditional RBP-JKO or PsenKO animals), loss of Notch signaling accelerated UC 
tumorigenesis and promoted the formation of SCC with mesenchymal features. 
Notch signaling promoted the expression of the transcription factor Hes1, which 
prevents epithelial-mesenchymal transition (EMT). Moreover, evaluation of human 
bladder cancers revealed that tumors with low levels of HES1 exhibited greater 
EMT and invasive potential. In this context, it is interesting to note that HES1, being 
a transcriptional target of NOTCH, is responsible for the derepression of the EMT 
program in UC cells [56]. Taken together, their results also indicate that NOTCH 
serves as a tumor suppressor in the bladder. Therefore, inactivation of this pathway 
is likely to promote EMT in squamous bladder cancer cells.

A final exemplary discussion will be on the novel discovery for a role of Notch 
signaling acting as a tumor suppressor in forebrain tumor subtypes [37]. Gliomas 
are the most common malignancy in adult brain and have a very poor prognosis. 
Although Notch signaling, which is integral for neuronal stem cell (NSC) mainte-
nance, has been suggested to play an oncogenic role in some brain tumors [14, 17], 
the role however of this pathway in glioma remains unclear. Giachino and col-
leagues [37] investigated the role of Notch signaling using mouse models of glioma. 
The tumor model was driven by platelet-derived growth factor (PDGF) expression 
and loss of Trp53 (PDGF+/Trp53−/−) combined with a Hes5CreERT mouse crossed to 
a Cre-inducible reporter line as a readout of activated Notch signaling. In early- 
stage PDGF+/Trp53−/− gliomas, Hes5 was expressed in only a subpopulation of 
glioma cells. Targeted expression of PDGF and deletion of Trp53 in Hes5+ Notch 
signaling cells resulted in glioma initiation. Surprisingly, loss of RBP-Jκ acceler-
ated the growth of PDGF+/Trp53−/− gliomas, which were mostly composed of 
HES5− proliferating cells. Late-stage PDGF+/Trp53−/−/Rbp-jκ−/− gliomas exhibited 
features of poorly differentiated supratentorial primitive neuroectodermal tumors 
(sPNETs) and harbored proneural/mesenchymal glioblastoma gene signatures. In 
addition, co-deletion of Rbp-j and Trp53 in quiescent NSCs induced the develop-
ment of premalignant NSCs and highly penetrant sPNET-like tumors. In patients 
with proneural glioblastoma, HES5 expression was inversely correlated with sur-
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vival, and the expression of HES5, RBP-j, and the Notch-induced transcription fac-
tors, HEY1 and HEY2, was associated with improved prognosis in grade II and III 
astrocytomas. In summary, these results strongly suggest that Notch signaling has a 
tumor suppressor function in grade II–III astrocytomas, proneural glioblastomas, 
and sPNETs.

It is noteworthy that NOTCH1 mutations, most likely inactivating, have been 
identified in low-grade human gliomas by exome sequencing [10]. Thus, the data 
provided by Giachino et al. [37] highlight the tumor-suppressive role of Notch in a 
cell-autonomous fashion in a genetic animal model and point to the feasibility of 
using Notch targets as biomarkers for patient prognosis and as potential treatment 
options.

3.8  Conclusions

Research of the last decade has emphasized the dual function of Notch in cancer. It 
can function as oncogene as well as tumor suppressor. The oncogenic function of 
Notch signaling is best understood in T-ALL, in which it is the most frequently 
mutated oncogene and where the availability of suitable mouse models has enabled 
us to gain deep insight in the molecular mechanisms underlying this disease. Next- 
generation sequencing has uncovered gain-of-function mutations of Notch genes in 
other malignancies including CLL, SMZL, Mantle cell lymphoma, and non-small 
cell lung cancer. Notch mutations in these malignancies often correlate with poor 
prognosis and occur more frequently in cases of acquired resistance to chemother-
apy. This correlation infers that increased Notch signaling is involved in tumor pro-
gression or in escape to therapy. In many cases, whether these gain-of-function 
mutations are indeed causative and how they mechanistically contribute to tumor 
progression and/or to therapeutic resistance remains unknown and requires further 
investigation. Conversely, loss-of-function mutations have frequently been observed 
in cutaneous SSC, followed by head and neck SSCs, lung cancer, bladder cancer, 
and others indicating that Notch signaling has a tumor-suppressive function in these 
tissues. In agreement with this, Alzheimer patients that were treated in a phase III 
trial for a prolonged period of time with γ-secretase inhibitor in order to inhibit 
cleavage of the amyloid precursor protein and thereby the generation of the patho-
genic peptides exhibited an increased incidence of skin cancer. Thus the dual func-
tion of Notch in cancer complicates the attempts to treat patients with blocking 
antibodies or drugs that suppress Notch signaling. It will be important to carefully 
select the patients as well as the indications in which blocking Notch therapeutics 
will be used. However, with increasing knowledge about mechanisms and the tis-
sues in which Notch functions as an oncogene or as a tumor suppressor, combined 
with appropriate biomarkers, it should be possible to safely select the appropriate 
patients that would benefit from therapeutic Notch inhibition.
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Chapter 4
Out on the Fringe: Modulation of Notch 
Signaling by Glycosylation

Keli Xu and Sean E. Egan

Abstract Differential glycosylation of Notch, often as part of a feedback loop, 
represents a powerful mechanism by which signaling is regulated. Together with Dll 
(Delta) and Jagged (Serrate) ligands, Fringe, Rumi, and other sugar transferase 
proteins form a remarkably versatile system to coordinate Notch-dependent tissue 
patterning. When Fringe is induced in the same cell as Dll, it enhances signal recep-
tion through Notch, downregulates Dll through cis-inhibition, and helps to make 
neighboring cells distinct. When induced in a Jagged-expressing cell, it helps to 
create a hybrid signal sender/receiver identity with low levels of Notch signal recep-
tion, accompanied by (Jagged) signal sending activity without cis-inhibition. In this 
situation, Fringe can help drive neighbors to the same state. Fringe can even work 
together with Dll3 to inhibit Notch signaling in neighboring cells. A detailed mech-
anism by which Fringes control development of several tissues has begun to emerge. 
With time, studies on Notch glycosylation should help define how this system is used 
to control development in most tissues and how it can be exploited for therapeutic 
benefit in the fight against cancer and cardiovascular disease.
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4.1  Introduction

In development, tissue boundaries often form “organizers” or signaling centers that 
help to pattern new structures, including limbs, organs, and elements of the nervous 
system. This is the case with a boundary formed between dorsal (D) and ventral (V) 
cells of the developing fly wing. In 1994, Irvine and Wieschaus described isolation 
and characterization of a Drosophila mutant with altered D/V boundary formation 
and loss of distal wing tisssue [1]. The mutant in question was in a gene coding for 
a novel secretory pathway protein, dubbed Fringe. Fringe is normally expressed in 
dorsal but not ventral cells of the developing wing imaginal disc. This gene had the 
remarkable property whereby a boundary between cells expressing it and those that 
didn’t, formed a new wing margin, just like the boundary that formed between dor-
sal and ventral cells in the wild-type imaginal disc. Indeed, ectopic wing margins 
formed at the boundary between Fringe mutant clones (Fringe−) in the dorsal com-
partment and surrounding (Fringe-expressing) dorsal cells. Similarly, an ectopic 
margin formed at the boundary between ventral cells programed to express ectopic 
Fringe (Fringe+) and neighboring ventral cells that do not express. Fringe also 
helped to prevent the mixing of dorsal and ventral cells at the boundary [2]. Next, 
Irvine and colleagues tested for Fringe-mediated regulation of other developmental 
events. Indeed, they found a critical role for a Fringe expression boundary in speci-
fying the D/V midline of the eye, which forms an equatorial organizer. Altered 
Fringe function or expression in this context resulted in small eyes as well as altered 
chirality of ommatidial units [3]. In the developing fly leg, Fringe is expressed in 
alternate segments, where an expression boundary is required for specification of 
joints [4]. During oogenesis, Fringe is expressed and dynamically regulated in 
somatic follicle cells, where it’s required for specification of the polar cell fate [5]. 
Once again, as polar cells show organizer activity, a Drosophila Fringe expression 
boundary helps to control development of a major structure by coordinating forma-
tion of an organizer at a tissue boundary [6].

With description of such an unusual boundary-sensing protein, many labs began 
searching for vertebrate homologues. Indeed, in very short order, similar proteins were 
identified in frogs [7], chickens [8, 9], and mammals [10, 11]. Vertebrate Lunatic 
Fringe (Lfng), Manic Fringe (Mfng), and Radical Fringe (Rfng) showed remarkable 
expression patterns, suggestive of a conserved role in development at many tissue 
boundaries [10–12]. For example, Lfng was expressed in a striped pattern within devel-
oping somites and plays an important role in this context (see below). Rfng was 
expressed in the apical ectodermal ridge (AER), which promotes limb bud outgrowth. 
Functional studies in chicken suggested a role for Rfng in limb patterning, echoing to 
some extent the function identified in fruit fly wing development [8, 9] (a role for Rfng 
in AER-dependent limb outgrowth has not been seen in mice [13–15]).

Notch proteins are receptors, activated at the cell surface by Serrate and Delta 
family ligands. Interestingly, Notch activation at the D/V boundary of the wing 
imaginal disc is required for margin specification. Indeed, loss-of-function  mutations 
in Notch or Serrate cause loss of wing tissue at the distal edge. It is this wing 
phenotype that led to the name, Notch. Similarly, Serrate mutants have a serrated 
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wing margin. As the Notch ligand/receptor system controls Drosophila wing margin 
specification and Fringe expression boundaries can induce ectopic margins, it 
seemed likely that these two systems interacted in some way. In this regard, 
Drosophila Fringe was found to block activation of Notch by Serrate in the dorsal 
compartment of the wing disc (but not in the single row of ventral cells at the D/V 
boundary [16, 17]). Also, Fringe promotes Delta-mediated Notch activation in the 
single row of dorsal cells at the D/V boundary and enhances Serrate expression in 
dorsal boundary cells [18]. Thus, the Fringe expression boundary limits Notch acti-
vation to a single row of ventral cells and a single row of dorsal cells, each on oppos-
ing sides of the D/V compartment boundary [17, 19] (Fig. 4.1).

4.2  Controlling Notch Activation Through Glycosylation

In 1997, Yuan et al. discovered a striking similarity between the sequence of Fringe 
proteins and glycosyltransferases [20]. This was a major breakthrough. Soon 
after, Haltiwanger and colleagues reported that Notch is glycosylated on spe-
cific serine and threonine residues within EGF-like repeats of the extracellular 
domain [21]. Some sugar chains were O-linked fucose tetrasaccharides (sialic 

Fig. 4.1 Fringe-modulated Notch signaling in the developing Drosophila wing. A wing imaginal 
disc, which gives rise to the adult wing, is divided into dorsal and ventral compartments. Fringe 
and Serrate are expressed in dorsal cells, while Delta is expressed in ventral cells. Fringe potenti-
ates Delta signaling to dorsal cells, but inhibits Serrate-mediated signaling. As a result, Notch 
activation occurs along the interface between both compartments (shown in red)

4 Out on the Fringe: Modulation of Notch Signaling by Glycosylation
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acid-α2,6- galactose- β1,4-N-acetylglucosamine-β1,3-fucose-α1-O- (or Sia-α2,6-
Gal-β1,4- GlcNAc- β1,3-Fuc-α1-O-)), linked to serine or threonine residues (S/T) 
preceding the third of six conserved cysteines (C2X(4)S/TC3) [21–23] within EGF-
like repeats. Others were O-linked glucose trisaccharides linked to serine residues 
between the first and second cysteine (C1XSX(A/P)C2) of many EGF-like repeats 
[21, 23, 24]. In this case, the specific modification was Xylose-α1,3-Xylose-α1,3-
Glucose-β1-O-Serine (Xyl-α1,3-Xyl-α1,3-Glc-β1-O-Ser) [21] (see below). 
Remarkably, Fringe was the β1,3-N-acetylglucosaminyltransferase responsible for 
addition of the second sugar [25, 26] within O-linked fucose moieties. Thus, in cells 
that don’t express Fringe, Notch appears on the surface with O-linked fucose at 
C2X(4)S/TC3 sites. Alternatively, in cells expressing Fringe, Notch has a mixture of 
disaccharide (GlcNAc-β1,3-Fuc-α1-O-Ser/Thr), trisaccharide (Gal-β1,4-GlcNAc-
β1,3-Fuc-α1- O-Ser/Thr), and tetrasaccharide (Sia-α2,6-Gal-β1,4-GlcNAc-β1,3-
Fuc-α1-O-Ser/Thr) modifications at these sites, depending on the expression of 
each glycosyltransferase [21, 25, 27] (Note: in flies, the disaccharide is either not 
extended or extended though addition of β1–4-linked glucuronic acid [27–29]). 
Fringe-mediated addition of GlcNAc is the critical determinant of reduced Serrate 
binding to Notch together with enhanced binding of Delta [27]. These findings help 
explain how Fringe can block activation of Notch by Serrate while enhancing acti-
vation by Delta [17]. Genetic and biochemical analysis established a critical role for 
Golgi localization and glycosyltransferase activity of Fringe [25, 26, 30–33]. 
Vertebrate Lfng, Mfng, and Rfng are also fucose-specific and Notch-directed β1,3-
N- acetylglucosaminyltransferases, with Lunatic being the most potent enzyme of 
the three [25, 31]. Like its Drosophila counterpart, Lfng-mediated modification of 
Notch1 prevents its activation by Jag1 (mammalian Serrate homologue), while 
enhancing activation by Dll1 (mammalian Delta homologue) [34, 35].

4.3  Preparing Notch for Fringe: The Role of Fucosylation

In 2001, a gene coding for the enzyme responsible for O-fucosylation of Notch on 
EGF-like repeats was identified in multiple species including human, mouse, 
Drosophila, and C. elegans (Note: Pofut1 and Ofut1 are the names for this protein 
in vertebrates and flies, respectively. Pofut1 and Ofut1 are the gene names) [36]. 
Knockdown of Ofut1 impaired Fringe-dependent and Fringe-independent Notch 
activation in flies [37]. This gene was also identified as Neurotic, which is required 
for Delta/Notch signaling [38]. Shi and Stanley reported on altered somitogenesis, 
as well as cardiac, blood vessel, and neuronal development in Pofut1 mutant mice, 
phenotypes almost indistinguishable from those seen in mice with dramatic impair-
ment of Notch signaling (as in Rbpjk−/− mutants) [39, 40]. Interestingly, deletion of 
Pofut1 within the hematopoietic compartment, or replacement of Notch1 with a 
mutant that cannot be fucosylated on EGF-like repeat 12 (T466A), impaired 
Notch1-dependent T-cell development (see below) [41, 42].

A number of studies have begun to address exactly how Pofut1/Ofut1 functions 
to regulate Notch. Surprisingly, this protein may control Notch through slightly dif-
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ferent mechanisms in flies and vertebrates. This could be related to the difference in 
temperature at which each develops, and potentially to differences in the complex 
process of Notch extracellular domain folding and trafficking in each case. 
Alternatively, apparent differences may be a reflection of context-specific functions 
for Pofut1/Ofut1 and Notch fucosylation, as well as to the very challenging nature 
of the question being addressed: how to define biological function of a protein in the 
presence or absence of a modification, in this case Notch fucosylation? Indeed, 
fucosylation of Notch occurs on the majority of EGF-like repeats within the extra-
cellular domain, and each of these may have different or even opposite functions. 
Therefore, ultimately, the function of fucosylation will have to be defined for each 
residue subject to this modification [43]. As a first step, however, loss-of-function 
mutations in the glycosyltransferase can be used to test for phenotypes caused by 
loss of the modification on all sites (including those on other EGF-like repeat con-
taining proteins [44]). As noted above, this results in loss of Notch signaling in both 
flies and mice. Strikingly, a fucosyltransferase-defective mutant (Ofut1R254A) could 
rescue aspects of this phenotype, an effect attributed to the ability of Ofut1 to chap-
erone Notch from the endoplasmic reticulum to the cell surface [45, 46]. Specifically, 
Ofut1R254A rescued the requirement for Ofut1 during neurogenesis and resulted in 
phenotypes associated with loss of Fringe. Thus, while Ofut1 protein may function 
to enhance trafficking of Notch to the cell surface and also to facilitate regulation by 
Fringe, fucose addition per se is not absolutely required for activation of Notch by 
either ligand [46]. Based solely on this data, one might consider three scenarios in 
the fly: (i) Notch expressed in the absence of Ofut1 shows reduced transport or sta-
bility on the cell surface but can be activated by either Delta or Serrate once there; 
(ii) Notch co-expressed with Ofut1 should be efficiently trafficked to the cell sur-
face, but once there, it functions as a Serrate (as opposed to Delta) receptor; and (iii) 
Notch co-expressed with Ofut1 and Fringe, in which case it will be efficiently traf-
ficked to the cell surface and activated by Delta, but not Serrate.

Interestingly, mouse Pofut1 is also required for Notch1 trafficking to the cell 
surface, or perhaps for its stabilization at the membrane of cells within developing 
presomitic mesoderm [47, 48]. Surprisingly, however, Pofut1 is not required for cell 
surface expression of Notch in mouse embryonic stem cells (mES). Also, while 
ligand binding and Notch signaling is defective in mutant ES cells, both properties 
can be rescued, at least partially, by Pofut1R254A [49]. These findings highlight the 
importance of Pofut1 chaperone activity, not necessarily for transport to the surface, 
but for accumulation of a ligand-activatable form of Notch. To complicate things, 
ectopic expression of an unrelated enzymatically inactive ER-resident glucosidase 
(α-Gcs1S440F) was also found to rescue ligand binding and Notch signaling. 
Therefore, induction of the unfolded protein response is likely responsible for res-
cue, through increased nonspecific chaperone activity within the secretory pathway 
[49]. Stahl et al. have also looked at ligand binding and Notch signaling in Lec13 
Chinese hamster ovary (CHO) cells, which are wild type for Pofut1, but have a 
mutation in the gene coding for GDP-mannose-4,6-dehydratase (Gmd). As a result, 
Lec13 have extremely low levels of GDP-fucose (~3% of the levels seen in parental 
CHO cells). This deficiency can be corrected simply by growing cells in the pres-
ence of fucose [50–53]. Lec13 cells therefore express wild-type levels of ER-resident 
Pofut1 but insufficient GDP-fucose to modify Notch as it is synthesized. As with 
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Pofut1−/− mES cells, Notch synthesized in Lec13 cells is expressed on the surface 
but shows reduced ligand binding and a dramatic loss of ligand-dependent signal-
ing. Importantly, ligand-independent signaling was not effected. In this case, ligand 
binding and signaling were both rescued through addition of fucose to the media, 
which restores fucosylation [52]. In sum, fucosylation of Notch and chaperone 
activity of Pofut1/Ofut1 both play an important role for this enzyme in Fringe- 
dependent and Fringe-independent Notch-mediated development.

4.4  The Specificity of Ligand-Receptor Interaction 
and the Role of Specific EGF-Like Repeats

Most EGF-like repeats in Notch, whether Drosophila Notch or human Notch (1 
through 4), have an O-fucose addition consensus sequence (C2X(4)S/TC3), and 
these are efficiently modified [22]. Also, many of the fucose addition sites are con-
served: EGF-like repeats 2, 3, 5, 6, 8, 9, 12, 16, 17, 18, 20, 21, 23, 24, 26, 27, 30, 
31, 32, 35, and 36 [22]. Notable among these are EGF-like repeat 12 (which is 
within a critical ligand-binding domain) and EGF-like repeats 24, 26, and 27 (which 
are within the Abruptex region, which is subject to mutations that impair cell- 
autonomous, or cis-, inhibition by ligands) [54–56]. EGF-like repeat 12 of Notch 
represents a particularly critical surface for binding both Delta and Serrate family 
ligands [57]. Luca et al. recently reported on structural analysis of a Notch1 ligand- 
binding fragment (EGF [11–13]) in contact with an affinity-evolved mutant frag-
ment from Dll4 (Dll4SLP(N-EGF2)). Their data showed binding between EGF-like 
repeat 11 in Notch1 and the DSL (Delta/Serrate/Lag-2) domain of Dll4, as well as 
between EGF-like repeat 12  in Notch1 and the Dll4 MNNL (module at the 
N-terminus of Notch ligands) domain [58]. Remarkably, addition of O-linked fucose 
to threonine 466 within EGF-like repeat 12 increased the affinity of interaction with 
Dll4 by acting as a surrogate amino acid, hydrogen bonding to tyrosine 65 within 
MNNL [58]. Indeed, fucosylation of T466 also increased the affinity of Notch1 
EGF [11–13] for Dll1 and Jagged1, and this effect was even stronger than for Dll4 
[59]. This makes sense, as Dll4 shows a higher affinity for Notch1 to start with [60]. 
Finally, Fringe-mediated addition of GlcNAc to T466-O-fucose further increased 
affinity of EGF [11–13] for Delta and Serrate family ligands [59]. These data pro-
vide a detailed molecular description for how Fringe can enhance ligand-receptor 
interaction. Despite this, many questions remain. For example, the mechanism by 
which Fringe impairs Serrate family ligand binding to Notch has yet to be deter-
mined, although other EGF-like repeats seem likely to be involved [43, 59]. The 
importance of further elongation at GlcNAc-β1,3-Fuc-α1-O-Ser/Thr disaccharide 
moieties has been described but not fully explored [61, 62]. Also, while in vitro and 
in vivo (see below) studies show that specific Notch receptors can respond differ-
ently to the same Fringe [34], and different Fringe proteins seem to effect individual 
ligands and receptors in unique ways [35, 63–65], the details underlying such com-
plexity have yet to be defined.
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4.5  Pofut1, Fringe, and Direct Modification of Ligand EGF- 
Like Repeats

Just like Notch, its Delta and Serrate family ligands are transmembrane proteins 
with multiple EGF-like repeats, and many of these have potential O-fucose acceptor 
sites. Indeed, Drosophila and vertebrate ligands are substrates for Ofut1 and for 
elongation of fucosylated residues by Fringe [23]. Despite this, Ofut1 mutant clones 
can induce activation of Notch signaling in adjacent wild-type cells, and therefore 
Notch ligands maintain signaling function, even in the absence of fucosylation [37]. 
The importance of Dll1 fucosylation, with subsequent Fringe-mediated extension of 
fucose moieties through addition of GlcNAc, has been studied in vitro and in vivo. 
In both cases, Dll1 was found to reach the cell surface in the absence of Pofut1- 
mediated fucosylation [66]. In contrast, a role for fucosylation and GlcNAc addition 
does seem to be important for Dll3, an unusual Delta family protein in mammals 
that functions as a cell-autonomous mediator of Notch cis-inhibition (see below) 
[67–70].

4.6  Vertebrate Fringe Proteins in Paraxial Mesoderm 
Segmentation

In 1998, the Gridley and Johnson labs described phenotypic consequences of Lfng 
deletion in the mouse [71, 72]. These mutants were viable but small, with very short 
tails, as well as vertebral and rib patterning defects. All major abnormalities were 
traced to impaired anterior-posterior patterning of somites, transient epithelial 
structures that form from paraxial mesoderm during embryogenesis, which go on to 
generate vertebrae, ribs, and skeletal muscle. This phenotype was related to but 
milder than mutants for Dll1, Notch1, Rbpjk, Psn1, and Mesp2 [73–80]. Interestingly, 
Lfng mutant mice were almost indistinguishable from Dll3 mutants [81]. Also, con-
genital spondylocostal dysostosis, a vertebral disorder in humans with similarity to 
the phenotype seen in Dll3 or Lfng mutant mice, is associated with loss-of-function 
mutations in DLL3 or LFNG, as well as in other Notch pathway genes like HES7, 
MESP2, and RIPPLY2 [82–90]. The similarity between Lfng and Dll3 mutant phe-
notypes in mice and humans raised the possibility that Lfng and Dll3 function 
together during somitogenesis [70].

In Drosophila and related invertebrates, segmentation of the embryo takes place 
synchronously, along the entire anterior-posterior axis. In contrast, vertebrate seg-
mentation occurs through sequential addition of body segments as the embryo 
grows at the caudal or posterior end [91]. Many events required to initiate, propa-
gate, and precisely coordinate this process have been uncovered through studies in 
model systems, including mouse, chicken, zebrafish, and Xenopus. The number of 
somites, and the time taken to add a somite, can vary from one vertebrate species to 
another. Despite this, a related clock-and-wavefront model has been proposed to 
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explain segmentation in each case [91–93]. While a detailed discussion of sequen-
tial somite addition is beyond the scope of this review, in simple terms, it involves 
coordination and crosstalk between FGF, Wnt, retinoic acid, and Notch signaling 
pathways [91, 93–98]. At the core of this system is a segmentation clock, by which 
each somite is generated with passage of a species-specific time window. This win-
dow can vary greatly. For example, in zebrafish, somite addition takes ~30 min, 
whereas in humans the somite addition cycle is 6 h long. The mouse clock takes 
approximately 90  min to traverse one cycle and therefore to add one somite on 
either side of the neural tube. Fundamentally, the clock and wavefront are both 
dependent on induction of delayed negative feedback loops for the above signaling 
pathways [99, 100]. For example, FGF signaling from caudal mesoderm induces 
expression of Dusp phosphatases and Sprouty, both of which suppress FGFR/Mapk 
signaling [101]. FGFR also activates expression of CYP26, which helps to degrade 
retinoic acid. This limits antagonism of FGF and Wnt signaling pathways by somite 
and anterior presomitic mesoderm-derived retinoic acid [102–104]. Wnt signaling 
induces expression of Axin2 and Dickkopf-related protein 1 (Dkk1), the former 
inhibiting Wnt signaling within cells and the latter inhibiting Wnt-Lrp6 interaction 
at the cell surface [96, 105]. Finally, Notch signaling induces expression of Hes7, 
Nrarp, and Lfng, all three of which inhibit Dll1-Notch1 signaling in this context [91, 
106–108].

Interestingly, the absolute level of Lfng expression is important for precise coor-
dination of somitogenesis, especially in anterior somites [109, 110]. Also, oscilla-
tion of Notch activation, rather than a Notch activation boundary per se, is the 
critical determinant of somite border formation and patterning within somites [111]. 
For Lfng, its fluctuation is controlled by Notch-dependent induction, followed by 
delays associated mostly with splicing and mRNA export from the nucleus [100, 
108]. As for Lfng levels, these are limited through mir-125-5p-mediated Lfng 
mRNA destabilization [112, 113], as well as through proteolytic cleavage-mediated 
secretion of Lfng protein, which functions to decrease accumulation within the 
Golgi [114].

4.7  Cell-Autonomous and Non-cell-Autonomous Regulation 
of Notch and Its Ligands by Fringe Proteins

The function for Lfng as an inhibitor of Delta-Notch signaling in somitogenesis is 
striking and seems to contradict what is known about Fringe in Drosophila. 
Recently, an explanation for this discrepancy has begun to emerge. Indeed, recent 
insights on Fringe function have shown how it can be used to coordinate Notch- 
dependent processes quite distinct from the type of inductive signaling involved in 
D/V boundary formation in the fly wing. For example, unlike its positive effect on 
Delta-mediated Notch activation in the wing, Lfng-mediated inhibition of Notch1 
signaling in presomitic mesoderm is non-cell autonomous [115]. This so-called 
transrepression activity is dependent on Dll3 and Dll1 in signaling cells and also 
correlates with fucosylation of Dll3 EGF-like repeats 2 and 5 at S286 and T403, 
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respectively [115]. Fucose residues on these sites can be extended through Lfng- 
mediated GlcNAc addition, at least in vitro [67]. As noted, Dll3 is not a typical 
Delta-family ligand. Indeed, it’s not even expressed on the surface of presomitic 
mesoderm and cannot activate Notch expressed in neighboring cells [69, 70, 84]. 
Thus, the most parsimonious model to explain Lfng-mediated transrepression of 
Notch1 in the segmentation clock involves Pofut1- and Lfng-dependent addition of 
fucose and GlcNAc on Dll3, which then functions either to change Dll1 into a com-
petitive inhibitor of Notch1 activation in neighboring cells or perhaps simply to 
decrease the Notch activating properties of Dll1. More studies will be required to 
precisely determine how Lfng interacts with Dll3 (and Dll1) in somitogenesis.

While the precise mechanism by which Fringes function to coordinate Notch 
signaling during boundary formation in flies, the segmentation clock in vertebrates, 
and the myriad other developmental, homeostatic, or pathological states in which it 
has been implicated remains to be determined at high resolution, sophisticated cell 
culture techniques and mathematical modeling experiments, together with the struc-
tural studies discussed above, are beginning to shed light on cis- and trans- interactions 
between Notch and its ligands as well as how Fringe can effect both. For example, 
Sprinzak and colleagues found that mutual interaction between Delta and Notch 
within the same cell is used to control an ultrasensitive switch between signal sender 
(Delta high/Notch low) and receiver (Delta low/Notch high) states [116]. The effect 
of Fringe proteins on cis-interactions is very similar to its effect on trans-interac-
tions, in that Fringe enhances (cis-inhibitory) interactions between Delta-family 
ligands and Notch, when all three are expressed in the same cell. Consistent with 
this, Fringe actually cell-autonomously reduces (cis-inhibitory) interactions between 
Jagged/Serrate family ligands and Notch [117]. Remarkably, the cell-autonomous 
and non-cell-autonomous activities of Fringe can therefore be used to precisely reg-
ulate the specific Delta/Serrate signal sender and Delta/Serrate signal receiver func-
tions of neighboring cells. Indeed, Troost and Klein have teased apart two sequential 
Fringe-dependent events during D/V boundary formation in the wing imaginal disc, 
the first involving dorsally expressed Serrate activating Notch in ventral cells [19]. 
This causes upregulation of Delta in the ventral  compartment, which subsequently 
activates Notch in nearby boundary cells on the dorsal side [19].

Mutsado et al. used a “synthetic biology” approach to establish a bistable system 
in cultured cells, whereby Lfng-mediated positive feedback facilitated propagation 
of a Delta-Notch signal across the population [118]. In related experiments, they 
went on to show that Notch-mediated induction of Lfng can promote lateral inhibi-
tion by partitioning a population of bipotential cells into Dll1+ signal sender and 
Notch1+ signal receiver cells [119]. In this context, Notch-induced transcriptional 
repression of Delta and induction of Lfng, both in receiver cells, acted redundantly 
to enhance the signal receiving state (at the expense of the signal sender state). This 
redundancy may well explain why Fringe is not considered essential with respect to 
lateral inhibition in vivo. Indeed, with multiple feedback systems operational, the 
Notch activation system can be extremely robust in some biological contexts. For 
example, while Lfng knockout or knockdown cell-autonomously reduced the num-
ber of Hes1+ signal-receiving cells in the developing mouse brain, this effect did not 
lead to altered neuronal differentiation or patterning [119, 120].
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Genes coding for Delta and Jagged/Serrate family ligands are subject to distinct 
forms of regulation. For example, active NotchICD directly binds to and transcrip-
tionally activates genes coding for Hes/Hey/E(spl) bHLH proteins. These, in turn, 
downregulate expression of Dll1. In contrast, NotchICD directly activates expression 
of Jagged1 in some cells [121]. As noted above, Delta-Notch signaling facilitates 
lateral inhibition or partitioning of initially equivalent neighbors to distinct cell 
states: sender cells (DeltaHi/NotchLo) and receiver cells (DeltaLo/NotchHi). With a 
positive feedback loop between Notch and Jagged/Serrate, activation by ligand pro-
motes formation of a third state: the hybrid sender/receiver state. In this hybrid state, 
cells can send and receive Notch signals, leading to a more uniform phenotype 
among neighbors (lateral induction). This idea, based to a large extent on mathemat-
ical modeling by Boareto et al., helps to explain how Fringe functions at the D/V 
boundary of the wing imaginal disc [122] (Fig. 4.2). In this regard, Fringe is upregu-
lated by NotchICD. This creates a potent positive feedback loop, whereby Serrate and 
Fringe in one cell (e.g., a dorsal compartment cell) can accumulate to very high 
levels without cis-inhibition of Notch. The Serrate can therefore activate Notch in 
ventral cells. The dorsal Notch, modified by Fringe, will be very responsive to 
Delta, which is expressed in ventral neighbors. This model also helps to explain 
how Jagged and Fringe can facilitate Notch signaling between the epithelium and 
stroma, as well as between tumor and stromal elements [122].

Fig. 4.2 A scheme for roles of Fringe in lateral inhibition and lateral induction. (a) Fringe can 
promote partitioning of bipotential cells into DeltaHi/NotchLo signal sender and DeltaLo/NotchHi 
signal receiver cells (lateral inhibition). In this context, Notch induces transcriptional repression of 
Delta and induction of Fringe both in receiver cells to enhance the signal receiving state at the 
expense of the signal sending state. (b) Fringe can facilitate formation of the hybrid Sender/
Receiver state, leading to a more uniform phenotype among neighbors (lateral induction). In this 
regard, Notch upregulates both Serrate/Jagged and Fringe, creating a potent positive feedback 
loop, whereby Fringe prevents cis-inhibition of Notch in these cells
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4.8  Hematopoiesis and Lymphocyte Development: The Role 
of Lfng and Mfng

Notch signaling controls development and homeostasis within the hematopoietic 
system. Indeed, altered Notch gene function has been linked to a number of hema-
topoietic malignancies [123]. Once again, development of this system is complex, 
and roles for Notch signaling in this context are varied. We therefore refer readers 
to other reviews for a more exhaustive discussion [124–130]. Here we highlight a 
few key areas that are likely to involve Fringe or for which Fringe protein function 
has already been studied in detail.

Hematopoietic stem cells (HSC) derive from cells within the aorta-gonad- 
mesonephros (AGM) region of the embryo [131]. It is within the AGM that cells are 
partitioned between endothelial and hematopoietic fates on the basis of Notch1 sig-
naling [132]. Cells exposed to a high level of Dll4 ligand are fated to become endo-
thelium, whereas low-level Notch1 activation in response to Jagged1 induces HSC/
CD45+ specification [130, 133–136]. The dosage-dependent effects documented in 
venous vs. arterial vs. hematopoietic cell fate specification within the AGM may be 
paradigmatic for many Notch-dependent developmental and homeostatic events. 
Interestingly, Fringe genes are downregulated in AGM endothelium after exposure 
to Jagged1 [130]. This downregulation may well increase sensitivity to Jagged1, 
while reducing sensitivity to Dll4, thereby reinforcing commitment to the hemato-
poietic stem cell fate. Once generated, HSC migrate to the fetal liver and ultimately 
to the bone marrow.

The generation and diversification of T-lymphocytes proceeds through multiple 
Notch1-dependent steps [137]. Firstly, Dll4 expressed by Osteocalcin+ cells in the 
bone marrow stimulates development of thymus-seeding progenitors (TSP) [138]. 
Upon arriving in the thymus, TSP encounters Dll4 expressed by stromal cells. Dll4- 
mediated Notch1 activation then stimulates differentiation of TSPs into early T-cell 
precursors (ETPs). This step is associated with rapid loss of B-lymphocyte develop-
mental potential [139–141]. ETPs then respond to Dll4 on thymic stroma by dif-
ferentiating into CD4−CD8−double negative 2 (DN2) thymocytes, which lose the 
ability to generate myeloid cell types [142]. DN2 cells then differentiate into DN3a 
cells and then into one of two alternative cell types: TCRγδ+ or TCRβ+ (DN3b). The 
TCRβ+ cell requires Notch1 as it proliferates and differentiates into a CD4+/CD8+ 
double-positive (DP) cell. Notch1 expression is significantly reduced as cells dif-
ferentiate into DP. Also, Dll3 is expressed in DP cells, where it functions cell- 
autonomously to inhibit Notch-mediated induction of Hes5. Biologically, 
inhibition of Notch by Dll3 in this context is important for positive selection of αβ 
T-cells [143].

Lfng is highly expressed in ETP, DN2, and DN3, but not DP thymocytes. In 
competition experiments, Lfng is cell-autonomously required for Notch1-
dependent T-cell development, as well as for suppression of the B-cell fate [144]. 
Interestingly, transgenic overexpression of Lfng in DN3 or DP causes them to bind 
so well to Dll4, that they non-cell-autonomously block wild-type TSP and ETP 
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from efficiently binding to the thymic niche, as required for Dll4-Notch1 signaling 
[145, 146]. As a result, transgenic cells impair T-cell specification and differentia-
tion of immature transgenic thymocytes that have yet to activate the transgene 
[147] as well as wild-type immature cells that are present in chimeric mice [145]. 
Notch signaling also plays a role in mature effector T-cell differentiation, and this 
process is responsive to signaling from Jagged/Serrate and from Delta family 
ligands [148–150]; a role for Fringe proteins is to be anticipated. Indeed, Lfng 
helps control Notch- dependent T-cell differentiation in response to immunological 
challenge [151] (Fig. 4.3a,b).

In the thymus, Notch1 signaling promotes T-cell development at the expense of 
B-cells as noted above; however, Notch2 controls innate B-cell development in the 
spleen [152]. Dll1 expressed by fibroblasts within the splenic marginal zone (MZ) 
red pulp activates Notch2  in newly formed (NF) B-cells from the bone marrow 
[153]. Interestingly, this interaction is relatively weak [154], and hemizygous muta-
tions in Dll1 or Notch2 impair innate B-cell generation [155, 156]. Indeed, this 
interaction is so weak that it requires Lfng- or Mfng-mediated glycosylation of 
Notch2 in NF B-cells [63] (Fig. 4.3c).

Fig. 4.3 Roles of Fringe-modulated Notch signaling in the immune system. (a) Lfng (and Mfng) 
promotes T-cell development while suppressing the B-cell fate through enhancement of Notch1 
signaling. (b) Lfng contributes to the augmented Th2 response during viral exacerbation of exist-
ing airway allergy by enhancing Dll4-Notch activation. (c) Lfng and Mfng cooperatively enhance 
the Dll1-Notch2 interaction to promote marginal zone (MZ) B cell development in the spleen
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4.9  Role of Lfng and Mfng in Mammary Gland Development 
and Breast Cancer

Breast cancer is a heterogeneous disease. Most tumors express estrogen and proges-
terone receptors. A distinct group expresses elevated levels of the HER2/ErbB2 
receptor tyrosine kinase. Another, very diverse group of tumors is defined on the 
basis of not expressing any of these receptors and is therefore described as “triple 
negative breast cancer” (TNBC) [157]. Transcriptional profiling has also been used 
to classify breast tumors into at least six molecular subtypes: basal-like, claudin- 
low, luminal A, luminal B, HER2-enriched, and normal-like. Among these, basal- 
like and claudin-low subtypes account for the majority of TNBCs [158–160]. 
Basal-like tumors expresses markers of myoepithelium/basal cells, share features 
with bipotent progenitors, and are thought to have originated from bipotent/luminal 
progenitor cells [159, 161, 162]. Claudin-low breast cancers (CLBCs) on the other 
hand share features with mammary stem cells (MaSCs) and cells that have under-
gone epithelial-to-mesenchymal transition (EMT)158. This has led to the suggestion 
that MaSCs could be the cell-of-origin for CLBC [158]. BLBC and CLBC are noto-
riously aggressive and prone to recurrence and metastasis. At present, no effective 
treatment exists for either. Understanding the unique biology of both subtypes 
should help provide insight into recurrence and metastasis and may identify specific 
targets for treatment.

It is widely believed that cancer stem cells (CSC) play an important role in tumor 
maintenance, tumor relapse, and metastasis. Also, EMT is known to promote metas-
tasis in many contexts, and EMT by itself may generate cells with stem cell proper-
ties [163–166]. Notch signaling controls stem cell self-renewal, cell fate specification, 
and differentiation in the mammary gland [167–169]. Notch activation has also 
been shown to regulate EMT in developmental and pathological conditions [170]. 
Thus, it’s not surprising that Notch plays an important role in breast cancer, espe-
cially in aggressive subtypes with features of stem cells and EMT. Indeed, high- 
level expression of Jagged1 as well as Notch1 and/or Notch3 is associated with poor 
overall survival [171]. Also, functionally significant mutations, including Notch1 
and Notch2 rearrangements, PEST domain mutations in Notch1, Notch2, and 
Notch3, and focal amplifications of Notch2 and Notch3, have been linked to TNBC 
formation [172–174]. Recent studies have suggested many functions for Notch sig-
naling in mammary development and cancer. For instance, Notch1 hyperactivation 
causes cyclin D1-dependent BLBC formation, and Notch1 signaling controls 
expansion of the MaSC compartment [167, 175, 176]; Notch2 genetic fate mapping 
reveals two previously unrecognized mammary epithelial lineages involved in 
branching morphogenesis and may have important implications vis-à-vis cell-of- 
origin for some breast tumors [177]; Notch3 marks clonogenic luminal progenitor 
cells, is required for luminal filling, and may induce cyclin D1-dependent luminal 
inflammatory breast tumors [178–180]; and Notch4 is implicated in self-renewal of 
breast cancer stem cells, EMT, and endocrine therapy resistance [181–183]. As a 
result, Notch has emerged as a potential drug target for poor prognosis breast cancer 
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[184–186]. However, Notch receptors, ligands, and modulators can exert complex 
effects on the pathogenesis of breast cancer, depending on tumor subtype, cellular 
context, and stage of disease progression. Therefore, it’s critical to define roles for 
receptors, ligands, modulator, and downstream target in each subtype.

Within the developing mammary gland, Lfng is targeted to the stem cell-enriched 
cap cell layer of terminal end buds [187]. Consistent with this finding, human MaSC 
and/or bipotent progenitors express 20-fold higher levels of Lfng in comparison to 
luminally restricted progenitors [169]. Tissue-specific deletion of Lfng in mouse 
mammary epithelium (Lfngflox/flox;MMTV-Cre) induced ectopic proliferation, expan-
sion of the basal compartment, and ultimately, development of triple negative 
tumors. Gene expression profiling revealed that about two-thirds of these were 
basal-like and one-third claudin-low. Histological and immunohistochemical analy-
ses confirmed features of both subtypes, with type I (basal-like) showing broad co- 
expression of markers for luminal (K8) and myoepithelial cells (K14) and type II 
(claudin-low) containing mostly spindle-shaped cells that were positive for EMT 
markers including vimentin and twist. Of note, the vast majority of human basal- 
like and a subset of claudin-low breast cancers show lower Lfng expression as com-
pared with other subtypes or normal mammary tissue [187]. Thus Lfng deficiency 
represents a hallmark for basal-like mammary tumors in both mouse and human. 
Interestingly, most mammary tumors in Lfngflox/flox;MMTV-Cre mice harbor  Met/
Caveolin gene amplification, causing elevated Met accumulation and activation. 
Met, a tyrosine kinase receptor, is frequently expressed at high levels in aggressive 
human breast cancer with EMT features, and expression of oncogenic Met (together 
with p53 loss) induced basal-like as well as claudin-low mammary tumors in trans-
genic mice [188–191]. Taken together, Lfng deficiency cooperates with Met/
Caveolin amplification to induce BLBC (and less frequently, CLBC). Indeed, com-
bination targeting of Met and Notch may prove beneficial for TNBC patients with 
Met overexpression and Notch hyperactivation [192].

It’s noteworthy that very low levels of Lfng expression are seen in basal-like 
tumors, but only a small fraction of these harbor Notch-activating mutations [172–
174]. Therefore downregulation of Lfng is more prevalent than functional mutations 
in Notch. The Lfng deletion model for TNBC will complement models that overex-
press Notch intracellular domain fragments. In addition, the latter models are not 
good for testing most Notch-targeting agents (such as γ-secretase inhibitors), which 
block cleavage of the intact receptor.

While Lfng deficiency is a hallmark of BLBC, Mfng is highly expressed in 
CLBC, functioning as an oncogene in this context [193]. Mfng regulates Notch 
activation in human and mouse CLBC cell lines, as well as in the mouse mammary 
gland at puberty and during involution [193]. Knockdown of Mfng in CLBC cell 
lines reduced cell migration and tumorsphere formation associated with diminution 
of MaSC and/or bipotent progenitor cell populations, as well as reduced tumorige-
nicity. In addition, deletion of Mfng in the Lfngflox/flox;MMTV-Cre mouse caused a 
tumor subtype shift away from CLBC. In this study, Pik3cg, which encodes PI3K 
catalytic subunit γ, was identified as a direct transcriptional target of Mfng-facilitated 
RBPJk-dependent Notch signaling. This finding may well shed light on why Notch 
pathway activation can confer resistance to PI3K inhibitors [194]. Pik3cg is aber-
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rantly expressed in many invasive breast tumors, and its expression level correlates 
with metastatic potential of breast cancer cell lines [195]. Indeed, pharmacologic 
inhibition of PI3Kγ blocked migration and tumorsphere formation by CLBC cell 
lines [193]. Fringe-regulated Notch signaling within myeloid cells could also con-
trol response to tumor-derived chemoattractants that stimulate GPCRs coupled to 
PI3Kγ. In vivo studies will be required to determine precise roles for this Mfng- 
Notch- Pik3cg axis in CLBC pathogenesis, in particular, in the enrichment of cancer 
stem cells, induction of EMT, and recruitment of myeloid cells. Nonetheless, iden-
tification of Pik3cg as a Notch target prompts a new targeting strategy for treating 
CLBC and perhaps other poor prognosis breast cancers. As discussed above, Met 
was amplified in basal-like and claudin-low tumors from Lfngflox/flox;MMTV-Cre 
mice, and Met can synergize with mutant Trp53 to induce claudin-low like mam-
mary tumors in the mouse [190]. Therefore, combination therapy against Met and 
PI3Kγ could represent an effective strategy for treatment of CLBC. MFNG expres-
sion in human breast cancer is highly correlated with expression of NOTCH4, but 
not with other Notch receptors. In addition, Mfng silencing in CLBC cell lines con-
sistently decreased Notch4 activation/cleavage as did Mfng deletion in the mouse 
mammary gland [193]. Therefore, Mfng appears to control Notch4-mediated sig-
naling in mammary epithelium. Given that Notch4 is enriched in MaSC, a putative 
cell-of-origin for CLBC, the Mfng-Notch4-Pik3cg signaling cascade may drive 
pathogenesis for this subtype.

The phenotypic response to Notch is often determined by the level of pathway 
activation, and this affects the balance between growth-stimulating and growth- 
suppressing effects [196]. In this context, Fringe may be used to precisely modulate 
signaling in distinct cell types of the mammary epithelial hierarchy. Recent studies 
in mice and in humans support a model whereby Lfng inhibits Notch activation 
within luminal progenitor cells to prevent BLBC, while Mfng enhances Notch4 
signaling in mammary stem cells to promote CLBC initiation and progression. 
Of note, deletion of Lfng and Mfng dramatically decreased activation of multiple 
Notch receptors and induced adenosquamous carcinoma [193], suggesting a 
redundant role for these genes in MaSCs and/or multipotent progenitors of the 
mammary gland.

4.10  Roles of Lfng and Mfng in Lung Development 
and Lung Cancer

The lung is a highly specialized organ that facilitates rapid and efficient oxygen-
ation of blood. This is achieved at the interface of alveoli and microcapillaries, each 
organized in a complex labyrinth of interconnected thin-walled sacs and tubules. 
During alveogenesis, the final stage of lung development, a multilayered structure 
is transformed into a thin epithelial/capillary wall composed of type II and type I 
alveolar cells, microcapillaries, fibroblasts, and elastic extracellular matrix. This 
event must occur in a highly coordinated manner under conditions where the lung is 
subjected to elastic forces associated with breathing. Lfng and other Notch pathway 
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components are highly expressed in the developing mouse lung. At 16.5–18.5 dpc, 
Lfng is expressed in saccular cells and in cells of the distal lung mesenchyme. The 
highest levels of Lfng expression are seen in pulmonary neuroendocrine cells 
(PNECs), which are organized in clusters known as neuroepithelial bodies (NEBs) 
or as solitary cells. At P5, Lfng is still expressed in NEBs but now also seen in endo-
thelial cells of large pulmonary veins. Notch1 is expressed in bronchiolar cells at 
16.5 dpc, whereas Notch2 and 3 are highly expressed in mesenchyme and airway 
epithelium at 17.5 dpc and beyond. Dll1 is also expressed in PNEC throughout lung 
development and in vascular endothelial cells after P5. Expression of Dll4 is local-
ized to endothelial cells scattered throughout the mesenchyme and in PNEC at 17.5 
dpc. Finally, Jagged1 is expressed in pulmonary veins and arteries throughout 
development and in bronchiolar epithelial cells starting at 16.5 dpc [197].

Lfng null mice exhibit a dramatic defect in lung structure, with altered patterning 
and reduced vascular branching. Histological analysis of lung development in these 
mice revealed a delay in saccule expansion starting at 16.5 dpc, followed by defec-
tive alveolar septation, which persisted in older animals. Lfng mutant lungs show 
delayed distal epithelial cell differentiation, as manifested by lower expression of 
integrin β6 in saccular epithelial cells and decreased level of aquaporin 5 in type I 
alveolar cells. Expression of the type II alveolar cell marker SP-C, the Clara cell 
marker CC10, and PNEC markers, Ascl1 and CGRP, are largely normal in mutant 
lungs. The most striking defect is that smooth muscle actin α (sma), a myofibroblast 
differentiation marker, is expressed in myofibroblasts of wild-type but not in Lfng 
mutant mesenchyme at 17.5 dpc. During postnatal alveolar development, sma is 
localized in myofibroblast cells that have migrated to branch or septation points in 
the developing alveoli of wild-type lungs. In contrast, sma is expressed at a low 
level in a small number of Lfng mutant mesenchymal cells, most of which are 
trapped within multilayered walls separating large alveoli. Myofibroblast progeni-
tor cells in the developing distal lung require PDGFRα [198]. This receptor is 
expressed similarly in wild-type and mutant lungs during late embryogenesis, sug-
gesting that differentiation but not specification or spreading of myofibroblast pro-
genitors is affected. Myofibroblasts express and deposit elastin, which is critical for 
alveogenesis and lung function. Indeed, Lfng mutant lungs exhibit aberrant deposi-
tion of elastin, with few elastic fibers evident at P14. Despite this, elastin accumu-
lates and is trapped within multilayered walls at 6 wk. of age. Taken together, 
alveolar development is impaired in Lfng mutant mice, starting in the saccule phase 
of fetal development, with impaired differentiation of myofibroblasts, accompanied 
by a modest delay of type I alveolar epithelial cell differentiation [197].

Lfng could either be enhancing or suppressing Notch activation during distal 
lung development.

Interestingly, Notch2 and 3 are both highly expressed during saccular develop-
ment in the distal lung, and myofibroblast differentiation is impaired in 
Notch2+/−Notch3−/− compound mutant embryos but not in single mutants, suggest-
ing that these receptors function redundantly to induce myofibroblast differentia-
tion. Moreover, conditional deletion of RBPJκ caused a similar impairment of 
myofibroblast differentiation. A simple model to explain these findings involves a 
requirement for Lfng-mediated facilitation of Dll-induced Notch2/3 activation in 
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myofibroblast progenitor cells. In this case, Dll4 expressed in endothelial cells of 
the distal lung would be the likely ligand.

Besides defective myofibroblast differentiation, Lfng mutant lungs exhibit a 
modest delay in saccule epithelial cell development that appears to correct itself by 
birth. This delay may be related to low-level expression of Lfng in saccular cells, 
which could affect Notch signaling in developing type II or type I cells. Previous 
studies suggest that Notch signaling is not required for specification of alveolar 
epithelial cells [199]. Lfng could indeed function in saccular cells to prevent Notch 
activation by Jagged ligands. In this case, ectopic Jagged-Notch activation would 
likely occur in Lfng mutant saccular cells and thereby block or delay alveolar epi-
thelial differentiation [200, 201]. Alternatively, Lfng may not function within sac-
cular or alveolar epithelial progenitor cells, and delayed differentiation of these 
cells may be secondary to impaired differentiation of myofibroblasts or other mes-
enchymal cell types [202].

A unique Notch expression boundary is noted at the NEB, where Dll1, Dll4, 
Notch4, and Lfng are expressed in PNEC cells, Notch1, 2, and 3 are expressed in 
SSEA-1+, CC10− cells surrounding the NEB, and Jagged1 is expressed in neighbor-
ing epithelial cells [197, 203, 204] (Zhang et al., unpublished data). The NEB and 
related bronchoalveolar junctions are thought to represent a stem cell niche [205] as 
well as a signaling center that controls distal lung development [206]. Lfng may 
affect stem cell differentiation kinetics in this context. Interestingly, Branchfield 
et al. found that PNECs are important regulators of postnatal lung function [207]. In 
this study, inactivation of Robo in the mouse lung resulted in an inability of PNECs 
to cluster into NEBs. This triggered increased neuropeptide production upon expo-
sure to air, leading to an increase in immune infiltrates, which in turn remodeled the 
matrix and irreversibly simplified alveoli [207]. Coincidentally, Lfng null mice 
show ectopic CGRP-positive cells in the distal lung, accompanied by accumulation 
of macrophages and severely disrupted alveoli in postnatal life [197] (Xu and Egan, 
unpublished data). Thus, expression of Lfng in NEBs appears to prevent solitary 
PNECs from entering the alveolar compartment, which may impact distal lung 
structure and function. In future, PNEC-specific deletion of Lfng will be needed to 
probe the functional significance of these findings. Finally, PNEC is the cell-of- 
origin for small cell lung cancer (SCLC) [208]. A recent study identified inactivat-
ing mutations in NOTCH family genes in 25% of human SCLC [209]. Activation of 
Notch signaling in a preclinical SCLC mouse model strikingly reduced the number 
of tumors and extended the survival of mutant mice, and neuroendocrine gene 
expression was abrogated by Notch activity in SCLC cells [209]. In this case, 
although deletion of Lfng did not affect specification of PNEC as judged by expres-
sion of Ascl1 and CGRP, it enhanced Notch activation in these cells (Xu and Egan, 
unpublished data), which could influence SCLC development.

As with Notch, differential expression of Fringes suggests non-redundancy and 
context-dependent function. Unlike Lfng mutants, the Mfng mutant lung appeared 
normal (Xu et al., unpublished data) [210]. Despite this, human MFNG is located 
on chromosome 22q13.1, a region of homozygous deletion in many non-small cell 
lung cancer (NSCLC) [211, 212]. Indeed, MFNG expression is consistently reduced 
in lung cancer as compared to normal lung tissue [213]. To the contrary, MFNG is 

4 Out on the Fringe: Modulation of Notch Signaling by Glycosylation



104

one of the most upregulated genes in response to antitumor B (ATB), a Chinese 
herbal mixture with chemopreventive activity in mouse models for lung cancer 
[214]. Indeed, reexpression of MFNG decreased expression of HES1 and HEYL 
Notch target genes and reduced transformation-associated phenotype in  vitro as 
well as tumorigenicity in vivo [213]. Surprisingly, these effects appear to be related 
to modulation of Notch3 protein stability. Indeed, Mfng enhanced degradation of 
Notch3, and proteasome inhibition reversed this effect [213]. A number of studies 
have suggested oncogenic roles of Notch3  in lung cancer. Interestingly, a recent 
study identified a rare population of CD24+ITGB4+Notchhi cells that drive tumor 
propagation in NSCLC and that require Notch3 for self-renewal [215]. This popula-
tion is enriched after chemotherapy, and its gene signature correlates with poor 
prognosis. In agreement with this result, an investigation into inefficacy of erlotinib 
in advanced lung cancer found that EGFR blockade enriches for lung cancer 
 stem- like cells through Notch3-dependent signaling [216]. Thus, Notch3 may rep-
resent an important therapeutic target for NSCLC. In this context, Mfng-mediated 
proteasome- dependent degradation of Notch3 could prove beneficial.

4.11  Tumor-Suppressive Role of Lfng in Pancreatic Cancer

Pancreatic ductal adenocarcinoma (PDAC) remains one of the most lethal malig-
nancies owing to its diagnosis at an advanced stage and resistance to most therapies. 
Extensive pathological studies have established a model for initiation and progres-
sion of PDAC. The most common precursor of this disease is a microscopic pancre-
atic lesion associated with ducts, referred to as pancreatic intraepithelial neoplasia 
(PanIN). PanINs progress through defined histological and molecular stages, ulti-
mately advancing to invasive PDAC and metastasis. Genomic analyses have identi-
fied accumulating genetic alterations associated with disease progression. In this 
regard, activating mutations in KRAS have been detected in more than 90% of the 
PanIN lesions, whereas mutations in tumor suppressor genes such as TP53, 
CDKN2A, and SMAD4 are associated with more advanced disease [217]. Thus, 
KRAS mutations may contribute to PDAC initiation, and subsequent mutations may 
promote tumor progression and metastasis.

In recent years, mouse models have been designed to recapitulate pathologic 
changes associated with human PDAC, including activation of oncogenic Kras and/
or inactivation of p53, Ink4a/Arf, and Smad4. Additional genes and signals impli-
cated in PDAC have been identified in these models and verified in humans. Indeed, 
Notch pathway activation has been linked to initiation and progression [218–220]. 
For example, Notch2 appears to be required for progression from PanIN to PDAC 
[221]. Interestingly, loss- and gain-of-function mutations in Notch1 rendered acinar 
cells more susceptible to Kras-induced PanIN formation and progression [218, 222, 
223]. On the other hand, deficiency of isoprenylcysteine carboxyl methyltransfer-
ase, which methylates Ras and is considered a target for cancer therapy, actually 
exacerbated Kras-driven PDAC via Notch suppression [224]. Thus, the importance and 
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complexity of Notch signaling in pancreatic tumorigenesis has become increasingly 
evident. A dormant progenitor cell population in the adult pancreas is capable of 
initiating PDAC under conditions of oncogenic stimulation [225]. Acinar cells, not 
ductal cells, are competent to form Kras-induced PanIN, and active Notch signaling 
synergizes with Kras in PanIN initiation and progression [218, 226, 227]. In these 
studies, although nearly every pancreatic acinar cell expressed activated Kras, only 
a minority gave rise to PanIN. How the transforming activity of Kras is constrained, 
or which subset of acinar cells is preferentially targeted by Kras, is unknown. Notch 
controls cell fate specification and differentiation during pancreatic development as 
well as in the adult exocrine pancreas [228–231]. In this context, activation of Notch 
generally maintains the undifferentiated state. Thus, inappropriate Notch activation 
in the acinar compartment of the adult pancreas may cause accumulation of undif-
ferentiated stem/progenitor cells, which may serve as preferred target for Kras-
induced tumor initiation.

As noted above, Lfng functions to suppress tumor formation in the mammary 
gland, in part by preventing aberrant accumulation of stem/progenitor cells [187]. In 
the embryonic pancreas, Lfng is expressed in the same cells as Ptf1a, an exocrine 
cell marker [232]. In adults, Lfng expression is restricted to a small subset of acinar 
cells [233]. Given that Notch inhibits Ptf1 function, and acinar cell differentiation in 
the developing pancreas [234], Lfng could well be controlling Notch signaling to 
facilitate regulation of acinar cell differentiation during development and homeosta-
sis. In the KrasLSL-G12D/+;Pdx1-Cre mouse model of PDAC, deletion of Lfng in Kras- 
expressing cells caused increased activation of Notch3 during tumor initiation and 
progression, as well as activation of Notch1 after disease onset, associated with 
upregulation of the Notch target gene Hes1. Interestingly, deletion of Lfng caused 
accumulation of Aldh1-positive stem-like cells. More importantly, loss of Lfng sig-
nificantly accelerated PDAC development and shortened survival of these mice. Of 
note, Lfng-deficient tumors were typically poorly differentiated, with features of 
epithelial-to-mesenchymal transition233. Deletion of Lfng also caused Notch- 
mediated transcriptional repression of Tgfb1, Tgfb2, and Tgfbr2 in otherwise wild- 
type mice and in the KrasLSL-G12D/+;Pdx1-Cre pancreas after PDAC onset. In this 
regard, TGF-β might promote initiation of acinar-ductal metaplasia (ADM) and 
PanIN. Indeed, a recent report showed that spontaneous transition of human acinar 
cells toward a ductal and mesenchymal phenotype was decreased through inhibition 
of TGF-β signaling [235]. On the other hand, decreased TGF-β expression/signaling 
in animals with accelerated PDAC development suggests that TGF-β may prevent 
progression from PanIN to PDAC.

Although expression of Lfng is confined to a small subset of acinar cells, its dele-
tion profoundly altered Notch signaling and dramatically accelerated pancreatic 
cancer development in the Kras model. Thus Lfng-expressing acinar cells, or their 
neighbors, may represent a preferential target for Kras-induced pancreatic cancer 
formation. Alternatively, Lfng-expressing cells may be resistant to dedifferentiation 
and tumor formation as compared to Lfng-negative cells. Since Lfng-expressing 
cells account for a small minority (~5%) of acinar cells, deletion of Lfng would not 
have such a dramatic effect on PDAC development in the latter case. However, the 
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pancreas in this study has already lost Lfng expression at the embryonic stage, 
which may affect differentiation of most cells in the acinar compartment. Therefore, 
to determine whether Lfng-expressing cells were really targeted by Kras to form 
PanIN and PDAC, lineage tracing of Lfng-expressing acinar cells will be required. 
Interestingly, the pancreas in LfnglacZ/lacZ mice contains a dramatically increased 
number of X-Gal-positive cells as compared with the pancreas in LfnglacZ/+ mice 
[233], suggesting that Lfng may negatively regulate propagation of cells in which it 
is expressed. Notch signaling is required for maintenance of the cancer stem cell 
population in pancreatic cancer [236]. Indeed, DCLK1-positive preinvasive pancre-
atic cancer cells have tumor-initiating properties. These cells express high levels of 
HES1 and HEY1, and pharmacological inhibition of γ-secretase activity reduced 
accumulation of these cells in murine PanIN [237]. It would be interesting to deter-
mine whether these cells derive from Lfng-positive cells.

Individual Notch receptors have been found to play distinct, sometimes even 
opposing, roles in lung and pancreatic cancers [221, 238]. As noted above, Fringe 
proteins can regulate activation of individual Notch receptors in unique ways, 
depending on the ligands presented on the surface of neighboring cells. In the adult 
pancreas, individual Notch receptors are expressed in distinct cell types, and all four 
receptors are upregulated in precancerous lesions. Lfng appears to differentially 
regulate individual Notch receptors during initiation and progression of 
PDAC.  Indeed, deletion of Lfng caused sustained Notch3 activation as early as 
2 months of age, long before frank neoplasia. The activation of Notch2 was largely 
unaffected, whereas Notch1 activation was increased only after 4  months, when 
PanIN are progressing toward PDAC. LFNG knockdown in Miapaca2 human pan-
creatic cancer cells also caused increased activation of Notch, mostly Notch3 [233]. 
These data suggest that Notch3 is a major target for Lfng-mediated regulation in 
Kras-induced PDAC. Interestingly, accumulation of nuclear Notch3ICD is associated 
with adverse clinical features in pancreatic adenocarcinoma [239, 240]. Also, 
expression of Notch3 and Jagged1 are correlated in human PDAC [241]. It there-
fore seems likely that Lfng functions to inhibit Jagged1-Notch3 signaling in the 
context of Kras-induced PDAC. Of note, antibody-mediated inhibition of Notch2/
Notch3 (by tarextumab) inhibits tumor growth and decreases tumor-initiating cell 
frequency [186].

In summary, Lfng exerts a potent tumor suppressive role in Kras-induced 
PDAC. While Notch1 and Notch2 are thought to exert opposing effects on PDAC 
initiation and progression, studies in Lfng mutant mice suggests that Notch3 is a 
major player in pancreatic cancer. Future studies using Notch3 knockout mice could 
help define roles for Notch3  in pathogenesis of pancreatic cancer. Finally, Lfng- 
expressing acinar cells in the mature pancreas are likely to represent a stem-like 
population that is uniquely sensitive to oncogenic Kras-induced transformation, and 
self-renewal of these cells are limited by Lfng itself. In the future, a Lfng-Cre knock-
 in could be used to test whether Lfng-expressing acinar cells represent the cell-of- 
origin for PDAC and also whether these cells are required not only for initiation 
but for tumor maintenance. Ultimately, knowledge of these cells may help identify 
biomarkers for early detection and targeted therapies for this devastating disease.
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4.12  Tumor-Suppressive Role of Lfng in Prostate Cancer 
Initiation

Prostate cancer is the most common malignancy in males. Despite advances in pros-
tate cancer detection and therapy, much about this common malignancy remains 
unknown or controversial. Defining the cell-of-origin for prostate cancer should 
provide new insights into mechanism of tumor initiation, which may lead to 
improved prognosis and therapeutic options. Unfortunately, different approaches to 
this question have yielded different answers: tissue recombination assays support 
basal epithelial cells as the cell-of-origin, whereas genetically engineered mice cou-
pled with lineage-tracing suggest luminal cells as the preferred target for transfor-
mation [242]. Meanwhile, it remains unclear whether tumors originating from 
different cell types within the prostate lead to distinct molecular subtypes, each with 
a distinct clinical course or outcome. In addition, how the normal prostatic epithelial 
hierarchy is established and maintained, and how it is subverted during oncogenic 
transformation, needs to be elucidated. From a clinical point of view, two important 
challenges are (1) the need to find new methods for distinguishing aggressive from 
indolent prostate cancers and (2) the need to identify effective therapeutic targets for 
the treatment of advanced castration-resistant prostate cancer.

Notch is a critical regulator of cell differentiation and proliferation in the pros-
tate. Disruption of canonical Notch signaling starting from the earliest stages of 
prostate development through deletion of RBPJκ in Nkx3.1+ cells resulted in 
decreased cell proliferation and loss of epithelial and smooth muscle progenitors. 
Conversely, expression of activated Notch1ICD in Nkx3.1+ cells increased cell prolif-
eration and the number of p63+ progenitors in basal epithelium [243]. Interestingly, 
deletion of RBPJκ in both compartments of the adult prostate with ARR2PB-Cre 
caused ectopic cell proliferation in the basal compartment during regeneration 
[244]. When Notch is activated exclusively in K8+ luminal cells of the prostate, it 
stimulated proliferation and resistance to anoikis [245]. Thus, while Notch signal-
ing plays complex roles during development, homeostasis, and regeneration of the 
prostate gland, it consistently appears to promote luminal specification and expan-
sion of the luminal compartment.

Notch1 expression is elevated in malignant prostatic epithelial cells of primary 
and metastatic tumors from the TRAMP model of prostate cancer (the TRAMP 
mouse is a transgenic line with SV40 large T antigen expressed from the rat proba-
sin promoter) [246]. Also, in humans, NOTCH1 and JAGGED1 are overexpressed 
in high-grade and metastatic prostate cancer as compared to localized prostate can-
cer or benign prostatic tissue [247, 248]. Interestingly, Notch2 is implicated in 
acquired docetaxel resistance in castration-resistant tumors [249], whereas Notch3 
is activated by chronic hypoxia and contributes to progression [250]. A recent study 
on Notch signaling in the adult prostate and in prostatic tumor development revealed 
upregulation of pathway components, in particular, Jagged1 and 2, Notch3, and 
Hey1 [251]. Deregulated Notch signaling in this context induces increased prolif-
eration and expansion of the stem/progenitor compartment, thereby contributing to 
prostate tumorigenesis.
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All three Fringe genes are expressed in the mouse prostate. Interestingly, while 
Lfng is expressed at lower level than either Mfng or Rfng, its expression is much 
more restricted to basal layer epithelial cells [244]. Basal cells undergo symmetric 
and asymmetric divisions leading to distinct cell fates. In contrast, luminal cells 
only divide symmetrically [252]. In fact, postnatal development of the prostate is 
mediated by multipotent stem cells in the basal layer that differentiate into basal, 
luminal, and neuroendocrine cells, as well as by unipotent basal and luminal 
 progenitors [253]. A gene signature specific for basal cells has been identified that 
is enriched for expression of genes associated with late-stage metastatic prostate 
cancer, suggesting that aggressive tumors share a conserved transcriptional program 
with normal adult prostate basal stem cells [254]. Given that Notch signaling regu-
lates basal cell proliferation and differentiation, basally expressed Lfng likely regu-
lates activation. Indeed, deregulation of Lfng-dependent Notch signaling may 
promote initiation and/or progression of prostate cancer. This is somewhat reminis-
cent of the Lfng-modulated Notch signaling that has been shown to control basal 
stem/progenitor cell self-renewal and differentiation in mammary gland, where 
Lfng deficiency induces basal-like breast cancer [187].

In an attempt to define the function of Lfng in the prostate, Zhang et al. studied 
activation of different Notch receptors in the Lfng null prostate as well as epithelial 
development in this context. Deletion of Lfng in mice caused altered Notch activa-
tion in the prostate, associated with elevated accumulation of Notch1, Notch2, and 
Notch4 intracellular domains, decreased levels of the putative Notch3 intracellular 
fragment, as well as increased expression of Hes1, Hes5, and Hey2. Loss of Lfng 
resulted in expansion of the basal layer, increased proliferation of both luminal and 
basal cells, and ultimately, prostatic intraepithelial neoplasia. The Lfng null prostate 
showed downregulation of prostatic tumor suppressor gene Nkx3.1 and increased 
androgen receptor expression. Interestingly, expression of LFNG and NKX3.1 were 
positively correlated in publically available human prostate cancer datasets. 
Knockdown of LFNG in DU-145 prostate cancer cells led to expansion of 
CD44+CD24− and CD49f+CD24− stem/progenitor-like cell population associated 
with enhanced prostatosphere-forming capacity. Taken together, these data reveal a 
tumor-suppressive role for Lfng in the prostate through differential regulation of 
Notch signaling [255]. Lfng inhibits activation of Notch1 and Notch4 in basal cells 
of the prostate gland, and deletion of Lfng resulted in accumulation of stem-like 
cells in the prostate basal compartment. Thus Lfng gene deficiency or silencing may 
contribute to prostate cancer initiation through Notch-mediated expansion of basal 
multipotent stem cells, one of the cellular origins of prostate cancer. Further, Lfng- 
modulated Notch signaling may be particularly important in the pathogenesis of 
aggressive prostate cancer, as these cancer cells share a molecular signature with 
normal adult prostate basal stem cells [254]. Finally, deletion of Lfng caused ele-
vated TGF-β signaling [255], which may inhibit proliferation in early-stage lesions. 
However, this may promote tumor cell invasion and metastasis in advanced stages. 
Of note, we observed development of sarcomatoid carcinoma, a rare malignant 
tumor of the prostate having an aggressive clinical course and dismal prognosis, in 
the occasional Lfng null mice (Xu and Egan, unpublished data).
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Future comprehensive studies using inducible deletion of Lfng in basal or lumi-
nal epithelial cells may help clarify the role of specific Notch receptor(s)/ligand(s) 
during pathogenesis of prostate cancer originated from different cell lineages, which 
will provide a solid basis for determining whether and how Notch should be 
employed as a therapeutic target for prostate cancer. Furthermore, Lfng/Notch 
downstream target genes in prostate cancer initiation, progression, and metastasis 
may well be biomarkers for the screening of aggressive prostate cancer out of many 
indolent ones, as well as candidate targets for effective treatment of advanced 
castration- resistant disease.

4.13  Notch and Rumi

As noted above, Notch is modified through addition of O-linked glucose trisaccha-
rides (Xyl-α1,3-Xyl-α1,3-Glc-β1-O-Ser) [21] attached to serine residues between 
the first and second cysteine (C1XSX(A/P)C2) of many EGF-like repeats [21, 23, 
24]. The glucose residue is added directly to Notch by a CAP10 domain containing 
glycosyltransferase, known as Rumi in Drosophila and Poglut1 in mammals [256, 
257]. Also, in cases where two serines are present within the consensus target site 
(C1XSS(A/P)C2), then Rumi/Poglut1 can add glucose to the first serine or xylose to 
the second [258, 259]. Glucose addition by Rumi/Poglut1, as well as elongation of 
the glucose residue through xylose addition, occurs at many sites within Notch [24]. 
Genetic analysis in Drosophila reveals a temperature dependent loss of Notch sig-
naling in Rumi homozygous mutant animals [256]. Similarly, deletion of Poglut1 in 
mice causes a wide spectrum of Notch mutant phenotypes, not unlike deletion of 
Pofut1 or RBPJk [257]. Interestingly, Poglut1 mutant mice have phenotypes beyond 
what is expected of animals with defective Notch signaling. Indeed, other targets for 
Poglut1-mediated glycosylation, including Eyes Shut (Eys) and Crumbs (Crb)/
Crumbs2 have been identified [260, 261].

The enzymes responsible for elongation of glucose have been identified. The first 
xylose is added by a glucoside xylotransferase (either GXYLT1 or GXYLT2) [262]. 
The second xylose is added by xyloside xylosyltransferase 1 (XXYLT1) [263, 264]. 
Genetic analysis of Drosophila glucoside xylotransferase, known as Shams, strongly 
suggests that while glucose addition enhances Notch signaling, xylose elongation of 
glucose, which occurs primarily within the EGF-like repeat 14–20 region, inhibits 
Notch signaling by limiting cell surface expression [265]. Not surprisingly, Rumi/
Poglut1 is also capable of adding glucose to C1XSX(A/P)C2 target sequences in 
Notch ligands. In the case of Jagged1, Rumi/Poglut1 functions to decrease accumu-
lation of ligand in vascular smooth muscle cells (VSMC), and hemizygous deletion 
of Poglut1 in VSMC suppresses Alagille syndrome like phenotypes in the liver of 
Jagged1+/− (C57BL/6) mice [266, 267]. Thus, at least in some contexts, Poglut1 
functions to inhibit Notch signaling when expressed in the signal-sending cell and 
to enhance signaling when expressed in the receiver cell.
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4.14  New Frontiers

Fringes and other Notch targeted sugar transferases function to coordinate develop-
ment of neighboring cells. In many cases they operate together with other Notch 
regulators as well as feedback loops. Therefore, any effort to define their role will 
require a detailed picture of which Notch ligands and receptors are expressed in 
which neighboring cells, which cells express fringe and/or other sugar transferases 
targeted to the Notch system, what biological states are being regulated by Notch, 
and how Notch signaling changes with time in the system. Thus far, we have a fairly 
good description of how fringe proteins control organizer formation at tissue bound-
aries in flies, as well as how Fringe proteins control somitogenesis and lymphocyte 
development. Below, we highlight a number of new and exciting research directions 
on glycosylation of Notch and its importance for development and disease.

 (i) Regulation of Notch by N-linked glycosylation and O-linked GlcNAc: Pofut1-, 
Fringe-, and Rumi-mediated Notch modifications represent powerful mecha-
nisms by which development/homeostasis is regulated. However, Notch and its 
ligands are subject to other sugar-based modifications. For example, N-linked 
glycosylation occurs and is likely to control folding, transport, signaling, and 
internalization of these proteins [22, 268–270]. Notch is also modified through 
direct addition of O-linked GlcNAc [29, 271, 272]. Unfortunately, the function 
of N-linked glycosylation or O-GlcNacylation on Notch will be very difficult 
to determine, unless the enzymes responsible are almost exclusively dedicated 
to regulation of Notch signaling. In other words, such modifications may be 
very important for regulating Notch, but in as much as they regulate other 
pathways, their function with respect to Notch will be difficult to pin down.

 (ii) Atypical Fringe proteins: Chondroitin sulfate synthase 1 (CHSY1), and related 
CHSY3, codes for type II transmembrane proteins that accumulate in the extra-
cellular space. Both contain N-terminal fringe-related and C-terminal type-A 
glycosyltransferase domains. Humans with recessive mutations in CHSY1 
have preaxial brachydactyly with partial duplication of proximal phalanges 
[273]. In addition, patients with CHSY1 mutations exhibit macrophthalmia. 
Interestingly, Chsy1 knockdown zebrafish show many of the same phenotypes 
as humans with CHSY1 mutations and show dramatically upregulated Jagged 
expression together with elevated Notch signaling [273]. Suppression of 
Morpholino- induced phenotypes and Notch hyperactivation was achieved 
through ectopic expression of a Morpholino-resistant wild-type Chsy1 cDNA, 
but not by a cDNA with a mutation in the fringe domain [273]. Thus, Chsy1 
and related chondroitin sulfate synthase genes are widely expressed Notch 
inhibitors, functioning either transiently in the secretory pathway or perhaps in 
the extracellular space where they accumulate. It remains to be determined 
how they control Notch activation/signaling.

 (iii) Fringe in development of the nervous system: While neural development is 
grossly normal in single, double, and triple fringe mutant mice [210], a role for 
fringe in fine patterning or differentiation of the nervous system has yet to be 
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explored. Indeed, Fringe expression boundaries in the developing nervous sys-
tem are suggestive of a role in compartmentalization and organizer specifica-
tion [274]. For example, fringe expression boundaries are found between 
rhombomeres of the developing hindbrain [274–276]. In the developing fore-
brain, a Lfng expression boundary corresponds to the zona limitans 
 intrathalamica (ZFI) organizer [274, 277]. Also, Lfng is expressed in the devel-
oping inner ear, and a Lfng mutation suppresses the effect of Jagged2 deletion 
in this tissue [278]. Interestingly, Dll3 is also expressed in the developing inner 
ear, as is Dll1 [279]. In the neural tube, as in the inner ear, Notch-dependent 
lateral inhibition ensures specification and differentiation of the correct cell 
types in a timely manner. In both cases, Lfng is induced downstream of Notch 
signaling [280]. As multiple feedback loops are at play in lateral inhibition, the 
role of Fringe can be difficult to detect unless a sensitized system is established 
and studied. Finally, Fringe has even been implicated in control of neuron-to-
glial cell signaling through Notch [281].

 (iv) Fringe-dependent regulation of the cardiovascular system: The Notch system 
is a potent regulator of vascular development and homeostasis. Indeed, as dis-
cussed above, dose-dependent Notch signaling is used to differentiate heman-
gioblasts into venous, arterial, and hematopoietic derivative fates, as well as to 
pattern the vascular network [130, 282]. In this latter context, Dll4 and Jagged1 
play opposing and complementary roles [283]. Vegf induces Dll4 expression in 
endothelial tip cells, which lead to migration and growth of vascular tubes 
toward the Vegf source. Dll4 then activates Notch1 in neighboring endothelial 
stalk cells [284]. In these cells, Notch1ICD induces Hey bHLH transcriptional 
repressors which downregulate Vegfr2 expression, preventing them from 
becoming tip cells [285, 286]. Jagged1 is also induced in stalk cells. In this 
context, Jagged1 appears to stabilize tip cell fate in the neighbor, as well as to 
activate Notch4 within the endothelium, thereby promoting vascular matura-
tion [287]. Finally, Jagged1 is also thought to recruit mural cells to the growing 
endothelial network [284, 287]. In this system then, Dll4/Jagged1 interaction 
is thought to create and reinforce a boundary between tip cells and their neigh-
boring stalk cells, which have a hybrid signal sender/receiver state [122, 288]. 
Fringes can stabilize the hybrid state, and all three fringes are expressed in 
developing vessels. Thus, in this context, fringes are thought to reinforce the 
tip/stalk cell-state balance, as well as to establish a dynamic system facilitating 
rapid cell-state transitions required for patterning [283, 287]. Very recently, 
Mfng has been implicated in coordination of Notch signaling by Dll4, Jagged1, 
and Jagged2 in the developing heart. Specifically, Mfng is thought to enhance 
Dll4-Notch1 signaling in the endocardium to promote trabeculation in the 
developing ventricle. Mfng is then downregulated to facilitate myocardial 
Jagged signaling [289]. While differential expression of fringes can help 
explain how tip/stalk cell balance is induced and sustained, much work remains 
to prove these models and to define detailed mechanisms by which fringes 
control Dll4 and Jagged signaling in the developing heart and vasculature.
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Vascular patterning and homeostasis plays an important role in normal 
development and in major pathological conditions including cancer and car-
diovascular disease. Indeed, much energy has been focused on developing 
Notch ligand- or receptor-based therapeutics [284, 290–296]. Once again, it 
remains to be determined what role fringes (and Rumi/Poglut1) play in tumor 
angiogenesis and cardiovascular disease, although they might well represent 
excellent targets for therapy directed against a limited and pathological set of 
Notch-controlled events, while sparing healthy vessels and other tissues.

 (v) Novel cancer therapy: As discussed above, fringe can function as a tumor sup-
pressor in a number of tissues. This finding is based primarily on studying 
fringe mutant mice, as well as on data from fringe gene expression in human 
tumors. However, fringe mutations are not common in the cancer genome. 
Also, surprisingly, fringe can actually induce transformation when overex-
pressed in cultured cells [297]. This complexity is almost certainly related to 
the tissue- and context-specific function for Notch itself, which is both an 
oncogene and a tumor suppressor gene. As fringe proteins are enzymes, and 
as they are critical regulator of Notch activation in many if not most tissues, 
they could represent excellent targets for cancer therapy. Before targeting 
fringe proteins in any pathological setting, however, it will be important to 
determine how Jagged and Dll ligands are functioning to activate one or 
other Notch in the normal and diseased tissue. In this regard, single-cell 
assays and mathematical modeling can help define the role of Pofut1-, 
Fringe-, and Rumi/Poglut1- mediated differential glycosylation in any 
Notch-dependent biological process.
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Chapter 5
Notch Signaling: A Pivot Regulator 
of Adaptive and Innate Immunity

Takumi Kumai and Paulo C. Rodriguez

Abstract The coordinated activities of the innate and adaptive arms of the immune 
system are essential to protect individuals against infectious and neoplastic patholo-
gies and to prevent the development of autoimmune responses. The Notch family of 
receptors is a highly conserved signaling pathway that controls the development, 
function, and differentiation of many cell types, including the immune cells. 
Although the effects of Notch-linked mediators in the innate and adaptive immunity 
are the focus of an active research field, there are still multiple unknown areas 
regarding how this cellular signaling pathway plays such a primary role in the regu-
lation of immune responses. In this review, we summarize and discuss the emerging 
role of Notch in the regulation of adaptive and innate immunity. We postulate that a 
better understanding of the effects of Notch in immune cells will provide new 
approaches for therapies in various diseases.

Keywords Cancer · Tumor Immunity · Immune responses · T lymphocytes · 
Myeloid cells · Immunotherapy · Cytokines · Tolerance · Tumor growth and 
metastasis

5.1  Introduction

The Notch family of receptors is a highly conserved pathway that controls the 
development, differentiation, survival, and function of many cell types, including 
immune cells [1]. Mammals have four Notch receptors (Notch-1 through Notch-4) 
that are bound by five ligands of the Jagged (Jagged-1 and Jagged-2) and the Delta- 
like (DLL1, DLL3, and DLL4) families [2]. Binding of the Notch receptors to their 
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ligands induces Notch proteolytic processing, including the cleavage through the 
ADAM metalloprotease and the γ-secretase complexes, thereby leading to the 
membrane release and nuclear translocation of the Notch intracellular active domain 
(NICD). Once there, NICD complexes with the recombination signal-binding pro-
tein- J (RBP-Jκ, also known as CSL) and the mastermind-like (MAML) coactivator, 
promoting the canonical induction of multiple transcripts [3]. Moreover, NICD 
interacts with members of the nuclear factor-κB (NF-κβ), transforming growth 
factor-β (TGFβ), and hypoxia-induced signaling pathways, inducing noncanonical 
regulation of various transcripts [4, 5]. These noncanonical signal transduction 
pathways also occur in the absence of Notch receptor cleavage and through the 
cross talk between NICD and other signaling mediators [6–8].

The fundamental role of Notch receptors and their corresponding ligands on 
immune cells was initially established in processes regulating the development and 
maturation of T cells in the thymus and during marginal zone B (MZB) cell develop-
ment in the spleen [1]. More recently, Notch signaling has also emerged as a major 
player in the hematopoietic regulation of various subsets of myeloid cells and a key 
regulator of lymphocyte function [9]. In this review, we highlight recent advances 
pertaining to the primary role of Notch signaling in the development and the func-
tion of adaptive and innate immune cells. Especial emphasis is placed on the effect 
of Notch signaling in mature CD4+ and CD8+ T cells and in dendritic cells (DCs).

5.2  Regulation of Lymphocyte Development and Function 
by Notch Receptors

5.2.1  Notch Regulates the Development of T Cells

Notch signaling is instrumental in the differentiation and maturation of T cells [10]. 
The development of αβ or γδ T cells in the thymus is initiated after the recruitment 
of bone marrow-originated common lymphoid progenitors through the bloodstream. 
Once there, T cell precursors increase the expression of Notch-1 and Notch-3 as 
they start their differentiation into CD4− CD8− T cells and maintain an elevated 
Notch activity until they reach the double-negative 3 (DN3) stage [11]. Notch-1 and 
Notch-3 levels then dissipate after the progression of the cells into the β checkpoint 
selection phase and continue low until the mature T cells are activated in peripheral 
tissues [12]. As such, deletion of Notch-1 or the Notch canonical partners RBP-Jκ 
or MAML in bone marrow precursors results in a complete absence of T cells and 
instead a significant accumulation of ectopic B cells [13, 14]. In contrast, the ecto-
pic expression of Notch-1 intracellular active domain (N1IC) beyond the DN3 
phase triggers the development of acute lymphoblastic T cell leukemia (T-ALL) 
[15]. This effect is physiologically relevant as a high number of the patients with 
T-ALL carry gain-of-function mutations in Notch-1 or Notch-related genes [16]. 
Emerging results have also indicated the role of Notch activity in the differentiation 
of CD8+ T cells [17]. Interestingly, T cell receptor (TCR) tickling by MHC class I is 
required for the Notch-induced CD8+ T cell development, suggesting the key role of 
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the interaction between Notch signaling and antigen recognition in CD8+ T cells 
[18]. In addition to the role of Notch receptors in T cell differentiation, recent stud-
ies have pointed on the effects of the expression of particular Notch ligands in the 
thymic epithelial cells as regulators of the T cell commitment. As such, expression 
of DLL4 or DLL1 in the thymic stroma drives Notch-1 signaling in T cell precur-
sors [19–23]. However, T cell development is unaffected in DLL4 or DLL1 mutant 
mice, suggesting the potential redundancy of the expression of Notch ligands in the 
thymic stroma [21]. In addition to the DLL family, Jagged-2, but not Jagged-1, is 
capable of directing T cell lineage commitment [24]. Therefore, Notch-1 signaling 
after binding to DLL1, DLL4, or Jagged-2 promotes T cell development in the thy-
mus. It is noteworthy that the high levels of DLL1 and DLL4 inhibited the develop-
ment of both B cells and myeloid cells, suggesting that the differentiation of each 
lineage is tightly regulated by Notch signaling in a ligand-specific and a dose- 
dependent manner [23] (Figs. 5.1 and 5.2).

Common lymphoid progenitor cells

Thymic epithelial cells B cells
T cells

Notch-1

Notch-2

Notch-3

DLL1

DLL4

Jagged-1

Jagged-2

T cells

CD8 T cells Th1 Th2 Treg Th17 Th9 Tfh

Marginal zone
B cells

Dendritic cells

Follicular
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gd
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Fig. 5.1 The regulation of lymphocyte differentiation by Notch signaling. Notch-1 and Notch-3 
expression and/or DLL1, DLL4, and Jagged-2 stimulation commits common lymphoid progenitor 
cells to T cell precursor cells [10–14]. After T cell lineage commitment, DLL1 and DLL4 from 
thymic epithelial cells or APCs induce αβ T cell differentiation including CD8+ T cells and Th1 
subset [17, 25]. DLL1 is also capable of inducing Treg [32–34]. DLL4 induces Th17 and Tfh but 
inhibits Treg [35]. Although Jagged-1 is beneficial for Th2 and Treg, this ligand suppresses γδ T 
cells and Th17 [40]. Jagged-2 elicits the differentiation of γδ T cells, Th2, Treg, and Th9 [28, 29, 
34]. After B cell lineage commitment that is suppressed by Notch-1, DLL1, DLL4, and 
Jagged-2  [50, 51], marginal zone B cells or follicular B cells are induced by DLL1 or DLL1, 
DLL4, and Jagged-1, respectively [44]
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5.2.2  Notch Controls the Differentiation of Mature T Cells

Accumulating evidence indicates the major role of Notch signaling in the differen-
tiation of CD4+ T cells into specific T helper (Th) subsets. As such, activation of 
Notch-1 and Notch-2 on primed CD4+ T cells by specific Notch ligands on DCs 
leads to their polarization into different Th subsets [25]. Interestingly, DLL1 and 
DLL4 promoted the development of Th1 subsets, whereas Jagged-1 and Jagged-2 
induced Th2 polarization. Activation of antigen-presenting cells (APCs) with Toll-
like receptor (TLR) agonists elicited the expression of Notch ligands Jagged-1, 
Jagged-2, DLL1, and DLL4 [25]. Expression of STAT3-induced DLL4 upon DC 
stimulation with LPS mediated the induction of Th1 and Th17 differentiation inde-
pendent of IL-12 [26, 27]. Additional reports also showed that DLL4-carrying DCs 
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Fig. 5.2 The regulation of myeloid lineage differentiation by Notch signaling. The self-renewal of 
hematopoietic stem cells is promoted by Notch (Notch-1 and Notch-2) and its ligands (DLL1, 
DLL4, Jagged-1, and Jagged-2)  [96, 100–103]. Immature myeloid cells are maintained via 
Jagged-1 signaling [96, 100, 101]. G-CSF- or GM-CSF-induced maturation of myeloid cells is 
inhibited by Notch-1 or Notch-2 signaling, respectively [96, 100]. Macrophage differentiation is 
suppressed by DLL1  [117]. The canonical Notch pathway inhibits plasmacytoid dendritic 
cells  [108]; however, the effect of DLL1 is context dependent  [122, 123]. Notch-2 signaling 
induces CD8− and CD103+ dendritic cells [109]. Notch-1 and DLL1 are also inducers of CD8− 
dendritic cells [108, 112]. Casein kinase 2 suppresses Notch signaling to maintain the phenotype 
of MDSCs [113]
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induced Th1 polarization in an IL-12-dependent manner [28]. The induction of Th1 
cells by DLL4 occurred through noncanonical pathways, adding a level of complex-
ity on the effects of DLL/Notch in the promotion of Th subsets. Opposite to the 
effect induced by DLL1 and DLL4, Jagged-1 and Jagged-2 ligands triggered Th2 
differentiation. In fact, Jagged-2 in the tumor microenvironment skewed T cells into 
Th2 cells, which promoted tumor growth [29, 30]. Moreover, the Th2 differentia-
tion induced by Jagged/Notch signaling was significantly diminished upon deletion 
of RBP-Jκ, suggesting that canonical Notch activity is required for the Jagged- 
induced effects [31]. Thus, Th1 polarization was promoted through noncanonical 
Notch signaling, whereas Th2 induction depended on canonical Notch pathways. 
Interestingly, the levels of active Notch were similar in T cells primed in the pres-
ence of DLL or Jagged ligands, suggesting that unknown mediators are responsible 
for the opposite effects triggered by these ligands on Th differentiation. Because 
cytokines are the major determinant of the CD4+ T cell fates and are major targets 
of Notch signaling [25], current research is exploring the role of Notch-induced 
cytokines in the polarization of specific Th subsets.

Notch signaling is fundamental for the generation, expansion, and suppressive 
function of regulatory T cells (Treg). Treg development is increased after overex-
pression of Notch-1 or Notch-3 in T cells, whereas Treg inhibition is induced upon 
treatment of T cells with γ-secretase inhibitors (GSI) [32–34]. As ligands, DLL1, 
Jagged-1, and Jagged-2 play a primary role to support Treg induction. DLL1 main-
tained the survival of natural Treg and increased Treg conversion by directly upreg-
ulating Foxp3 transcription or by cooperatively augmenting TGF-β/Smad3 signaling 
[34]. Jagged-1 is another ligand that induces Treg by enhancing the signaling 
through TGF-β/Smad3. Furthermore, CD4+ T cells stimulated in the presence of 
Jagged-2 became Treg with a high suppressive capacity against autoimmune 
encephalomyelitis (EAE) [28]. Conversely, DLL4 inhibited the expansion of Treg 
through downregulation of JAK3 and STAT5 phosphorylation [35]. The mecha-
nisms by which the specific Notch ligands modulate cellular signaling and trigger 
or inhibit Treg development remain elusive.

Th17 cells are a relatively new subset of CD4+ T cells that play a fundamental 
role in a variety of autoimmune diseases [36]. Accumulating evidence suggests that 
Notch signaling regulates the differentiation of Th17 cells [37]. The induction of 
Th17 differentiation by TLR-activated DCs was abolished by DLL4 neutralization, 
suggesting that DLL4/Notch signaling is essential for Th17 development [26]. 
Because RBP-Jκ directly interacted with ROR-γt, the master inducer of Th17 cells, 
it is likely that DLL4-induced canonical Notch signaling drives Th17 differentiation 
[38]. Also, the production of IL-6, a well-known inducer of Th17, was decreased in 
Notch-1 mutant mice, suggesting that Notch signaling can indirectly impact the dif-
ferentiation of Th17 by regulating IL-6 production [39]. In contrast to the role of 
DLL4, Jagged-1 expression on DCs had a negative effect in promoting Th17 
 differentiation [40]. Therefore, although the effect of Notch in Th17 cells remains 
unclear, it is accepted that the development of Th17 populations depends on the 
specific binding of Notch receptors to particular ligands on APCs in a microenviron-
ment containing the precise levels of specific cytokines.
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Th9 cells were recently identified as a subset of CD4+ T cells with a potent 
antitumor ability [41]. Polarization of Th9 cells by TGF-β and IL-4 induced the 
activation of Notch-1, which controlled the Th9 expansion [28]. Moreover, Jagged-2 
ligand appears to regulate the Th9 differentiation by Notch, which occurred through 
the phosphorylation of Smad3 [28]. While Th9 differentiation was suppressed in 
Notch-1 and Notch-2 knockout mice and after GSI treatment, excessive amounts of 
IL-4 could compensate the deficiency of Notch signaling and restore Th9 develop-
ment, suggesting that Notch activity is important only under limiting amounts of 
IL-4.

Follicular CD4+ T cells (Tfh) are essential for providing B cell help to generate 
high-affinity antibodies in germinal center by expressing CD40 ligand and by pro-
ducing IL-4 and IL-21 [42]. The absence of Notch-1 and Notch-2 by gene ablation 
impaired Tfh differentiation and germinal center formation [43]. By using condi-
tional knockout mice, it has become clear that DLL4 signaling from the stromal cell 
is primary for the Tfh differentiation [44]. However, the role of Notch in the devel-
opment and function of Tfh cells remains unclear.

γδ T cells have a restricted TCR repertoire that recognizes phosphoantigens pro-
duced by bacteria and parasites. Because endogenous phosphoantigens are also 
accumulated in tumors, γδ T cells are promising cell types for the target of immu-
notherapy [45]. The seminal study by Washburn et al. showed that while normal 
Notch-1 signaling induced αβ T cells, reduced Notch-1 favored the induction of γδ 
T cell from CD4− CD8− progenitor cells [46]. Furthermore, Notch-3 activation by 
Jagged-2 or constitutive active Notch-3 promoted γδ T cell lineage differentiation 
[47]. This differentiation was mediated through the inhibition of TCR-β expression, 
which is necessary for CD4+ and CD8+ T cells. Collectively, the balance between 
DLL4/Notch-1 and Jagged-2/Notch-3 signaling appears to determine the fate of αβ 
T cell and γδ T cells.

NKT cells are unique subset of T cells that recognize lipid antigens presented by 
the CD1d molecule. There are two subsets of NKT cells, type I (invariant TCR) and 
type II (diverse TCR) NKT cells, whose function can be both pro-inflammatory and 
immunoregulatory [48]. Most of the NKT cells are either CD4+ or CD4− CD8−; 
however, it remains largely unknown the pathways that drive their development 
from common lymphoid progenitor cells. Recently, the importance of Notch activ-
ity in the differentiation of NKT cells has been proposed. Although deletion of 
Notch-1 and Notch-2 increased the number of invariant NKT cells in the thymus, 
these invariant NKT cells were premature (NK1.1−) and sensitive to apoptosis, 
which thereby resulted in the decreased number of these cells in the periphery [49]. 
NKT cells in RBP-Jκ mutant mice showed the same increased pro-apoptotic pheno-
type, suggesting that canonical Notch signaling plays a primary role in NKT cell 
survival. However, unlike Notch-1- and Notch-2-null NKT cells, RBP-Jκ knockout 
NKT cells showed comparable thymic development, indicating that noncanonical 
Notch-1 or Notch-2 signaling is primary for the intra-thymic development and that 
canonical Notch signaling is essential for the periphery maturation, function, and 
homeostasis of NKT cells.
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Although Notch-1-related activity has been extensively studied during early T 
cell development, the impact of Notch in the B cell compartment remains poorly 
understood. Initial reports showed that commitment to early B cell lineage required 
the inhibition of Notch-1 activity in lymphoid progenitor cells [50, 51]. The increase 
of B cells in Notch-1-depleted mice was not due to the compensation mechanism by 
the lack of normal T cell development. Moreover, B cells were increased in DLL4 
knockout mice, suggesting that DLL4 is one of the responsible ligands for the inhi-
bition of B cell commitment [22]. Expression of Notch ligands on stromal cells 
allowed to assess the ability of other Notch ligands in inducing B cell differentia-
tion. In hematopoietic progenitor cells, Jagged-1 stimulation was capable of induc-
ing B cell lineage [24]. On the contrary, DLL1, DLL4, and Jagged-2 suppressed this 
differentiation. Interestingly, the effect of DLL1 to modulate the fate of B cell dif-
ferentiation depended on the dose and the density of its expression [52]. More recent 
results established the role of Notch signaling, especially Notch-2, during the devel-
opment of specific subsets of B cells in the spleen. Two different populations of B 
cells accumulate in the spleen, namely, marginal zone B cells (MZB) and follicular 
B cells [53]. Follicular zone B cells represent the majority of B cells within the 
spleen and participate in immune responses mediated by T cells. Conversely, MZB 
cells are a minority of the B lymphocytes in the splenic tissue and regulate antibody 
responses against lipid antigens, which usually occur in a T cell-independent man-
ner [54]. Although the number of follicular B cells is much higher than MZB, the 
ability to activate antigen-specific CD4+ T cells of MZB is superior to that of fol-
licular B cells [55]. B cell progenitors from the bone marrow migrate to the spleen 
and originate MZB cells and follicular B cells through transitional stages T1 and T2. 
The specification of MZB cells after T2 is highly dependent on Notch-2 signaling 
induced by DLL1, but not through DLL4 expression [44]. The expression of 
DLL1 in blood endothelial cells or DCs was dispensable during this process. This 
differentiation appears to be mediated through canonical pathways, as conditional 
deletion of RBP-Jκ and MAML resulted in a similar inhibition in the development 
of MZB as that induced by Notch-2 ablation [56–58]. One of the downstream tar-
gets of Notch for MZB induction is the E protein family. Downregulation of E 
proteins by Notch activation is necessary to drive MZB differentiation [59]. Thus, 
under physiological conditions, interaction of DLL1 with Notch-2 and further 
canonical signals induces in transitional B cells to specify MZB cells, as opposed to 
follicular B cells. Meanwhile, the differentiation of follicular B cells heavily relies 
on DLL4 on fibroblastic reticular cells [44]. In addition, DLL1 has been shown to 
enhance the proliferation of follicular B cells after B cell receptor or CD40 stimula-
tion through MAPK activation, suggesting that the Notch ligand required for the 
differentiation and the proliferation of follicular B cells may be different [60]. For 
the sake of the survival, Jagged-1 in DCs rendered an anti-apoptotic feature to fol-
licular B cells [61]. Altogether, the results suggest the key role of Notch signaling in 
B cell development and function.

Innate lymphoid cells (ILCs), a heterogeneous group of lymphocytes that lack 
T/B cell receptors and that activate in an antigen-independent manner, are emerging 
as major mediators in the immune responses against infectious agents and tumors 
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and in the development of tolerance against self-antigens. Similar to CD4+ and 
CD8+ T cells, ILCs develop from common lymphoid progenitor cells. ILCs are 
divided into three major subclasses (ILC1s, ILC2s, and ILC3s). ILC1s, ILC2s, and 
ILC3s consist of Th1-producing T-bet+ cells, including natural killer (NK) cells, 
Th2-producing GATA3+ cells, and Th17-producing cells, respectively [62, 63]. 
While most of the studies focused on the cytokines or transcription factors mediat-
ing the induction of ICLs, Notch signaling has been shown to regulate the matura-
tion of several subsets of ILCs, including ILC2s (nuocytes) and ILC3s (lymphoid 
tissue-inducer (LTi) cells) and IL-22-producing ILCs (NKp46+ ILCs) [64–66]. 
Nuocytes play an irreplaceable role in anti-helminth and allergic immunity by pro-
ducing Th2-type cytokines IL-5 and IL-13. DLL1 stimulation in the presence of 
IL-33 and IL-7 is critical for the induction of nuocytes from progenitor cells [66]. 
Without nuocyte-skewed cytokines, DLL1 stimulation triggers instead CD3+ T 
cells. In ILC3s, the necessity of Notch signaling depends on its developmental 
stage. Notch is prerequisite for the differentiation of common lymphoid progenitor 
cells to RORγt− fetal progenitor cells; however, this signaling blocked a successive 
LTi differentiation [65]. The increased expression of Notch in IL-22+ NKp46+ ILCs 
was mediated through the transcription factor aryl hydrocarbon receptor (AHR) and 
further regulated the expression of the RORγt [64]. Conditional deletion of RBP-Jκ 
further confirmed that canonical Notch signaling is necessary for the induction of 
IL-22+ NKp46+ ILCs. Because unregulated IL-22 can cause an epithelial tumori-
genesis [67], Notch inhibition may indirectly suppress tumor development by elimi-
nating IL-22+ NKp46+ ILCs. Taken together, Notch signaling controls the 
development and/or expansion of ILC subsets, which also depends on the specific 
inflammatory modulators present in the microenvironment.

5.2.3  Effects of Notch Signaling in the Function of CD4+ 
and CD8+ T Cells

The role of Notch signaling in the modulation of CD4+ T cell function is well estab-
lished [68–70]. Treatment of activated mature CD4+ T cells with GSI impaired their 
activation [71], proliferation [72, 73], and survival [74], suggesting the importance 
of Notch signaling in CD4+ T cells. The CD4+ T cell survival effects induced by 
Notch appear to be mediated through the promotion of glycolysis and occurred in a 
Notch canonical-dependent manner [75]. Furthermore, inhibition of DLL1 and 
DLL4 impaired the function of activated CD4+ T cells, indicating the major role of 
these ligands in the function of CD4+ T cells [76]. Accordingly, DLL4 stimulation 
increased the sensitivity of CD4+ T cells to antigens by upregulating the PI3K/
mTOR/GLUT1 signaling cascade [77]. As stated above, ligation of Notch to DLL1 
or DLL4 ligands promoted Th1 responses, whereas their engagement to Jagged-1 or 
Jagged-2 induced the development of Th2 and Treg populations [31, 68, 78, 79]. 
Furthermore, Treg development was induced by DLL4 blockade, which resulted in 
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the attenuation of EAE [35]. In contrast to DLL4, DLL1 not only induced Th1 but 
also promoted Treg differentiation. DLL1 increased the suppressive function of 
Treg, which was significantly inhibited upon Notch-1 blockade [33, 34]. DLL1- 
induced Treg cells express CD39 expression, which is a key enzyme for ATP/AMP 
conversion, suggesting that Notch signaling in Treg might indirectly suppress 
immune cells via production of adenosine. Interestingly, the development and func-
tion of Treg were significantly increased upon overexpression of Notch-1 or Notch-3 
[32, 33]. Notch-3 induction in thymocytes expanded Treg that were fully competent 
to suppress the proliferation of bystander cells [32]. Although it is not clear if 
Notch-3 is solely important for the expansion of Treg, it is evident that Notch-3 acts 
as a pro-Treg receptor. Besides the benefit of DLL1 and Notch-3 signaling in Treg 
induction, the overall role of Notch-1 in Treg remains controversial [80]. The func-
tion of Th17, a prominent mediator of a variety of autoimmune diseases [36], is 
regulated by Notch. GSI or DLL4 blockade alleviates inflammation in asthma or 
EAE models by suppressing IL-17 [35, 81]. In line with this, Notch signaling sup-
ported the survival of Th17 cells by upregulating anti-apoptotic gene Bcl2 partly via 
HIF-1 [82]. Also, DLL3 significantly increased the number of pathogenic Th17 in 
collagen-induced arthritis model [83].

Although naïve CD8+ T cells do not express significant levels of Notch receptors 
[30], they still require Notch signaling to be fully activated. Indeed, GSI treatment 
decreased proliferation [73], survival [74], cytokine production [73, 84], and cyto-
toxicity [84] of CD8+ T cells. Expression of Notch-1 and Notch-2 in CD8+ T cells 
was induced upon anti-CD3/CD28 activation and relied on mTOR and T-bet signal-
ing [30, 85]. The role of Notch-1 and Notch-2 in the function of CD8+ T cells has 
been demonstrated by the impaired lytic capacity found in CD8+ T cells from Notch-
1- and Notch-2-null mice or after the blocking of Notch-1 [30, 84, 86]. Notch signal-
ing promoted cytotoxic activity in CD8+ T cells through the induction of the effector 
molecules granzyme B, IFNγ, and perforin, which were upregulated through canoni-
cal signals or through the binding of NICD to Eomes or NF-κB [84, 87]. Interestingly, 
the induction of short-lived effector CD8+ T cells (SLECs, CD127low KLRG1high) was 
inhibited in mice lacking Notch-1 or Notch-2 after DC vaccination [85, 87]. Instead, 
early effector CD8+ T cells (CD127low KLRG1low) were increased in these mutant 
mice, suggesting that Notch-1 and Notch-2 are important for the conversion of early 
effector cells to short-lived effector cells [87]. Although Notch is dispensable for the 
CD8 memory generation [87], N1IC+ CD8+ T cells possessed a central memory phe-
notype (CD44+ CD62L+ CD122+ CD127+) and displayed an elevated cytotoxicity 
and antitumor activity after adoptive cellular transfer into tumor-bearing mice [30]. 
Thus, Notch signaling in CD8+ T cells could represent an important immunotherapy 
target for cancer. With regard to Notch ligands, DLL1 overexpression increased the 
antitumor activity of antigen-specific CD8+ T cells [88]. Indeed, Notch-2 activation 
on CD8+ T cells by DLL1 on DCs results in a high production of granzyme B [86]. 
In contrast to the role of DLL1, Jagged-1 expression suppressed collagen-induced 
arthritis by providing negative signals in CD8+ T cells [89].

The regulation of Notch signaling in T cells has emerged as a novel mechanism 
of tumor to escape from immunosurveillance. Myeloid-derived suppressor cells 
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(MDSC) suppressed the expression of full-length and cleaved Notch-1 and 
Notch-2  in CD8+ T cells in a nitric oxide-dependent manner, suggesting that the 
tumor microenvironment blocks Notch signaling in CD8+ T cells as a strategy to 
evade protective immunity [30]. Higher levels of VEGF from tumor or stromal cells 
would be another determinant of Notch inhibition in T cells by inhibiting the expres-
sion of DLL1 and DLL4  in the bone marrow microenvironment [88]. A recent 
report suggests that Notch signaling is controlled by epigenetic regulation in CD8+ 
T cells. Enhancer of zeste homolog 2 (EZH2) stimulated Notch by the methylation 
of Notch repressor Numb in activated CD8+ T cells [90]. EZH2+ CD8+ T cells were 
capable of producing multiple cytokines and had an anti-apoptotic feature. In ovar-
ian cancer patients, high accumulation of EZH2+ CD8+ T cells correlated with good 
prognosis demonstrating that Notch signaling endows CD8+ T cell with high antitu-
mor activity. Notably, tumor cells dampened EZH2 expression in CD8+ T cells by 
consuming glucose [90]. Several approaches have been reported to activate CD8 
Notch signaling in the tumor microenvironment. As well as N1IC overexpression, 
DLL1-Fc fusion complex induced central memory CD8+ T cells, which had an 
increased antitumor activity [30, 91]. The decreased Notch signaling in CD8+ T 
cells of tumor-bearing mice was counteracted by a proteasome inhibitor bortezomib 
[92]. Collectively, decreased expression of Notch in CD8+ T cells represents a key 
element in tumor-induced tolerance, and the restoration of Notch signaling in CD8+ 
T cells could be a possible strategy to overcome immunosuppression in the tumors.

In addition to CD4+ and CD8+ T cells, the role of Notch in regulating function of 
γδ T cells and NKT cells has been described. Phosphoantigen stimulation by bromo-
hydrin pyrophosphate (BrHPP) increases the expression of Notch-1  in γδ T cells. 
Accordingly, the γδ T cell survival, cytokine production, and cytotoxicity against 
tumor cells heavily rely on Notch-1 signaling [93]. The production of IL-4 by NKT 
cells is regulated by conserved noncoding sequences (CNS)-2 through canonical 
Notch signaling [94]. Moreover, Notch-1 and Notch-2 are crucial for the IFN-γ and 
IL-4 production in NKT cells [49]. The cytokine production of NKT cells is sup-
pressed in RBP-Jκ knockout mice, indicating that canonical Notch signaling is indeed 
important for the function of NKT cells. These results suggest that the effects of Notch 
activity go further than those induced on classic CD4+ and CD8+ T cell subsets.

5.3  Notch Signaling Controls the Development and Function 
by Various Subsets of Myeloid Cells

5.3.1  Notch Regulates the Development of Myeloid Subsets

Myeloid cells regulate adaptive immunity through their ability to acquire and pres-
ent antigens and through the expression and release of inflammatory mediators. 
Myeloid subsets in peripheral tissues are represented by monocytes, granulocytes, 
macrophages, and DCs. Additional subgroups that expand under inflammation are 
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MDSC, tolerogenic DCs, and suppressive plasmacytoid DCs (pDCs). Most of the 
myeloid populations are originated from common myeloid progenitors; however, 
pDCs are derived from common lymphoid progenitors. Initial reports provided 
compelling evidence supporting the key role of Notch in the function and differen-
tiation of myeloid cells [95–98]. However, the exact nature of Notch-related signal-
ing in specific subsets of myeloid cells remains unclear. Previous reports showed the 
role of Notch in the maintenance of myeloid progenitor cells and blockage of their 
terminal differentiation [99–101]; whereas others indicated the effect of Notch for 
the final differentiation of mature myeloid cells [16]. These differences can be 
explained by the stage of myeloid cell differentiation when Notch is activated, the 
specific Notch receptor or ligand triggering the signaling, and the inflammatory 
milieu present under Notch-signaling conditions.

In support of the effect of Notch as a mediator for maintaining the pool of 
myeloid precursors, a delayed hematopoietic cell differentiation in response to 
G-CSF and GM-CSF and promotion of hematopoietic precursor self-renewal were 
observed after specific activation of Notch-1 or Notch-2 [96, 100] or through inter-
action with Jagged-1 [102], Jagged-2 [101], DLL1 [103], or DLL4 [104]. 
Accordingly, the inhibition or deletion of Notch-1 triggered the spontaneous matu-
ration of erythroid and myeloid precursors [105]. On the other hand, Notch activity 
has been shown to be required for the differentiation of mature myeloid cells. 
Ectopic expression of Notch-1, or its active forms, promoted the differentiation of 
hematopoietic progenitors and into myeloid cell [98, 106]. Furthermore, inactiva-
tion of Notch signaling by targeting γ-secretase member Nicastrin resulted in an 
aberrant accumulation of granulocyte/monocyte progenitors in the peripheral blood, 
spleen, and liver [107]. Despite the potential role of Notch signaling in the homeo-
static expansion of myeloid cells, myeloid cell lineages are normal in mice deficient 
for Notch-1 [13] and RBP-Jκ [108], indicating that the interaction of Notch signal-
ing and the maturation of myeloid cells are a complex process that is context 
dependent.

5.3.2  Notch Activity in the Development of DCs

In recent years, multiple studies based on the pharmacological inhibition of Notch 
activity, the overexpression of Notch receptors or ligands, and the conditional dele-
tion of Notch receptors in DCs or hematopoietic precursors have provided conclu-
sive evidence that Notch signaling plays an important role in the development and 
function of DCs. As such, conditional deletion of RBP-Jκ or Notch-2  in DCs 
reduced the expansion of specific DC subsets in the spleen, but not in other lym-
phoid tissues [108, 109]. In addition, differentiation of DCs was inhibited in mice 
lacking Notch-1 in hematopoietic precursors [110], as well as in embryonic stem 
(ES) cells mutant for Notch-1 [111]. Similar results were obtained after the condi-
tional deletion of Notch canonical member RBP-Jκ in bone marrow cells, which 
induced a substantial reduction in the presence of splenic DCs, specifically the 
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CD8− DCs present in the marginal zone [108]. The mechanism maintaining CD8− 
DC expansion appears to be mediated through DLL1 [112]. Surprisingly, there was 
also an increased in the accumulation of pDCs in RBP-Jκ null mice, suggesting that 
Notch signaling controls the homeostasis of CD8− DCs and inhibits the expansion 
of pDCs in the spleen. In addition to splenic DCs, a subset of CD103+ DCs located 
in the lamina propria of the intestine is strongly reduced in the absence of Notch-2 
[109]. Thus, the final commitment to DC differentiation during myelopoiesis is 
regulated by the Notch receptor and ligand expressed through the overall microen-
vironment components.

In addition to the effect of Notch receptors and ligands on the differentiation of 
DCs, recent studies suggested the posttranslational modification of Notch in imma-
ture myeloid cells. As such, phosphorylation of Notch by casein kinase 2 (CK2) was 
suggested as a major mediator of the expansion of MDSC under chronic inflamma-
tion and a key inhibitor of DC differentiation. Silencing of CK2 restored Notch 
signaling and enabled the maturation of MDSC into DCs [113]. Furthermore, cur-
rent research aims to determine the Notch ligand responsible for controlling splenic 
DC development. Initial studies suggested a potential distinct effect of DLL1 and 
Jagged-1 as mediators of Notch signaling in DCs. Incubation of bone marrow pre-
cursors with fibroblasts expressing DLL1 induced DC differentiation, whereas 
Jagged-1-carrying fibroblasts promoted the accumulation of immature myeloid 
cells [114]. The mechanisms mediating this opposite effect were mediated through 
the activation or inhibition of Wnt pathways by DLL1 and Jagged-1, respectively 
[115, 116]. Interestingly, DLL1-induced activation of Notch blocked differentiation 
of monocytes into macrophages but also enabled their differentiation into DCs 
[117]. In addition to the interaction of Notch and Wnt pathway in DCs, there is 
evidence that Notch partners with NF-κB to control the differentiation of myeloid 
cells. In fact, a significant decrease in the NF-κB signaling and expression is 
observed in bone marrow precursors from Notch-deficient mice, which was restored 
after reconstitution of Notch signaling [110, 118, 119]. The regulation of NF-κB by 
Notch is mediated by a transcriptional induction of NF-κB members and through 
the direct interaction of Notch active forms and NF-κB subunits [120, 121]. Recent 
research also established the interaction of DLL4, Notch, and NF-κB in the function 
of DCs [26].

pDCs are phenotypically and functionally a distinct subset of DCs. Several 
reports described opposite effects of Notch receptors and ligand DLL1 on the dif-
ferentiation of pDCs [122, 123]. Initial studies showed that DLL1 enhanced the 
numbers of pDCs by promoting their differentiation rather than proliferation [123]. 
Conversely, stromal cells expressing DLL1 drove differentiation of thymic progeni-
tor cells to T cells and blocked pDC development [123]. Furthermore, deletion of 
Notch-1 in bone marrow populations did not affect the development of pDCs in vivo 
[124, 125]. Opposite results were found in RBP-Jκ-deficient mice, which showed 
increased numbers of pDCs [108], suggesting that Notch signaling may play dis-
tinct roles in the development of pDCs. This could be explained by the redundancy 
in the function of Notch in different environments. In fact, an example that the 
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effects induced by Notch signaling are highly complex and context dependent is 
suggested by studies showing that deletion of Notch-1  in the thymus favors the 
development of DCs [124, 126], without affecting pDCs.

5.3.3  Signaling Through Notch Modulates the Activity 
of Myeloid Cells

In recent years, an active research field has suggested the importance of the Notch 
signaling in the activation of myeloid cells and the subsequent effect on T cell 
responses. RBP-Jκ-lacking DCs had a defect in the activation, maturation, and anti-
gen presentation in response to LPS [127]. Further studies showed that loss of 
RBP-Jκ in DCs impaired their ability to contain tumor growth [128]. These results 
demonstrated the role of canonical Notch signaling in the function of mature DCs. 
Additional studies have shown the important role of Jagged-1 and DLL4  in the 
modulation of DC-related inflammation. Activation of DCs through Jagged-1 
induced the production of IL-10 and promoted the development of Treg [129]. 
Moreover, DLL4-dependent Notch activation in DCs triggered Th1 and Th17 
responses via NF-κB activity [26, 130]. However, DLL4 also induced IL-10 produc-
tion from DCs that had an ability to attenuate airway hyperresponsiveness [131]. 
Thus, signaling through Notch in mature DCs may result in tolerogenic or immuno-
genic environments, which depend on the context and the strength of the Notch 
activation. In fact, a switch in the Notch ligands has been observed in myeloid popu-
lations as they approach the tolerogenic tumor microenvironment [132].

Activation of Notch in myeloid populations has been reported to be mediated 
through TLRs and various cytokines. TLRs are widely expressed in macrophages 
and DCs and allow them to rapidly respond to pathogen infections. Signaling 
through TLR ligands leads to the induction of Notch receptors and Jagged-1, 
Jagged-2, DLL1, and DLL4 [25, 133, 134]. Induction of Notch receptors by TLR 
ligands induces synergistic effects through unknown mediators that enable the 
inflammatory capacity of myeloid cells. Furthermore, inflammatory cytokines such 
as TNF and IL-1β induce the expression of Notch-1 and Notch-4, leading to the 
activation of inflammatory mediators [135–138]. A common potential mediator for 
the induction of Notch signaling by TLRs and cytokines is the activation of NF-κB 
[139]. Interestingly, IFN-γ signaling blocks the induction of Notch-induced genes 
through unknown mechanisms adding into the complexity of Notch induction in 
DCs under inflammation [139].

The molecular mechanisms by which Notch regulates DC activity remain 
unclear. Most of the effects triggered by Notch signaling in myeloid cells are medi-
ated through activation of NF-κB. The mechanisms by which NF-κB regulates the 
function of myeloid cells include cooperation with Notch transcriptional activity 
[140], release of the inhibitor of NF-κB (IκB) that binds to Notch targets [141], and 

5 Notch Signaling: A Pivot Regulator of Adaptive and Innate Immunity



140

chromatin modification of Notch target genes [141]. Moreover, Notch signaling 
may activate the signal transducer and activator of transcription 3 (STAT3), which 
then interacts with specific NF-κB subunits [142, 143]. Another group of signaling 
molecules implicated in mediating Notch effects is the mitogen-activated protein 
kinases (MAPKs) [144].

Although there are overlapping effects of Notch signaling in DCs and macro-
phages (TLR and Notch interaction), recent studies have delineated unique features 
for canonical Notch signaling during macrophage activation. Treatment of macro-
phages with GSI decreased the production of IL-6, iNOS, and TNFα after activation 
with LPS, which correlated with a lower activity of NF-κB [145]. Similar results 
were obtained after deletion of RBP-Jκ in macrophages [144]. Conversely, produc-
tion of IL-6 and TNFα was decreased, and IL-10 was increased in macrophages 
carrying the active forms of Notch-1 or Notch-2 [146], suggesting a potential effect 
of Notch in the promotion of tolerogenic macrophages. Accordingly, depletion of 
RBP-Jκ in tumor-associated macrophages (TAMs) restored the infiltration of CD8+ 
T cells into tumors [147]. These results also support the potential context-dependent 
effects of Notch in macrophages.

5.4  Notch Signaling in Regulation of T Cell Polarization 
by APCs

Although Notch activity is a clear regulator of inflammation, the interaction of 
Notch on DCs and T cell function remains poorly understood. Unstimulated DCs 
express low levels of DLL and Jagged ligands; however, TLR activation upregulates 
the expression of both Notch and its ligands. As mentioned above, expression of 
DLL1 and DLL4 on DCs appears to favor Th1-type responses, whereas Jagged-1 
and Jagged-2 induce Th2-type responses [25, 148]. In agreement with this, block-
ade of DLL4 in RSV-infected mice reduced Th1 cell polarization and promoted Th2 
responses [149]. In contrast, activation of Notch through Jagged-1 promoted the 
development of Th2 responses that protected mice against autoimmune encephalitis 
[150]. In addition, silencing of Jagged-1 in immature human DCs prevented their 
ability to induce Th2 polarization [151]. These results provide a strong indication 
that polarization of CD4+ T cells indeed depends on activation of Notch signaling. 
Although this aspect remains highly controversial, strong evidence supports the 
notion that DCs direct Th2 polarization via Jagged and Th1 polarization via DLL. In 
addition to DCs, Notch signaling in macrophages also affects CD4 differentiation. 
Activated macrophages derived from Notch-1 knockout mice produced less IL-6 
and have low costimulatory molecule CD80 expression that results in less induction 
of Th17 [39]. Collectively, the interaction between innate and acquired immunity is 
dynamically impacted by Notch signaling.
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5.5  Future Perspectives

Despite the aforementioned fact that Notch is important for both innate and 
acquired immunity, the question arises whether Notch signaling is a simple ligand/
receptor pathway that plays an identical role regardless of the cell types. A recent 
finding partially answers this question by depleting Zmiz1, a cofactor of Notch-1 
signaling. Surprisingly, Zmiz1 was required for T cell development but was dis-
pensable for Notch-dependent intestinal homeostasis or myeloid suppression 
[152]. Although further investigations are necessary, this result offers a novel 
insight that cofactors would be a cell-specific determinant of the downstream sig-
naling of Notch in addition to the type of ligands and receptors. Also, the influence 
of Notch pathway in tumor or stroma cells over acquired antitumor immunity is 
particularly interesting. The induction of N1IC in cancer cells reduced SERPINE1 
expression and inhibited granzyme H-mediated cytotoxicity, indicating that Notch 
activity in the malignant cells enables escape from immune surveillance [153]. 
Since Notch is widely accepted as an oncogene and GSI (RO4929097) has passed 
a phase 1 study with a manageable safety profile [154], Notch activation or inhibi-
tion could not be a simple solution for cancer therapy. Although a substantial num-
ber of studies used GSIs as Notch inhibitors, gamma secretase is not specific for 
Notch, and cleaves over 95 different substrates including CD44. Because 
γ-secretase also cleaves CD44, a marker for cancer stem cells and activated T cells 
[155], the results obtained from using GSI must be interpreted with caution.

There are several regulators other than GSI that have potentials to regulate 
Notch signaling in immune cells. Because ADAM10 is necessary for the ligand-
induced Notch-1 activation and ADAM17 is required for the ligand-independent 
Notch-1 signaling [156], the comparison between ADAM10 inhibitors and GSIs 
would be useful to differentiate ligand-dependent or -independent Notch-1 signal-
ing. Jagged-1- mimic peptide (17 amino acids) would be a cost-effective alterna-
tive for Notch stimulation [157]. Valproic acid and suberoylanilide hydroxamic 
acid (SBHA), both of which have been identified as histone deacetylase inhibitors 
[158, 159], activate Notch-1 signaling and have a potential to suppress tumor pro-
liferation. In addition, a dietary polyphenol resveratrol activates Notch-2 and sup-
presses carcinoid cell growth [160]. Interestingly, treatment of tumor-bearing 
mice with agonistic  antibodies against Notch-2 or DLL1 or DLL4-Fc fusion pro-
teins led to antitumor responses [88, 161, 162], suggesting the potential therapeu-
tic effect of promoting Notch signaling in cancer. Although these therapeutic 
approaches were systemic and did not specifically target immune cells, further 
understandings of Notch signaling in innate and acquired immunity will enable us 
to pave the way for developing powerful strategies to treat cancer and autoimmune 
diseases.
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Chapter 6
Notch in Ovarian Cancer

Emily Gerry, Vivek Singh, and Tian-Li Wang

Abstract Ovarian cancers are malignancies for which improved therapeutic 
approaches are urgently needed. The development of chemoresistance in ovarian 
high-grade serous carcinoma is almost inevitable, and researchers are constantly 
seeking new  pathways to target in order  to improve the dismal survival rates 
of  women diagnosed with this disease. The Notch pathway in ovarian cancer 
represents a promising subject for research into new  ovarian cancer treatment 
modalities. Over the last 12 years, the major Notch proteins (Notch1 and NOTCH3), 
prominent Notch ligands (JAG1 and DLL4), and downstream proteins (Hes1 and 
DLGAP5) have begun to be studied in ovarian cancers. The roles of Notch in con-
ferring chemoresistance and acting in angiogenesis have also been demonstrated. 
Additionally, GSI and DLL4 inhibitors as well as Notch antibodies continue to be 
explored  in both clinical and nonclinical settings. It is clear that  future studies 
are needed in order to translate the results from these preclinical studies into prac-
tice. Most importantly, it is crucial to demonstrate the safety and efficacy of Notch-
based therapy in ovarian cancer patients. There is still much work to be done in 
examining the pathways and proteins with which Notch may be associated as well 
as in developing more specific and more effective means of inhibiting Notch path-
way components.
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6.1  Ovarian Cancer Background

Ovarian cancer is the most lethal gynecologic malignancy; fewer than 50% of women 
with advanced ovarian cancers will survive beyond 5 years. In the case of high-grade 
serous carcinoma (HGSC), which is almost always diagnosed at advanced stages (stage 
III or IV), only 30% of patients will survive beyond 5 years. In fact, the overall mortal-
ity of ovarian cancer has only slightly improved in the last three decades. In addition to 
the lack of effective detection for the disease at its early stages, one of the main reasons 
for the sluggish improvement in treatment outcomes is the frequent development of 
chemoresistance in advanced ovarian cancers. Standard chemotherapy for ovarian can-
cer patients is composed of a combination of platinum- and taxane-based drugs admin-
istrated by cycles of treatment. Most ovarian cancer patients initially  respond to 
chemotherapy; however, at least 80% of those initial responders will experience recur-
rence, most within 18 months of initial response to chemotherapy [1]. Recurrent dis-
ease will be resistant to, or will likely become resistant to, platinum therapy. This 
phenomenon is the primary cause of the bleak prognosis of this deadly disease.

Although ovarian cancer is often referred to as a single disease, it is more accurately 
a heterogeneous group of diseases. Based on differences in morphological and clinical 
features, pathogenesis pathways, and unique molecular genetic alterations, epithelial 
ovarian cancer can broadly be divided into two groups [2]: type I, which includes low-
grade serous carcinoma, clear cell carcinoma, endometrioid carcinoma, mucinous car-
cinoma, and malignant Brenner tumor, and type II, which mainly consists of high-grade 
serous carcinoma, as well as carcinosarcoma and undifferentiated carcinoma. The 
prevalence of the five most common subtypes is presented in Fig. 6.1, with other sub-
types constituting less than 1% of the total diagnosed epithelial ovarian cancers.

Fig. 6.1 The prevalence of the five most common ovarian cancer subtypes. High-grade serous 
carcinoma (including peritoneal primary, carcinosarcoma, and tubal carcinoma) is indicated in 
light blue, low-grade serous carcinoma in orange, clear cell carcinoma in gray, endometrioid car-
cinoma in yellow, and mucinous carcinoma in dark blue
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Type I tumors are typically genetically stable, relatively indolent, and confined to 
the ovary when they present [3]. Each subtype of type I ovarian cancer presents with 
a distinct molecular genetic profile and morphology. Common and defining genetic 
alterations in type I cancers include mutations in KRAS, BRAF, and ERBB2 (low- 
grade serous carcinoma) [4]; PIK3CA (clear cell carcinoma) [5]; CTNNB1, PTEN, 
and PIK3CA (low-grade endometrioid carcinoma) [6]; KRAS (mucinous carci-
noma) [7, 8]; and CDKN2A (Brenner tumors) [9]. One genetic feature that unites 
type I ovarian cancers is a lack of TP53 mutations [6]. Type II tumors, on the other 
hand, account for around 75% of epithelial ovarian cancers and are more aggressive 
than their type I counterparts [3]. They possess more homogenous morphologies 
than do type I tumors; exhibit solid, glandular, and papillary patterns; and are diag-
nosed based on the dominant pattern they exhibit. Type II tumors exhibit TP53 
mutations in over 95% of cases as well as frequent CCNE1 amplification but rarely 
exhibit mutations characteristic of type I tumors [6, 10]. They are highly unstable 
chromosomally and present as advanced stage disease in over 75% of cases. High- 
grade serous carcinoma, which accounts for the vast majority of type II ovarian 
cancer and is highly aggressive, also exhibits BRCA inactivation (either by mutation 
or promoter methylation) in 40–50% of cases [11].

As a result of the major genetic and morphologic differences between type I and 
type II ovarian cancers, clinical presentation also differs between these two groups. 
Type I cancers are slow-growing and are usually confined to the ovaries when 
diagnosed. Patients may present with early- or late-stage disease, and the frequency 
of stage at diagnosis depends largely on the subtype [6]. In contrast, the vast majority 
of type II tumors are at advanced stages when they are diagnosed [12], and at the 
time of diagnosis, they have almost always spread outside of the ovaries [6]. In 
addition, type II tumors recur more frequently than do type I tumors [13].

The differences between type I and type II tumors also have implications for 
approaches to early detection and treatment. Because type I tumors are generally 
slower growing and are more confined to the ovary, it is typically easier to recognize 
these malignancies at earlier stages. Since it is so rare to observe type II tumors at 
stages I or II, there have been significant efforts to improve early detection strategies. 
Approaches have included examining fallopian tubes removed from women at risk 
for ovarian cancer (due to BRCA1/BRCA2 mutations) to look for evidence of 
ovarian cancer precursor lesions [14] and refocusing on detecting low-volume 
disease (as this may be the best predictor of prognosis) [15, 16]. Recently, applying 
a liquid Pap smear has been proposed for detection of malignant cells or DNA at 
early or low-volume stage in ovarian cancers [17], as a significant fraction of ovarian 
cancer may be derived from fallopian tube epithelial cells, which are easily dislodged 
and flow through the uterine cavity and cervix.

As of now, type I and type II ovarian cancers are largely treated via platinum- 
based chemotherapy, i.e., alternating cycles of taxane and a platinum-based agent. 
Identifying pathways and mutations important to specific subtypes of ovarian cancer 
will be important to the development of novel therapeutic agents. We must carefully 
examine pathways that contribute to chemoresistance and tumorigenesis and 
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evaluate the utility of drugs that can be used to target these pathways either alone or 
in combination with extant therapeutic agents.

It should be clear that “ovarian cancer” is not a single, unified disease, but a col-
lection of various subtypes with distinct genetic profiles, morphologies, and cell 
origins [2]. In discussing the presence and role of a specific gene or pathway in 
ovarian cancer, it is important to refrain from generalizing findings to all ovarian 
cancer subtypes. The majority of literature concentrates on high-grade serous 
carcinomas, the deadliest and the most common form of ovarian cancer. We will 
attempt to address the role of the Notch pathway in high-grade ovarian serous 
carcinoma and examine how targeting the Notch pathway could lead to new 
treatment modalities in this deadly disease.

6.2  Notch Signaling Pathway: Background

The Notch signaling pathway is evolutionally conserved and regulates a broad spec-
trum of functions that include cell-fate determination, cell communication, tissue 
patterning, and cell differentiation, proliferation, and apoptosis. While there is only 
one Notch receptor and two ligands in insects, four different Notch receptors, named 
Notch1, Notch2, Notch3, and Notch4, are present in mammals; this was likely an 
adaptation to deal with the complex and pleiotropic needs of mammals. Additionally, 
there are five different Notch ligands in mammals, including members of the Jagged 
family (JAG1 and JAG2), as well as members of the Delta-like family (DLL1, 
DLL3, and DLL4). This leads to the possibility of different ligand and receptor 
combinations in mammalian systems. However, when examining cancer tissues, we 
observed predominant forms of ligand-receptor pairs in specific types of tumor tis-
sues. For example, of the four different Notch receptors, Notch3 is the most fre-
quently amplified and overexpressed in ovarian cancer [18, 19]. Of the ligands, 
JAG1 and DLL4 have been shown in the literature to be overexpressed in ovarian 
cancer [20–22]. However, based on gene and transcriptome analysis of TCGA ovar-
ian HGSC dataset, DLL3 appears to be the predominate form in this tumor type. 
This will be detailed in the Sects. 6.4 and 6.7.

The Notch receptors are large transmembrane proteins, each consisting of an 
extracellular fragment that contains many epidermal growth factor (EGF)-like 
repeats (e.g., 36  in Notch1), a transmembrane domain, and an intracellular 
cytoplasmic domain (NICD). The Notch heterodimer is auto-inhibited by a negative 
regulatory region (NRR), which contains a heterodimerization domain and three 
Lin12/Notch repeats [23]. Notch3 differs slightly from the other Notch receptors. 
Unlike Notch1 and Notch2, Notch3 does not have a complete transactivation domain 
(TAD). This may explain why the NOTCH intracellular domain (NICD) of Notch3 
has weaker transactivation activity than that of Notch1 and Notch2 [24, 25]. There 
are further differences in the amino acid identity between Notch1 and Notch3 in 
several intracellular domains, such as the ankyrin repeat region, the  RBP- jκ- associated 
molecule (RAM) domain, and the C-terminal region, as well as in the EGF 
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repeats of the extracellular region [24, 25]. Both the JAG and DLL ligands also 
contain EGF-like repeats; the JAG proteins typically have 15–16, while the DLL 
proteins typically have 6–8 [26]. Repeats 11 and 12 are required for Notch binding 
[27–29]. Also required is a degenerate EGF-like repeated entitled the DSL domain 
shared by both the JAG and DLL ligands [30–32]. Other minor structural differ-
ences between the two include two additional DOS motifs (tandem EGF repeats) 
adjacent to the DSL domain and a C-rich domain adjacent to the single transmem-
brane domain (TMD) residue in the JAG proteins [33]. The binding of the Notch 
ligands to EGF-repeat region of the Notch extracellular domain is necessary to 
induce subsequent cleavage steps on the transmembrane domain of NOTCH [34, 
35].

The basic signal transmission steps of Notch signaling are generally conserved 
across different Notch isoforms. The Notch receptor located at the plasma membrane 
binds to one of its ligands located at the plasma membrane of an adjacent juxtaposed 
cell. This triggers serial cleavage events on the Notch receptor. First, it is cleaved by 
the metalloprotease ADAM or TACE, releasing an extracellular fragment that 
remains bound to the ligand; the remaining cytoplasmic component is then cleaved 
by gamma secretase to generate the Notch intracellular domain (NICD). NICD then 
migrates to the nucleus, where it repels a corepressor and binds to the CBF1/Su(H)/
Lag-1 (CSL) complex [36]. With the recruitment of additional coactivators (such as 
MAML1), the CSL complex is converted from a repressor to an activator of tran-
scription. This in turn activates transcription of Notch target proteins [33].

The Notch pathway in ovarian cancer is unique in terms of its (1) dominant 
Notch receptor, (2) dominant Notch ligand(s), (3) regulatory proteins, and (4) tran-
scriptionally activated genes. As stated above, NOTCH3 was found to be amplified 
and overexpressed in serous carcinomas and can thus be considered the dominant 
receptor [18, 19]. It is constitutively activated during tumor development. Notch1 
has also been found to be active in ovarian cancer [37, 38]. There is some discussion, 
however, as to which Notch ligands are most dominant. One study suggests that 
DLL4 is overexpressed in up to 72% of carcinomas [22]. Yet, the general finding in 
other reports seems to be that JAG1 is the most dominant Notch ligand (although 
both JAG1 and DLL4, as well as JAG2, are observed ligands of Notch in ovarian 
cancer) [20, 21, 39]. Third, as shown in Fig. 6.2, WWP2 has been discovered to be 
a negative regulator of Notch3 signaling in ovarian cancer [40]. It directly interacts 
with and mono-ubiquinates post-secretase-cleaved Notch3 protein fragments, pro-
moting their sorting to and degradation in lysosomes. This is thought to be one of 
the mechanisms by which NOTCH receptor signals are downregulated in human 
cancers [40].

Finally, different target genes may be transcriptionally activated by different 
NICD. Since the transcription cofactors are likely to be unique in different cell and 
tissue types, these Notch transcriptional modifiers are likely to facilitate the tissue-
level complexity in the Notch transcription regulation. Based on recent genome-
wide ChIP-seq studies using antibody specific to NICD1 or NICD3, Hes and 
Hey proteins are conserved NOTCH target genes across different cancer cell types, 
from T-cell lymphoblastic leukemia (T-ALL) to ovarian and breast cancers [41–45]. 
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Hes1 and Hey are both members of the helix-loop-helix (bHLH) family of tran-
scription factors. Members of this family repress the transcription of tissue- specific 
transcription factors; Notch may thereby maintain stem cells through inhibiting dif-
ferentiation [26, 46–48]. A variety of potential genes transcriptionally activated by 
Notch3 in ovarian cancer have been revealed by genome-wide chromatin immuno-
precipitation (ChIP) and integrated transcriptome analyses [43]. However, the anal-
yses are currently restricted to cancer cell lines. It will be critical to perform similar 
kind of experiments on tissues or at least on primary cell cultures.

Fig. 6.2 The Notch pathway in ovarian cancer. The Notch receptor at the plasma membrane binds 
a ligand located on an adjacent plasma membrane. ADAM or TACE cleaves Notch3 (S2 cleavage), 
resulting in the separation of the extracellular Notch component. The remaining protein is then 
cleaved by the gamma secretase complex, resulting in the formation of the Notch3 intracellular 
domain (NICD3). The NICD3 fragment can then enter the nucleus, where it binds to the CSL 
complex, converting it to an activator of transcription with the recruitment of coactivators such as 
MAML1. Alternatively, the repressor WWP2 can ubiquinate Notch3, leading to its degradation in 
the endosome/lysosome compartments
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6.3  NOTCH3 Signaling in Ovarian Cancer

In ovarian cancer tissues, gene amplification of chromosome 19p13.12, a locus con-
taining the NOTCH3 gene, was first discovered using digital karyotyping and FISH 
techniques, and its associated overexpression was identified in ovarian high-grade 
serous carcinomas [18]. The discovery of NOTCH3 gene amplification in ovarian 
cancers was later confirmed via SNP array technique, including in experiments per-
formed by The Cancer Genome Atlas (TCGA) [18, 19, 49]. Gene amplification of 
the NOTCH3 locus was found to be present in approximately 12% of serous carci-
nomas [18]. NOTCH3 inhibition and silencing resulted in decreased proliferation 
and induction of apoptosis in Notch3-expressing cell lines [18]. One of the potential 
Notch3 signal-initiating ligands in ovarian serous carcinoma is JAG1, which would 
form a juxtacrine circuit with Notch and promote proliferation of ovarian cancer 
cells in the intraperitoneal cavity [20]. Putative targets of NOTCH3 include Hes1 
and Hes4, canonical downstream targets of the Notch1 signaling pathway, and 
newly identified target genes using genome-wide ChIP approaches [43]. These 
include DLGAP5, a mitotic apparatus organizing protein [43], ZNF155, and 
NRARP (unpublished data). Expression of NICD3 was shown to result in the upreg-
ulation of embryonic stem cell markers as well as ABCB1, an ATP-binding cassette 
family member responsible for drug efflux and multidrug resistance [50]. Various 
studies demonstrated that Notch3 is upregulated in chemoresistant tumors, may 
confer platinum resistance, and may correlate with worse disease outcome when the 
signaling is reactivated [50–52]. Thus, targeting Notch3 may represent a vital treat-
ment option to overcoming chemoresistance in ovarian tumors.

Early attempts to isolate cancer stem cell-like cells (CSCs) in ovarian cancer, a 
special self-renewing cell population, identified Notch1 upregulation in isolated 
CSC spheroid cells, which also showed increased levels of CD44 and CD117 [53]. 
Later study demonstrated that Notch3 is expressed in ovarian CSC populations iso-
lated from ascites [54] and that inhibition of NOTCH signaling may sensitize cells 
to platinum treatment [50]. Since ovarian CSCs are tightly linked to treatment fail-
ure, CSCs will be more explicitly defined, and this topic will be discussed further in 
the Sect. 6.5.

The role of Notch signaling in angiogenesis and vascular development has also 
become increasingly clear. Global knockout of NOTCH1  [55] and endothelium-
specific knockout of JAG1 [56] both result in embryonic death with severe vascular 
defects in mice. NOTCH1 was also shown to be crucial for vascular endothelial 
growth factor (VEGF)-induced postnatal angiogenesis [57]. While NOTCH3 knock-
out does not cause the same lethality, the knockout mice show abnormalities in 
arterial structure and myogenic response, as well as a defect in postnatal maturation 
of vascular smooth muscle cells [58]. The effect of Notch3 on regulating smooth 
muscle is also evident when examining CADASIL, an autosomal dominant disease 
caused by a mutation in the NOTCH3 gene on chromosome 19 [59]. Disulfide 
bond formation between mutated Notch3 and other proteins is thought to lead 
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the Notch3 extracellular domain to accumulate near vascular smooth muscle cells, 
leading to smooth muscle cell degeneration [60].

The role of Notch in ovarian tumor angiogenesis was first explored a decade 
later, when Hu et al. showed a relationship between angiogenesis regulator VEGF 
and Notch ligand DLL4  in ovarian tumors, reporting a link between DLL4 
overexpression and poor overall survival and response to anti-VEGF therapy [22]. 
Thanapprapasr et al. built on this finding to propose DLL4/Notch signaling as a new 
approach to anti-angiogenesis therapy in ovarian cancer [61]. Over the past several 
years, research into anti-DLL4 and anti-JAG1 as possible anti-angiogenic Notch 
therapeutic strategies has also  expanded. The roles of DLL4 and JAG1  in 
angiogenesis may explain why a number of studies have found a link between inhi-
bition of Notch3 in ovarian cancer and reduced angiogenesis [62, 63]. The Sect. 6.6 
will discuss these findings in more detail.

6.4  Genetic Alterations of Members of the Notch Signaling 
Pathway in Ovarian Cancer

Somatic genetic alteration is a hallmark of cancer, as it often leads to aberrant sig-
naling pathways and disruption of cellular function, which together propel tumori-
genesis. Comprehensive molecular genetic analysis of major tumor types, including 
ovarian HGSC, has been completed by TCGA, a US government-funded research 
initiative. With a publically available dataset from TCGA [19], we analyzed genetic 
alterations including mutation, amplification, and deletion of NOTCH1, NOTCH2, 
NOTCH3, and NOTCH4 and WWP2  in a number of different cancer types. 
NOTCH1, NOTCH2, and NOTCH4 are altered in ovarian cancer but at rates signifi-
cantly lower than NOTCH3, which is altered in 12% of ovarian HGSCs, most often 
via gene amplifications (Fig. 6.3a). This data largely agrees with previous reports 
concerning NOTCH3 gene amplification in ovarian carcinomas published by our 
group [18, 49]. Minimal amplicon mapping has pinpointed NOTCH3 located at the 
core of the amplified region [18, 49]. Other co-amplified genes within this amplicon 
include BRD4, a BET (bromodomain and extra terminal domain) family protein 
that could potentially cooperate with Notch3 to promote cell dedifferentiation, 
repopulation, and other key steps in the tumorigenesis [18, 19].

Among the regulatory players that could fine-tune Notch3 signaling, we chose to 
analyze WWP2, a NEDD4-like E3 ubiquitin-protein ligase, which was found to 
mono-ubiquitinate NOTCH3 and target it to the lysosomal degradation pathway 
[40]. In ovarian cancer, WWP2, which localizes at chromosome 16q22.1, is deleted 
in approximately 2% of cases and downregulated in approximately 17% of tumors. 
Therefore, downregulation or deletion of WWP2 could, in theory, unleash the pre- 
programmed ubiquitination/degradation route of Notch3 and enhance its signaling 
activity [40].
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Notch ligands, including JAG1, JAG2, DLL1, DLL3, and DLL4, can also be 
altered in ovarian cancer. Based on the analysis of TCGA ovarian HGSC dataset, 
rare amplification events were found in the JAG1 (1.6%) and JAG2 (3%) gene loci, 
while rare deletion events (~2%) were observed in the DLL1 or DLL4 locus. 

Fig. 6.3 Notch proteins, signal modifiers, and ligands are altered at different frequencies in ovar-
ian cancer, and Notch ligand DLL3 alterations are associated with worse overall survival. (a) The 
alteration frequencies of Notch proteins Notch1, Notch2, Notch3, Notch-negative regulator WPP2, 
and Notch ligands JAG1, JAG2, DLL1, DLL3, and DLL4 are shown for ovarian high-grade serous 
carcinoma (TCGA, Nature 2011; retrieved from cBioPortal) [19]. Cases are represented with rect-
angles. Red rectangles indicate cases with gene amplification, blue indicate cases with gene dele-
tion, and green indicate cases with gene mutation. Gray rectangles are cases in which the gene is 
unaffected. (b) Survival curves for high-grade serous carcinoma cases with and without alterations 
in DLL3 mRNA expression (left) and with and without alterations in DLL3 DNA copy number 
(right). Data is retrieved from cBioPortal (TCGA, Nature 2011) [19]. The y-axes denote the per-
centage of surviving patients, while the x-axes denote the time in months. Red curves represent 
cases with alterations in DLL3, and blue curves represent cases without alterations. The p-value is 
indicated in both plots
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Contrarily, DLL3 is heavily amplified in ovarian cancers, with a 9% alteration rate 
(Fig. 6.3a). Furthermore, DLL3 amplification or overexpression in ovarian HGSC is 
significantly correlated with dismal overall survival (Fig.  6.3b). This finding is 
significant, as DLL4 is, by far, the best-studied DLL ligand in ovarian cancer. It will 
be important to delineate functional receptor-ligand pair of Notch in ovarian 
tumorigenesis and, based on this finding, develop rationale approaches targeting the 
Notch pathway.

6.5  Chemoresistance

Perhaps one of the most significant obstacles in improving the dismal survival of 
patients with ovarian cancer is to overcome the development of resistance to plat-
inum-based therapy. The response to platinum agents can be classified according 
to three categories. The first group of patients is platinum sensitive. These indi-
viduals, who account for approximately 80% of the total patients, show a com-
plete response to the first-line platinum therapy. The second group is platinum 
refractory, in which the patients fail to respond to initial platinum therapy, with 
either stable or progressive disease during treatment [64]. Although platinum-
sensitive and platinum-resistant patients begin as distinct groups, approximately 
50% of platinum-sensitive patients develop resistance during the course of che-
motherapy treatment. If the tumor recurs within 6 months after the final treatment, 
it is considered platinum resistant, and those patients will be treated with non-
platinum agents [64].

The Notch pathway has been implicated in the development of chemoresistance 
and may represent a promising target for overcoming this major barrier to effective 
treatment. The first research into the role of Notch in platinum resistance in ovarian 
cancer emerged in 2010, when it was found that Notch confers stem cell-like prop-
erties in ovarian HGSC [50]. Subsequent study noted NOTCH3 overexpression in 
platinum-resistant cells, as well as correlation of NOTCH3 overexpression with 
worse progression-free and overall survival in patients with advanced ovarian cancer 
[51]. Inhibiting Notch signaling with GSI in combination with cisplatin was found 
to prolong survival compared to cisplatin alone in xenograft mouse model of ovarian 
cancer [52].

It has been argued that one force behind the development of chemoresistance is 
the existence of cancer stem cell-like cells (CSCs) in the tumor microenvironment. 
The research on CSCs is still largely in its early stages, and thus there is still work 
to be done in elucidating the defining markers of CSCs and the pathways that 
regulate them over a variety of cancer types. These cells, which constitute only a 
small percentage of the bulk population of tumor cells, are refractory to primary 
chemotherapy. Unlike cells of the bulk population, CSCs are capable of subsequently 
regenerating tumor cells and repopulating the tumor microenvironment, leading to 
recurrence. In general, CSCs are defined according to several criteria, including 
self-renewal, occupation of a small percentage of the tumor population, ability to 
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reproduce tumors in vivo, differentiation into non-tumorigenic cells, and expression 
of distinct cell surface markers [52]. CSCs share a number of characteristics with 
adult stem cells, including those that confer increased chemoresistance, such as 
enhanced DNA repair and increased levels of membrane efflux transporters.

The Notch signaling pathway has been shown to control survival, proliferation, 
maintenance, and cell fate in somatic stem cells [65], as well as to participate in 
regulating CSC functions over many types of cancers [66, 67]. Inhibition of Notch 
in ovarian cancer decreases the population of ovarian CSCs, suggesting that Notch 
may play a role in stem cell self-renewal and maintenance in ovarian cancer [52]. 
Notch1 [53] and Notch3 [52] upregulation have both been observed in the chemo-
resistant CSC populations. Additionally, CD44, Nanog, Oct4, drug transporters 
(MDR1, ABCG2, ABCB5), DNA repair genes (ATM, BRCA2), and platinum resis-
tance-associated genes such as Connexi43/Gja1 and Cyp1a1 have been reported in 
ovarian CSCs [52]. Upregulation of ATP-binding cassette transporters may be a 
major mechanism contributing to multidrug chemoresistance [52]. In fact, overex-
pression of the Notch3 intracellular domain (NICD3) has been shown toconfer 
resistance to platinum in ovarian cancer [68] and to upregulate Nanog, Oct4, 
ABCB1, and other embryonic stem cell-associated genes such as Klf4, Rex1, Rif1, 
and Sall4 [50]. Upregulation of ABCB1, an ATP-binding cassette, may indicate 
increased drug efflux and thus a decrease in the accumulation of carboplatin in ovar-
ian cancer cells, which is likely a factor in chemoresistance. The modulation of the 
other stem cell markers further supports the putative role of Notch signaling in CSC 
repopulation in ovarian cancer.

6.6  Angiogenesis

Notch also plays a key role in angiogenesis and vascular development in certain 
biological contexts. It was shown that both global knockout of NOTCH1 [55] and 
endothelium-specific knockout of JAG1 [56] result in severe vascular defects and 
embryonic cell death in mice, while knockout of NOTCH3 results in defects in arte-
rial structure and myogenic response [58]. When taken together, these results indi-
cate that the Notch signaling pathway plays an essential role in regulating embryonic 
vascular morphogenesis and remodeling. Interestingly, NOTCH3 knockout does 
not produce lethality as NOTCH1 and JAG1 knockouts do. Instead, NOTCH3 
knockout mice present with deficient postnatal maturation of vascular smooth mus-
cle cells, a phenomenon similar to that resulting from cerebral autosomal dominant 
arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL), a dis-
ease caused by a mutation in the NOTCH3 gene on chromosome 19 [59]. In patients 
with CADASIL, disulfide bonds form between mutated Notch3 and neighbor-
ing proteins, causing the Notch3 extracellular domain to accumulate near vascular 
smooth muscle. This, in turn, leads to smooth muscle degeneration [60].

In cancer, the Notch signaling pathway has also been implicated in angiogenesis 
and the development of blood vessels in ovarian tumors, including vessel maturation, 
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pericyte recruitment, branching, and cell differentiation, proliferation, survival, and 
apoptosis [22]. Angiogenesis is a process that could be targeted for controlling the 
growth of ovarian tumors, including proteins involved in the Notch signaling 
pathway. As angiogenesis is necessary for tumor growth and metastasis, targeting 
tumor vasculature via the Notch signaling pathway holds particular therapeutic 
promise due to the presumed genetic stability of tumor endothelial cells [22]. Recent 
work has been in characterizing the effects of inhibiting Notch ligands, regulators, 
and modulators on angiogenesis in ovarian tumors.

The clinical promise of targeting ovarian tumor angiogenesis was initially 
reported using VEGF inhibitors such as bevacizumab in patients with ovarian 
tumors [69]. In ovarian cancers, an increased level of VEGF, which is known to play 
a key role in neovascularization [22, 70, 71], is inversely correlated with patient 
survival [72, 73]. Treatment of ovarian tumors with VEGF inhibitors in combination 
with paclitaxel resulted in decreased tumor burden in preclinical models [74]. While 
there is a demonstrable clinical benefit in using VEGF inhibitors, there are some 
limitations. Such therapies are not universally effective for ovarian cancers, and 
initially sensitive tumors often develop resistance following treatment [22]. 
However, the VEGF pathway is also known to participate in crosstalk with the 
Notch signaling pathway [75], which has led to the Notch signaling pathway being 
regarded as an alternate clinical target to VEGF inhibitor in ovarian cancer 
therapeutics. It has been shown that Notch1 is downstream of VEGF signaling and 
is critical for VEGF-induced postnatal angiogenesis [57]. A recent study has also 
demonstrated that VEGF participates in the ovarian cytokine TNF network, an 
autocrine malignant cell network that also includes IL6, CXCL12, and CXCR4. The 
Notch signaling pathway was highly enriched in association with this TNF network. 
Protein kinase CK2 was posited as a key signaling node of this pathway; inhibition 
of CK2 resulted in decreased Notch signaling and reduced angiogenesis [76].

In order to interfere with angiogenesis in tumor formation, the Notch signaling 
pathway can be targeted by blocking expression of Notch ligands DLL4 and JAG1, 
both of which are shown to be overexpressed in ovarian cancers [20–22] and both 
of which play a role in angiogenesis. DLL4 is induced by VEGF, and downregulates 
angiogenesis by decreasing VEGF receptor expression, allowing DLL4 and VEGF 
to form a sort of regulatory loop [22, 77, 78]. DLL4 is overexpressed in up to 72% 
of ovarian cancers [79], is correlated with worse patient outcome, and is a predictor 
of a poor response to anti-VEGF treatment [22]. Blockade of DLL4  in tumor 
endothelial cells with a human monoclonal antibody, REGN421, in xenograft 
mouse models engineered to express human DLL4 results in reduced Notch 
signaling in solid tumors and surrounding blood vessels, as well as the dysregulation 
of angiogenic processes via VEGF.  This subsequently causes the formation of 
hyper-sprouted vessels possessing increased vascular structure but decreased 
vascular perfusion and leads to dose-dependent inhibition of ovarian tumor growth 
[80]. Chronic inhibition of DLL4 alone has been thought to foster a reversible 
pathological activation of endothelial cells and vascular tumorigenesis; however, 
the antitumor effect of DLL4 inhibition can be maintained without the consequences 
of chronic inhibition if used in concert with VEGF inhibition [80]. The concomitant 
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use of a VEGF inhibitor such as bevacizumab and REGN421 results in a strong 
antitumor effect in xenograft ovarian tumor mouse models and demonstrates that 
the critical regulatory interaction between VEGF and DLL4 can be disrupted to a 
clinical benefit [80].

In ovarian cancer, JAG1 has been found to be upregulated in tumor and tumor- 
associated endothelial cells; silencing JAG1 has also been found to decrease 
angiogenesis [20, 81–83]. The ligand JAG1, which is predominantly upregulated in 
ovarian tumors, has been shown to promote angiogenesis by inhibiting the expression 
of anti-angiogenic VEGFR1/sFLT2. Through the use of Notch decoys that 
selectively block the signaling activities of DLL4 and JAG1, it was shown that the 
ligands have opposing effects on ovarian tumor vessel density, but inhibition of 
either ligand results in decreased vascular perfusion and tumor growth in vitro [32]. 
In the presence of the JAG1 decoy, increased levels of VEGFR1/sFLT2 and disrupted 
pericyte coverage reduce angiogenic sprouting and vessel perfusion, quelling tumor 
growth [32].

6.7  Notch-Based Antitumor Therapy

6.7.1  Gamma Secretase Inhibitors

Gamma secretase inhibitors (GSIs) have been studied in a variety of solid tumors 
and were at one point regarded as the most promising approach to Notch-based 
therapy. After ligand binding, the Notch receptor is cleaved by two sets of enzymes, 
an ADAM metalloprotease and gamma secretase, yielding the intracellular 
cytoplasmic domain fragment (NICD), which migrates to the nucleus to initiate 
transcription. GSI could, in principle, block the release of NICD from the plasma 
membrane and thus suppresses NOTCH signaling (Fig. 6.4). Single agent GSI has 
been found to induce cell growth inhibition, G2-M cell-cycle arrest, and apoptosis 
associated with Notch1 downregulation and its downstream effectors in cell line and 
animal models of ovarian cancer [84]. However, Phase I studies of single agent 
GSIs have revealed limited to no antitumor activities [85, 86]. Unfortunately, long- 
term tolerability of GSIs may also be an impediment to therapy, as the vast majority 
of patients experience some level of adverse effects [86]. One of the most serious 
adverse effects is GI toxicity and diarrhea due to goblet cell metaplasia of the small 
intestine [87].

In ovarian cancer, a recent Phase II study of single agent gamma secretase inhibi-
tor RO4929097  in patients with recurrent platinum-resistant ovarian cancer was 
largely unsuccessful, with no objective responses to the drug [88]. Combined ther-
apy with a platinum agent, however, may prove more efficacious. Studies from sev-
eral research groups have indicated that cisplatin and GSI co-therapy has a 
synergistic cytotoxic effect compared with monotherapies in both platinum-resistant 
and platinum-sensitive patients [50, 52]. This combination therapy has been shown 
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to eliminate both CSCs and bulk tumor cells and to increase the effects of DNA 
damage, G2-M cell-cycle arrest, and apoptosis more than monotherapy. This may be 
because GSI sensitizes cells to cisplatin-induced DNA damage and enhances the 
rate of tumor cell death. Therefore, to bring GSI into clinics for cancer treatment, 
future research effort should focus on fine-tuning the dosages of GSI perhaps in 
combination therapy setting, organ site-specific drug delivery, or nanoparticle-based 
slow-releasing strategy to limit unwanted toxicity by monotherapy and to enhance 
cancer-specific targeting efficacy [86].

Fig. 6.4 Mechanisms of several Notch therapeutic strategies in ovarian cancer. Therapeutic 
approaches to treating ovarian cancer via Notch pathway inhibition include anti-Notch3 antibody, 
anti-DLL4 antibody, and gamma secretase inhibitor (GSI). Anti-Notch3 antibody binds to a nega-
tive regulatory (NRR) region, stabilizing it in an “off” state and thereby preventing cleavage by 
ADAM/TACE. DLL4 antibody binds to DLL4, preventing Notch binding and thus Notch pathway 
activation. GSIs bind to the gamma secretase protein, preventing the final cleavage step: generation 
of the Notch intracellular domain (NICD). Notch therefore fails to enter the nucleus
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6.7.2  DLL Antibodies

Delta-like 4, or DLL4, is a dominant Notch ligand in tumor as well as tumor- 
associated blood vessels. Notch signaling mediated via DLL4 is critical for tumor 
angiogenesis. Therefore, DLL4 represents a valid target for tumor inhibition 
(Fig. 6.4). A Phase I trial of DLL4 monoclonal antibody enoticumab developed by 
Regeneron Pharmaceuticals was launched in year 2016 for patients with advanced 
solid tumors. Enoticumab treatment has led to response and stable disease in patients 
with ovarian cancer, not only in those with serous carcinomas but also in those with 
endometrioid carcinomas [89]. Anti-DLL4 therapy could also be used in combina-
tion with VEGF inhibitor, due to interactions detailed in Sect. 6.6 [80]. Progress 
along this research front remains to be seen. It is worth restating that anti-DLL4 
antibodies result in the nonproductive proliferation of poorly differentiated blood 
vessels [90], which may affect our ability to effectively deliver chemotherapeutic 
agents through the vasculature. Anti-DLL4 antibodies raise some of the same 
questions as do GSIs, though there have yet to be serious adverse effects recorded.

Since DLL3 was found to be a dominant ligand in ovarian cancer (Fig. 6.3a), 
future research should be invested in developing therapeutic grade anti-DLL3 
antibody for use in ovarian cancer. Recently, a DLL3-targeted antibody-drug 
conjugate (ADC) has been developed and evaluated for use in high-grade pulmonary 
neuroendocrine tumors, such as small cell lung cancer (SCLC) and large cell 
neuroendocrine carcinoma (LCNEC) [91]. A single course of the ADC SC16LD6.5 
(also known as rovalpituzumab tesirine, Rova-T™) was shown to rapidly debulk 
tumors and lead to progression-free responses in the majority of mice bearing SCLC 
and LCNEC PDX tumors [91, 92]. The efficacy of this drug was highly correlated 
with DLL3 expression [91]. DLL3 is thought to differ from other members of the 
Notch family in that it is localized to the Golgi apparatus [92]. Interestingly, DLL3 
is thought to interact with Notch1 and DLL1 during development in the Golgi 
apparatus, inhibiting them from activating Notch signaling through causing their 
retention in the Golgi or degradation [91, 93, 94]. Thus, future work is needed to 
elucidate the function of DLL3 before rationale therapeutics could be designed.

6.7.3  Notch Antibodies

Given the lack of specificity of GSIs and anti-DLL inhibitors and potential serious 
side effects associated with these pan-Notch inhibitors, the focus in Notch-based 
therapy has recently shifted to the generation of antibodies that are specific to 
individual Notch paralogs. A study by Wu et al. developed separate anti-Notch1 and 
anti-Notch2 antibodies and examined their effects both tumor cell growth and 
angiogenesis in preclinical T-cell acute lymphoblastic leukemia (T-ALL) models 
[95]. Analysis of co-crystal structure revealed that the antibodies function through 
stabilizing the negative regulatory regions (NRRs) of the Notch receptors; without 
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a conformational change in receptor, ADAM protease cleavage cannot take place 
[95] (see Figs. 6.2 and 6.4.). Although GSI-related inhibition of both Notch1 and 
Notch2 receptors produces serious intestinal toxicity, targeting either Notch1 or 
Notch2 through its respective NRR does not produce this unwanted effect [95]. 
Most importantly, targeting Notch1 potently inhibited tumor growth as well as 
deregulation of angiogenesis associated with anti-Notch1 antibody. These results 
suggest that targeting NOTCH3 in a similar fashion could increase the specificity as 
well as limit the toxicity of Notch therapy in ovarian cancer [35].

Like Notch1 and Notch2, Notch3 also has an NRR region that locks the Notch3 
receptor in an “off” state, resulting in resistance to ADAM protease cleavage [95]. 
A recent study of anti-Notch3 antibodies has found that the extant inhibitory anti- 
Notch3 antibody antagonizes Notch3 signaling through stabilizing the NRR but that 
it could not regress tumor xenografts in mice with NOTCH3 signaling [96]. They 
subsequently found that constructing an antibody-drug conjugate (ADC) by conju-
gating non-inhibitory or inhibitory anti-Notch3 antibody to an auristatin-based 
microtubule inhibitor (a type of ADC) resulted in dramatic antitumor activity and 
tumor regressions in breast, lung, and ovarian preclinical models. They were also 
able to regress OVCAR3 ovarian high-grade serous xenografts with Notch overex-
pression and were refractory to platinum drug or to anti-VEGF therapy. An ongoing 
phase I clinical trial will determine the safety and efficacy of a non- inhibitory anti-
NOTCH3 ADC [96].

Recently, an anti-Notch2/anti-Notch3 antibody, OMP-59R5 (tarextumab), has 
yielded promising antitumorigenic effects in a xenograft study of a variety of solid 
tumors, including pancreatic, triple-negative breast, small cell lung, and serous 
ovarian tumors. In the pancreatic and ovarian models, OMP-59R5 significantly 
downregulated Hes1, Notch2, and Notch3  in the tumors and Hes1, Rgs5, and 
Notch3  in the stroma. In the pancreatic tumor model, OMP-59R5 significantly 
reduced CSC frequency. In the breast tumor model, it led to improved vascular 
stability  – which, in contrast to the angiogenic effects of anti-DLL4 antibodies, 
would improve chemotherapeutic delivery  – through downregulation of Rgs5, 
which regulates tumor pericytes [97]. Overall, OMP-59R5 represents a promising 
new treatment modality, and future clinical trials will further reveal its efficacy.

6.8  Summary

The Notch pathway is just one facet of the complex molecular landscape of ovarian 
cancer; however, it is ripe with potential to deepen our understanding of this deadly 
disease. The link between major receptors, ligands, and downstream proteins has 
spurred questions as to the Notch pathway’s role in the development of 
chemoresistance as well as angiogenesis, furthering our insight into how carcinomas 
become viable and lethal. As for clinical applications, progress has mostly remained 
in its infancy, though recent advances in preclinical and phase I studies have been 
promising. Overall, Notch signaling constitutes an exciting avenue into the 
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molecular landscape of ovarian cancer, and further offers a potential bevy of novel 
therapies. 
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Abstract Graft-versus-host disease (GVHD) refers to a constellation of adverse 
immune responses resulting in tissue destruction following hematopoietic stem cell 
or solid organ transplantation. Through a complex network of priming and activa-
tion events, immune-competent T cells residing in the transplanted tissue (the graft) 
become stimulated, migrate into target organs, and mediate immune destruction of 
the recipient’s healthy tissue (the host). Paradoxically, this immune activation can 
also eradicate residual leukemic cells, when hematopoietic stem cell transplantation 
occurs in the context of hematological malignancies, resulting in a beneficial graft- 
versus- leukemia (GVL) effect. The Notch family of transmembrane receptors func-
tions in many aspects of immune responses, including those that mediate 
GVHD. Here we will review the complex nature of GVHD and how Notch signal-
ing may play a prominent role during the initiation and progression of the disease.

Keywords Notch · Graft-versus-host disease · GVHD · Graft-versus-leukemia · 
GVL · Immune destruction · Hematopoietic stem cell transplantation · Dll4 · M1 
macrophages · Chemokine receptors · Toll-like receptors

7.1  Overview of Notch Signaling

Signaling mediated by Notch receptors is essential to many varied cell processes. 
Excellent reviews discuss Notch signaling in embryonic tissue and organ develop-
ment [108], fetal hematopoiesis [13, 104], intestinal cell homeostasis [25], T cell 
maturation in the thymus [53, 61], and the regulation of numerous immune responses 
in the periphery [6, 8, 30, 80, 88]. As depicted in Fig. 7.1, in mammals the Notch 
family of signaling proteins is comprised of four transmembrane receptors (Notch1–
4) and five signal-initiating ligands that belong to two distinct groups: Jagged 
ligands (Jag1,2) and Delta-like ligands (Dll1,3,4). Notch receptors undergo a series 
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of posttranslational events that ultimately result in a mature, non-covalently linked 
heterodimer that is inserted in the plasma membrane of the signal-receiving cell 
[31]. Upon engaging a cognate ligand, often displayed on the surface of nearby 
signal-sending cells, Notch receptors undergo conformational change that allows 
membrane proximal cleavage at the S2 site by ADAM proteases [24]. The extracel-
lular domain of Notch receptors is transendocytosed by the signal-sending cell, 
through a process that initiates signaling within the ligand-bearing cell [98]. 
Removal of the extracellular domain leaves only a short transmembrane “stub” pro-
truding from the cell surface, generating a structural substrate for the enzymatic 
actions of gamma secretase. Gamma secretase, a multiprotein complex comprised 
of presenilins 1 and 2, APH, and nicastrin, cleaves Notch receptors at the S3 site, 

Fig. 7.1 Overview of Notch signaling. Ligand-mediated Notch signaling is initiated when a 
ligand of the Delta-like (Dll 1,3,4) or Jagged (Jag 1,2) family, present on the surface of a nearby 
signal-sending cell, binds to a Notch receptor expressed on a signal-receiving cell. Following 
cleavage of the extracellular domain of Notch by an ADAM protease, the Notch extracellular 
domain is transendocytosed by the signal-sending cell, together with the bound Notch ligand. 
Notch ligands can be recycled and re-expressed on the surface of the signal-sending cell. In the 
signal-receiving cell, following processing by ADAM protease, transmembrane-tethered Notch is 
cleaved just proximal to the cell membrane to release intracellular domain (ICD) of Notch, which 
is transcriptionally active. Notch ICD associates with its canonical DNA-binding partner, CSL, 
which itself resides on DNA in repressor complexes that prohibit transcription of canonical gene 
targets. Upon association with CSL, additional coactivators including mastermind-like (MAML) 
and p300 are recruited to the NotchICD-CSL complex, activating its transcriptional capabilities. 
Transcription of some Notch-regulated genes can proceed in the absence of CSL and is referred to 
as noncanonical Notch signaling
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liberating an active, intracellular form of Notch (NIC), capable of translocating to 
the nucleus to regulate downstream targets [27]. Within the context of canonical 
signaling, NIC is recruited to preformed, DNA-bound complexes containing its 
canonical nuclear binding partner CSL/RBPj. Notch binding to CSL/RBPj displaces 
transcriptional repressors, which are subsequently replaced by transcriptional acti-
vators, and allows for gene transcription [56]. In addition to canonical signaling, 
noncanonical signaling (i.e., CSL/RBPj-independent) and ligand-independent sig-
naling have also been described [10, 73, 78, 135].

7.2  Pathophysiology of GVHD

Hematopoietic stem cell transfer (HSCT) provides the means for full hematopoietic 
reconstitution following myeloablative therapy commonly used to treat hemato-
logic malignancies, solid tumors, or certain immune-mediated bone marrow failure 
diseases, such as aplastic anemia [26, 99, 118]. Graft-versus-host disease (GVHD) 
refers to a constellation of adverse sequelae following HSCT, whereby immuno-
competent cells present in the stem cell graft are activated and damage host tissues 
[109]. Studies suggest GVHD can  affect  greater than 40% of patients following 
HSCT, and, as such, it remains a significant barrier to the broader use of HSCT in 
the clinic. GVHD is classified as acute or chronic, based on how soon after HSCT 
symptoms appear. Symptoms presenting within the first 100 days post-HSCT are 
attributed to acute GVHD, while those occurring later than 100  days constitute 
chronic GVHD. Preventing acute GVHD is thought to decrease the likelihood of 
chronic GVHD, which also appears to have autoimmune underpinnings.

In cases of hematologic malignancy or transplant in the setting of solid tumors, 
conventional conditioning in preparation of HSCT is intended to reduce tumor bur-
den and neutralize host immune responses, so as to prevent HSC rejection [67]. 
However, pre-transplant conditioning can also create the environment for host tissue 
to be targeted by HSCT-derived T cells, resulting in GVHD [121]. The pathophysi-
ology of GVHD can be divided into three stages that represent a continuum of dis-
ease (Fig. 7.2). During the initiation phase, conditioning regimens cause the release 
of endogenous bacterial lipopolysaccharides (LPS) and damage host cells, resulting 
in inflammatory cytokine release [43]. The second, inductive phase begins when 
host, and possibly donor, antigen-presenting cells (APCs) are activated in response 
to potent LPS stimulation in the presence of pro-inflammatory cytokines, which 
serves to enhance their ability to present alloantigens to donor CD4 and CD8 T cells 
[41]. This stage progresses into the effector phase as immunocompetent T cells, 
resident within the stem cell graft, proliferate and differentiate after encountering 
major or minor histocompatibility antigens that are mismatched between donor and 
host. Tissue destruction is mediated during the effector phase of GVHD, which 
manifests when distinct subsets of differentiated T cells, directed by the chemokine 
receptors they express, infiltrate and damage specific host tissues [57].
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Organ involvement in GVHD can vary and may be linked to the intensity of the 
conditioning regimen [72, 95]. The major organs targeted for immune attack include 
the gut, liver, skin, and lungs. Increasingly, evidence suggests distinct populations 
of T helper (Th) cells mediate organ-specific destruction, likely as a combined result 
of the cytokines they produce together with the repertoire of chemokine receptors 
they express [39, 60]. To this end, Th type 1 cells (Th1) appear to be important in 
GVHD affecting the gut and liver, although these cells are thought to mediate, to 
some degree, immune attack against all of these tissues. Th2 and Th17 cells exacer-
bate immune-mediated damage to the skin and lungs, but Th2 cells also can contrib-
ute substantially to gut GVHD [131]. Chemokine-directed migration of Th cells has 
also been implicated in organ-specific trafficking. CCR9 and CCR5 are important in 
migration to the gut [7, 100]. CCR6 mediates targeting to the skin, while CXCR3 is 
critical for GVHD of the liver, gut, and skin [40, 120]. Finally, CCR2, CCR4, and 
CCR6 all can contribute to Th cell trafficking to the lungs [131].

For patients undergoing HSCT following myeloablative therapy for hematologic 
malignancies, such as leukemia or lymphoma, the allo-specific responses that result 
in GVHD can also provide a benefit to HSCT recipients through an immune attack 
directed against residual leukemic cells. This “graft-versus-leukemia” (GVL) or 
“graft-versus-tumor” (GVT) effect is neither well understood nor well defined, but 

Fig. 7.2 Stages of graft-versus-host disease. Graft-versus-host disease (GVHD) is initiated as the 
result of host conditioning regimens, especially those that involve total body irradiation, prior to 
hematopoietic stem cell transplantation. Tissue damaged by pre-transplant conditioning causes the 
release of lipopolysaccharide (LPS) from gut bacteria, together with induction of pro- inflammatory 
cytokine secretion. Host/donor antigen-presenting cells (APC) and host macrophages (MΦ) are 
activated and primed to present alloantigen to donor T cells. Activated, differentiated donor T cells 
increase expression of pro-inflammatory cytokines and chemokine receptors, migrate to target tis-
sues, and mediate tissue destruction. Regulatory T cells may negatively regulate T cell activation 
and differentiation, minimizing GVHD pathology
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studies do suggest it can be separated from the detrimental GVHD responses com-
monly observed [55, 64, 65, 133]. To preserve GVL/GVT, while selectively abro-
gating GVHD, is the ultimate therapeutic goal of researchers in this field.

This review will focus on the various stages of GVHD initiation and progression: 
activation of APCs, differentiation of the major Th subsets and secretion of their 
signature cytokines, as well as expression of chemokine receptors that direct tissue- 
specific infiltration, and how Notch signaling may be implicated in each of these.

7.3  Notch Receptors and Ligands During the Initiation 
and Induction Phase of GVHD

Acute GVHD occurs within 100 days in the post-transplant period and culminates 
in extensive tissue destruction characterized by apoptosis. Its development is abso-
lutely dependent on the presence and function of alloreactive T cells in the donor 
inoculum and is closely tied to the curative GVT/GVL effect [64, 65]. However, 
following HSCT, tissue injury and inflammation, defined by pro-inflammatory cyto-
kine release, are initiated by the conditioning regimen. Both the severity and the 
incidence of GVHD following HSCT have been associated with the intensity of the 
conditioning regimen, especially when total body irradiation (TBI) is included [42]. 
During the initiation phase of GVHD, pro-inflammatory cytokines, together with 
lipopolysaccharide (LPS), released as a result of conditioning-induced gut damage, 
converge to craft the inflammatory environment. Subsequent activation of host 
antigen- presenting cells (APC), including conventional dendritic cells (cDC) and 
macrophages, occurs during the inductive phase.

The requirement for host APCs to induce GVHD is complicated and controver-
sial. While host APCs may not be required for GVHD to ensue [63], host DCs are 
sufficient to activate donor T cells [28, 64, 65] and initiate GVHD [58]. Toll receptor 
4 (TLR4) is a major pattern recognition receptor capable of responding to LPS, and 
TLR4 expression on host cDCs exacerbates GVHD [16, 137]. Furthermore, cDC 
exposure to LPS also enhances expression of the Notch ligand Delta-like 4 (Dll4), 
likely through a TLR4-mediated process (Fig. 7.3 (1); [68, 111]). Seminal work by 
Flavell’s group suggested engagement of specific Notch ligands can influence T 
helper cell differentiation, with ligands of the Delta-like family (Dll1,3,4)  promoting 
T helper type 1 responses and those of the Jagged family (Jag1,2) facilitating T 
helper type 2 differentiation [3]. In the context of GVHD, Dll4 expression on host 
cDCs has been shown to drive allogeneic T cell responses, including increased pro-
duction of IFNγ and IL-17, both in vitro and in vivo (Fig. 7.3 (2); [75, 81, 85]).This 
study coincided with elegant work by Maillard’s group showing that administering 
antibodies specific for Dll1 and Dll4 in a mouse model of GVHD, early after induc-
tion, provided durable protection against disease pathology without significantly 
sacrificing the beneficial effects of GVL/GVT [114]. These studies not only high-
light the contribution of Notch signaling to the induction of GVHD during the very 
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early priming stages, their results suggest that inhibiting the signaling capacity of 
specific Notch ligands represents a viable therapeutic strategy to prevent GVHD.

The contribution of macrophages, both of host and donor origin, appears to be 
equally complex, especially in terms of Notch signaling. Macrophages can be polar-
ized toward “M1” or “M2” phenotypes, and a critical involvement of Notch in this 
process has been described [110, 122, 129]. TLR4 signaling in macrophages 
increases Notch1 expression which, in turn, promotes their differentiation into pro- 
inflammatory M1 cells, through interaction with its canonical DNA-binding part-
ner, CSL/RbpJ [45, 128]. Some reports show M1 macrophages exhibit increased 
capacity for antigen presentation, as well as increased secretion of pro- inflammatory 
TNF, IL-6, IL-12, and IFNγ, all through Notch1-mediated signaling cascades 
(Fig. 7.3 (3); [15, 82, 124, 125]). In a model of atherosclerosis, macrophage expo-
sure to LPS was also shown to increase Dll4 expression via TLR4 signaling and 
promoted an M1 phenotype [34]. Thus, it is attractive to speculate that the Dll4- 
specific antibodies used in Maillard’s studies may target M1 macrophages, as well 

Fig. 7.3 Potential for Notch involvement in graft-versus-host disease. Notch signaling may medi-
ate numerous aspects of GVHD. (1) Toll receptor (TLR) signaling in response to lipopolysaccha-
ride (LPS) release following pre-transplant conditioning upregulates Dll ligands on host/donor 
APCs; (2) Dll4 expression on donor dendritic cells increases IFNγ and IL-17 secretion by Th1 and 
Th17 cells, respectively; (3) Notch1 upregulation in activated macrophages (MΦ) promotes a pro- 
inflammatory “M1” phenotype; (4) Notch receptors play an important role in reinforcing differen-
tiated phenotypes of T helper (Th) CD4 cells, including Th1, Th2, and Th17 cells. (5) Notch 
signaling may play an important role in the development of induced regulatory T cells (iTregs); (6) 
Notch signaling may regulate chemokine receptor expression to direct T cell trafficking to GVHD 
target organs. Please refer to the text for expanded description of Notch signaling at each of these 
potential stages of GVHD induction and progression
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as effectively targeting Dll4+ cDCs, although additional studies are needed to con-
firm this. Nonetheless, M1 macrophages can accumulate in the skin to mediate cuta-
neous GVHD, where the number of infiltrating M1 macrophages is directly 
correlated with the severity of skin pathology [86], and reducing M1 differentiation 
post-HSCT transfer using dexamethasone palmitate can also mitigate acute damage 
to the skin [87], although its effects on Notch receptors and ligands were not 
evaluated.

The expansion and activity of host-derived M2 macrophages can also provide 
protection against GVHD-mediated tissue destruction, and inhibiting Notch1 sig-
naling in macrophages can induce an M2 cell fate [110]. CSF-1 promotes the M2 
phenotype in macrophages, with reduced secretion of pro-inflammatory cytokines, 
suggesting an increase in M2 macrophages may provide protection from 
GVHD. This hypothesis was supported in a mouse model by administering CSF-1 
prior to GVHD induction. CSF-1 greatly expanded the host M2 macrophage pool, 
decreased the expansion of donor T cells, and reduced the severity of acute GVHD 
[38]. Conversely, donor-derived macrophages appear to require CSF-1 to mediate 
chronic GVHD, since depleting macrophages using an antibody directed against the 
CSF-1 receptor or transferring macrophages from csf1 deficient donors resulted in 
markedly reduced skin and lung GVHD, due to decreased IL-17 production [2].

Collectively, these data suggest that lingering, donor-derived M2 macrophages 
may contribute to tissue destruction characteristic of chronic GVHD. These con-
founding data underscore the complexity of temporal GVHD pathology, the diver-
sity of cell types involved, and the potentially conflicting contributions of Notch 
signaling in acute vs chronic GVHD. Additional studies that specifically address 
Notch signaling in chronic GVHD will be imperative to clarify these 
discrepancies.

7.4  Notch, T Helper Cells, and the Effector Phase of GVHD

As the continuum of acute GVHD progresses into the effector phase, activated 
APCs are now suited to prime immunocompetent donor T cells to differentiate into 
various T helper (Th) subsets and expand effector CD8 T (Teff) cells. CD4 Th cells, 
along with CD8 cytolytic T cells (CTL), will infiltrate target organs to mediate tis-
sue damage (Fig. 7.3 (4)).

In response to antigen stimulation, mature T cells integrate myriad external sig-
nals derived from the T cell receptor, co-stimulation, and cytokines present in the 
microenvironment to initiate the genetic programming that will result in their full 
activation, expansion, and subsequent differentiation [107]. Th type 1 (Th1), Th2, 
Th17, Th9, and Th22 cells have all been described based on the unique combina-
tions of cytokines that drive their differentiation, the master transcription factor they 
upregulate, and the signature profile of cytokines they produce. Accumulating 
 evidence suggests that individual Notch receptors and ligands critically influence 
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Th cell differentiation, both in healthy and aberrant immune responses, including in 
those that mediate GVHD [130].

Notch signaling in donor CD4 and CD8 T cells augments their activation and 
expansion and regulates expression of CD25, the high-affinity subunit of the IL-2 
receptor [1, 92], supporting the notion that Notch signaling likely acts as a signal 
amplifier [29]. Engagement of Notch receptors on T helper cells by cognate ligands 
expressed on APCs was initially thought to instruct T helper cell differentiation: 
exposure to Dll family ligands promoted a Th1 phenotype, while binding to Jag 
family ligands directed a Th2 cell fate [3]. A closer examination of the conditions 
under which T helper cells adopt a specific, differentiated state now supports the 
notion that Notch signaling provides an unbiased amplification signal to helper T 
cells, allowing them to proliferate and reinforce a T helper phenotype (i.e., cytokine 
secretion) acquired as a result of response to the extracellular cytokine milieu [11, 
90]. This perspective helps to reconcile the pleiotropic requirements for Notch acti-
vation in Th1, Th2, Th17, and induced regulatory T cell (iTreg) differentiation, with 
different ligands augmenting, rather than inducing Th signature cytokine secretion. 
Furthermore, redundant functions for some Notch receptors have been described, 
suggesting strategies aiming to target specific Notch receptors in the management 
of GVHD may prove ineffective [9].

7.5  Th1 Cells in GVHD

GVHD that manifests in the gut and liver is driven by a strong Th1 response [93] 
although IFNγ, a signature Th1 cytokine, appears to contribute to tissue damage 
in nearly all organs affected by GVHD. T cells that adopt a Th1 cell fate exhibit 
increased and sustained expression of the master transcriptional regulator, T-bet. 
Th1 cells secrete IFNγ which, together with IL-12, serves to reinforce the Th1 
phenotype. First described by Szabo et al. in 2000, T-bet is a T cell-specific tran-
scription factor that is absolutely required for Th1 differentiation [112]. In 
GVHD, T-bet is also an important determinant of disease pathology. GVHD 
induction using T-bet-deficient T cells resulted in significantly reduced tissue 
damage in the gut and liver, compared to disease induction using wild-type or 
IFNγ-deficient T cells, and regardless of whether the model used was mismatched 
for major or minor histocompatibility antigens [33]. In this study, although loss 
of T-bet enhanced Th17 cell differentiation, the Th17 cells were less effective at 
inducing GVHD. Of note,  GVL/GVT effects were also compromised but could 
be restored following neutralization of IL-17  in hosts. By contrast, selectively 
inhibiting Th17 development with low- dose halofuginone in a mouse model of 
GVHD exacerbated Th1-mediated pathology in the liver and gut, although pul-
monary GVHD was attenuated with reduced Th17 differentiation [22, 23, 93]. 
Moreover, in a prospective study of patients with cutaneous GVHD, an increased 
number of IFNγ-producing Th1, but not Th17, cells were found in skin lesions of 
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patients with acute GVHD, compared to those without GVHD, suggesting that 
Th1 cells can also mediate skin-associated tissue damage [17].

The gene encoding T-bet, Tbx21, is a direct transcriptional target of Notch1, and 
inhibiting Notch signaling greatly impairs both the differentiation of Th1 cells and 
the production of pro-inflammatory cytokines [77, 92, 101]. Canonical Notch sig-
naling in T cells can be compromised when a dominant negative form of a key 
transcriptional coactivator mastermind-like (DNMAML) is expressed [70]. In the 
context of GVHD, inducing disease by transferring DNMAML T cells from 
C57BL/6 donor mice into Balb/c recipients attenuates disease pathology and 
impairs IFNγ secretion, although T-bet expression remained intact [105, 136]. 
However, a subsequent report demonstrated that T-bet expression was independent 
of CSL/Rbpj signaling and, rather, was regulated via a noncanonical signaling path-
way [29]. In light of these combined studies, it is likely Notch signaling contributes 
significantly to Th1-mediated pathology in GVHD, through its regulation of canoni-
cal and noncanonical transcriptional targets.

7.6  Th17 Cells in GVHD

Th17 cells are an additional subset of differentiated T cells capable of migrating into 
the gut, lung, and skin tissues where they can mediate tissue destruction [74, 133]. 
Th17 cells require RORγt for their terminal differentiation, and this process is facili-
tated by the presence of IL-6 and TGFβ [51, 71]. Plasticity between Th1 and Th17 
phenotypes has been demonstrated, suggesting that within the appropriate constel-
lation of signaling modifiers, especially those conveyed by the cytokine milieu, Th1 
cells can adopt features of Th17 cells and vice versa [18, 37, 69]. Within the com-
plex progression of GVHD, it has been shown that even when the Th1-predominant, 
IFNγ, and the Th17-signature, IL-17, cytokines are present, the kinetics of their 
accumulation in target tissues differ. In an MHC minor antigen-mismatched model 
of GVHD, IFNγ secretion by CD4 and CD8 T cells preceded IL-17 production in 
the liver and lung, as well as in the spleen and mesenteric lymph nodes. This finding 
suggests that, in this model of GVHD, Th1 cell differentiation occurred prior to that 
of Th17 cells [49]. A recent study using a mouse model of colitis suggests that, in 
the presence of TGFβ, Th1 cells can be converted to IFNγ+IL-17+ CD4 T cells, 
which exacerbate gut pathology [37]. Whether or not a similar conversion can or 
does occur in the context of gut GVHD remains to be examined. Th1 and Th17 cells 
share a common cytokine subunit: the IL-12/IL23 p40 subunit. Each of these cyto-
kines contributes to stabilizing their respective associated Th phenotype: IL-12 will 
reinforce Th1 polarization, while IL-23 increases Th17 cell fate stability. Although 
neutralization of the common p40 subunit can attenuate GVHD in a mouse model 
[126], it is not known, definitively, if signaling through this common subunit influ-
ences the interconversion of these Th cell subsets in response to the complex array 
of cytokines in the microenvironment.
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Overall, the question of how extensively Th17 cells contribute to GVHD pathol-
ogy remains unanswered [47, 119]. It is clear that Th17 cells can be found in target 
tissues during GVHD progression, and disease severity can be attenuated when T 
cells lacking RORγt are used in a model of CD4 T cell-mediated GVHD. The result-
ing decreased levels of TNFα in the gut, liver, and lung were thought to be signifi-
cant factors in the reduced pathology noted [138]. Interestingly, in a model of 
spontaneous type I diabetes, TNFα could be induced in a Th17-dependent manner 
[62, 66]. Whether or not differentiated Th17 cells act to sustain TNFα secretion 
produced during the induction and/or initiation phases of GVHD will require fur-
ther investigation. In a separate report, in vitro-generated Th17 cells were found to 
be sufficient but not required to induce GVHD, and their presence also correlated 
with higher levels of TNFα [47]. However, RORγt-deficient CD4 T cells were also 
capable of inducing lethal GVHD in this model, suggesting that, although Th17 
cells may contribute significantly to GVHD progression, additional subsets of Th 
cells also are critically important.

One important observation of the study by Iclozan et  al. was that Th17 cells 
showed extensive expansion, in vivo, and were highly resistant to activation-induced 
cell death (AICD). Additional work has demonstrated that human Th17 cells consti-
tute a long-lived memory T cell population [59]. Under various pathological condi-
tions, these cells were shown to be highly proliferative, in vivo, resistant to AICD, 
and preserved their ability to further differentiate into functional Th1 and iTreg 
cells, although they retained their capacity for IL-17 secretion. Notably, survival of 
these human Th17 cells was attributed to a Notch-dependent pathway, downstream 
of HIF1α, since overexpression of NICD could rescue a significant percentage of 
Th17 cells from the apoptosis induced when HIFα signaling was blocked. These 
data add to our understanding of Notch signaling in Th17 cell differentiation. Dll4- 
Notch signaling between DCs and T cells, in the presence of the Th17-polarizing 
cytokines, IL-6 and TGFβ, resulted in higher percentages of Th17 cells than those 
polarized under identical conditions in the absence of Notch signaling [85]. 
Although not expressly examined in their studies, it is also possible that the robust 
protection from GVHD induction observed by Maillard’s group during Dll4- 
blockade may include reduced differentiation of Th17 cells and the concomitant 
benefit that provides.

7.7  Th2 Cells in GVHD

A detailed study conducted by Zeng’s group would suggest that some of the com-
plexities of GVHD may be attributed to cross-regulation among Th cell subsets 
which, in turn, influences the severity and organ specificity of the associated pathol-
ogy [131]. Using a major MHC antigen-mismatched model of GVHD (C57BL/6 
donor into Balb/c recipient), they showed that transplanting IFNγ-deficient T cells 
augmented both Th17- and Th2-mediated tissue destruction in the lung and skin. By 
contrast, inducing GVHD using T cells that were doubly deficient for IFNγ and 

L. M. Minter



185

IL-17 led to a massive upregulation and infiltration of Th2 cells into the lungs, 
resulting in idiopathic pneumonia syndrome (IPS). Thirteen days after GVHD 
induction, there was a nearly 16-fold increase in the number of CD4 Th2 cells in the 
lungs of mice that received doubly deficient T cells, compared to mice whose dis-
ease was induced using wild-type CD4 T cells. Mice that received IFNγ-only defi-
cient cells had a nearly tenfold increase in Th2 and Th17 cells in the lung, compared 
to mice receiving wild-type T cells. This study further showed that induction of the 
immune-modulating ligand, B7-H1, in host lung epithelium required IFNγ for its 
upregulation, and absence of its expression was a compounding factor leading to 
IPS. In a complementary study by Yu et al. [133] that employed the same model of 
GVHD, transferring donor T cells that were doubly deficient for the transcription 
factors, T-bet and RORγt, resulted in overall decreased pathology in the gut, liver, 
and lung; however, significant increases in IL-4 and IL-5 expression 5 days after 
GVHD induction were also noted in the lungs of recipient animals [133]. These 
conclusions were further supported using a model of LPS inhalation-induced acute 
pulmonary GVHD in the context of HSCT. Transferring T-bet-deficient T cells in 
this model resulted in more severe lung pathology and pulmonary fibrosis, together 
with increased IL-13, IL-17, and Th17 cells, suggesting that, in the absence of cross 
regulation by IFNγ, Th17 cells can contribute significantly to lung GVHD [35].

As with other Th subsets, a role for Notch signaling in Th2 cell differentiation has 
also been described [4]. Using a model of Trichuris muris infection, Pear’s group dem-
onstrated a requirement for canonical, MAML-mediated Notch signaling to generate 
the protective, in vivo Th2 response necessary to clear the parasitic infection [115].

Furthermore, while TCF and β-catenin, components of the Wnt signaling path-
way, initiate early, IL-4-independent GATA3 expression via their binding to the 
Gata3-1b enhancer, it would appear that Notch binding to the Gata3-1a enhancer 
leads to sustained Th2 cell differentiation by providing synergistic upregulation of 
IL-4 [32, 132]. Thus, as with the other Th cell subsets discussed, and which are criti-
cally important in mediating GVHD, Notch is also an important regulator of Th2 
cell differentiation [5].

7.8  Regulatory T Cells in GVHD

In addition to Th cells, distinct subsets of immunosuppressive regulatory T (Treg) 
cells also have been identified, including naturally occurring (nTreg) and inducible 
(iTreg) regulatory T cells that can express either CD4 or CD8 [69, 83, 106]. To date, 
Tregs exhibiting a CD4+  CD25+FoxP3+ phenotype are perhaps the most well- 
studied. However, unlike their Th and Teff cell counterparts which drive GVHD 
pathology, Treg cells have been shown to attenuate the severity of acute GVHD, 
mitigate the extent of tissue involvement, and prevent chronic GVHD altogether 
[76, 116].

Naïve T cells will adopt a Treg phenotype when they differentiate in the presence 
of TGFβ and IL-2 and are characterized by increased expression of the master 
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 transcriptional regulator FoxP3. In vivo, the Treg phenotype is considered to be 
unstable, with reports of interconversion of Tregs to effector T cells in the presence 
of high levels of inflammatory cytokines, especially IL-6 and IL-17 [54, 127].

Extensive and impressive progress has been made in defining the protective 
effects of Tregs and their mechanisms of action, both in murine and human studies. 
Functional Treg suppression has been reported to be faulty in patients with acute 
GVHD [14]. This may be due to the observed lower surface expression of CCR5 
and CXCR3 on donor Tregs, resulting in impaired trafficking to target organs [117]. 
Studies also suggest that donor-derived, or third-party, Tregs provide far more 
potent immunosuppression than host Tregs when used as an immunotherapy [94]. 
Human trials using ex vivo-expanded nTregs as a potential prophylaxis for GVHD 
were recently concluded [19].

The encouraging results showed that, when administered at the time of HSCT, 
only 9% of patients who received expanded Tregs exhibited grade II–IV acute 
GVHD at 100 days post-transplant, compared to a control cohort in which 45% 
showed symptoms of GVHD, grade II or higher.

Patients in both cohorts received identical conditioning regimens prior to 
HSCT.  Furthermore, while approximately 14% of the non-Treg-treated patients 
showed signs of chronic GVHD at 1 year post-HSCT, none of the patients who 
received the ex  vivo-expanded Tregs exhibited chronic GVHD.  The impressive 
results of this trial may be due to the co-administration of Tregs at the time of HSC 
transfer. In complementary studies, Negrin’s group utilized a minor antigen MHC- 
mismatched model to show that the immunosuppressive capacity of transferred 
Tregs, both donor-derived and third party, is most effective early after their trans-
plantation and suggests that the timing of administering Tregs is a critical factor to 
be considered [97]. A small study using donor-derived or third-party expanded 
Tregs in the treatment of established cases of chronic and acute GVHD were less 
positive [113], lending support to Negrin’s findings.

There is a preponderance of evidence supporting a positive role for Notch signal-
ing in iTreg differentiation and which further support the influence of specific Notch 
ligands in this process (Fig. 7.3 (5)). Notch signaling may generate Tregs through 
both direct and indirect mechanisms. In an early report, APCs engineered to 
 overexpress Jag1 (serrate1) could induce a regulatory phenotype in co-cultured 
CD4 T cells, and these cells maintained antigen-specific suppressive activity when 
transferred into naïve hosts prior to immune challenge [44]. Two subsequent studies 
revealed Notch1 and TGFβ can cooperate to induce FoxP3 expression, and this 
process may involve canonical Notch signaling via CSL/Rbpj binding to the FOXP3 
promoter [89, 91, 103]. Notch3 has also been implicated in Foxp3 transcription dur-
ing nTreg generation, and this has been shown to proceed through an NF-κB- 
dependent pathway [12, 20]. Furthermore, it was demonstrated that human memory 
CD4  T cells could adopt a Treg phenotype, including expression of FoxP3 and 
upregulation of TGFβ, when exposed to Dll1 during in vitro culture [84].

Indirect involvement of Notch signaling in Treg-mediated immunosuppression 
has also been demonstrated. Co-incubating CD4+CD25- T cells with Dll4 or Jag1 
increased their responsiveness to Treg-mediated suppression by upregulating 
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TGFβRII expression [46]. Additionally, Notch signaling is also important for pro-
duction of the immunosuppressive cytokine, IL-10, in T cells, and this is enhanced 
when CD4 T cells are co-cultured with Dll4-expressing plasmacytoid DCs [50, 
102]. Elegant work by Sarin’s group showed that differential localization of Notch1 
mediated Treg survival through a membrane-associated NICD/Rictor complex, 
which was stabilized by interactions with Dll1. This protection was lost when NICD 
was targeted to the nucleus [96]. Recent work, however, challenges the notion that 
Notch signaling positively regulates Treg induction [21]. The results of this study 
showed that when NICD was overexpressed in FoxP3+ Tregs, the Treg phenotype 
was destabilized, resulting in an autoimmune lymphoproliferative manifestation. 
Canonical Notch signaling mediated this phenomenon, since loss of Rbpj restored 
the number and frequency of Tregs and protected them from apoptosis in a model of 
GVHD generated by major histocompatibility antigen mismatch. Reconciling these 
seemingly disparate data will be important to informing therapeutic strategies aimed 
at limiting Notch signaling in GVHD.

7.9  Concluding Remarks and Future Directions

Much has been learned about the constellation of alloimmune responses that can be 
generated after HSCT and that result in the complex pathology of GVHD. However, 
much less is known about the mechanisms of the beneficial GVT responses that 
may also come into play following HSCT. Indeed, details regarding this phenome-
non are only recently emerging and suggest that factors responsible for mediating 
this effect will be as complex as those that drive GVHD. It is also likely that multi-
ple cellular subsets contribute to GVT; therefore, approaches that target multiple 
cell populations may ultimately prove to be the most successful.

Effective ex vivo expansion and delivery of donor-derived nTregs or in vivo gen-
eration of donor-derived iTregs represent viable approaches to attenuating GVDH, 
although the effect of increased numbers of Tregs on GVT has not been well- 
characterized. One caveat to this approach is the demonstrated capacity for Tregs to 
be converted to Th1 or Th17 cells in the context of a robust pro-inflammatory envi-
ronment and will need to be considered when designing Treg-based therapies. As 
discussed above, the degree to which Notch signaling positively or negatively regu-
lates Treg development also has not been fully elucidated. Thus, approaches that 
aim to attenuate GVHD by manipulating Notch signaling may need to be precise 
and acutely applied.

Manipulating chemokine receptors, which play a vital role in T cell trafficking, 
may be one means of achieving selective organ targeting to reduce Teff cell infiltra-
tion or to increase trafficking of Tregs to specific organs. CXCR3, CCR5, and CCR9 
have been identified as chemokine receptors that facilitate T cell migration, and gut 
infiltration of CCR9+ CD4 T cells is associated with tissue destruction [7, 134]. 
CXCR3 has been shown to be a transcriptional target of T-bet [48, 52], which itself 
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is regulated by Notch1 [77, 101]. Furthermore, CCR5 and CCR9 have both been 
demonstrated to be regulated by Notch1 in T-ALL [79]; however, whether Notch 
also primes Teff cells for gut infiltration in GVHD is not yet known (Fig. 7.3 (6)). 
Interestingly, CCR9 also mediates the migration of plasmacytoid DCs (pDC) to the 
intestines [123], and CCR9+ pDCs show an immature phenotype with a high capac-
ity for suppressing GVHD by reducing the number of IL-17 producing cells and 
increasing the number of FoxP3+ Treg cells [36]. Further investigation is needed to 
determine if Notch signaling regulates CCR9 expression in pDC, as it does in CD4+ 
T cells.

Therapeutic modalities for the treatment and prevention GVHD that aim to limit 
Notch signaling represent an exciting and active area of investigation. Very early 
reports suggest that, at least in animal models, this is a promising approach that may 
serve both to attenuate tissue damage and preserve beneficial GVT effects. Current 
research in therapies that range from delivering ligand-specific neutralizing anti-
bodies to developing γ-secretase inhibitors designed to selectively modulate Notch 
signaling, to expanded use of Treg cells as immune modulators, makes for an 
impressive, and hopefully successful, array of approaches to tackle a complex and 
complicated disease.

References

 1. Adler, S. H., Chiffoleau, E., Xu, L., Dalton, N. M., Burg, J. M., Wells, A. D., Wolfe, M. S., 
Turka, L.  A., & Pear, W.  S. (2003). Notch signaling augments T cell responsiveness by 
enhancing CD25 expression. Journal of Immunology, 171, 2896–2903.

 2. Alexander, K. A., Flynn, R., Lineburg, K. E., Kuns, R. D., Teal, B. E., Olver, S. D., Lor, M., 
Raffelt, N. C., Koyama, M., Leveque, L., Le Texier, L., Melino, M., Markey, K. A., Varelias, 
A., Engwerda, C., Serody, J. S., Janela, B., Ginhoux, F., Clouston, A. D., Blazar, B. R., Hill, 
G. R., & MacDonald, K. P. (2014). CSF-1- dependant donor-derived macrophages mediate 
chronic graft-versus-host disease. The Journal of Clinical Investigation, 124, 4266–4280. 
https://doi.org/10.1172/JCI75935.

 3. Amsen, D., Blander, J.  M., Lee, G.  R., Tanigaki, K., Honjo, T., & Flavell, R.  A. (2004). 
Instruction of distinct CD4 T helper cell fates by different notch ligands on antigen- presenting 
cells. Cell, 117, 515–526.

 4. Amsen, D., Antov, A., Jankovic, D., Sher, A., Radtke, F., Souabni, A., Busslinger, M., 
McCright, B., Gridley, T., & Flavell, R. A. (2007). Direct regulation of Gata3 expression 
determines the T helper differentiation potential of Notch. Immunity, 27, 89–99.

 5. Amsen, D., Spilianakis, C. G., & Flavell, R. A. (2009). How are T(H)1 and T(H)2 effec-
tor cells made? Current Opinion in Immunology, 21, 153–160. https://doi.org/10.1016/j.
coi.2009.03.010.

 6. Amsen, D., Helbig, C., & Backer, R. A. (2015). Notch in T cell differentiation: All things 
considered. Trends in Immunology, 36, 802–814. https://doi.org/10.1016/j.it.2015.10.007.

 7. Aoyama, K., Saha, A., Tolar, J., Riddle, M. J., Veenstra, R. G., Taylor, P. A., Blomhoff, R., 
Panoskaltsis Mortari, A., Klebanoff, C. A., Socié, G., Munn, D. H., Murphy, W. J., Serody, 
J. S., Fulton, L. M., Teshima, T., Chandraratna, R. A., Dmitrovsky, E., Guo, Y., Noelle, R. J., 
& Blazar, B. R. (2013). Inhibiting retinoic acid signaling ameliorates graft-versus-host dis-
ease by modifying T-cell differentiation and intestinal migration. Blood, 122, 2125–2134. 
https://doi.org/10.1182/blood-2012-11-470252.

L. M. Minter

https://doi.org/10.1172/JCI75935
https://doi.org/10.1016/j.coi.2009.03.010
https://doi.org/10.1016/j.coi.2009.03.010
https://doi.org/10.1016/j.it.2015.10.007
https://doi.org/10.1182/blood-2012-11-470252


189

 8. Aster, J. C. (2014). In brief: Notch signalling in health and disease. The Journal of Pathology, 
232, 1–3. https://doi.org/10.1002/path.4291.

 9. Auderset, F., Schuster, S., Coutaz, M., Koch, U., Desgranges, F., Merck, E., MacDonald, 
H. R., Radtke, F., & Tacchini-Cottier, F. (2012). Redundant Notch1 and Notch2 signaling 
is necessary for IFNγ secretion by T helper 1 cells during infection with Leishmania major. 
PLoS Pathogens, 8, e1002560. https://doi.org/10.1371/journal.ppat.1002560.

 10. Ayaz, F., & Osborne, B. A. (2014). Non-canonical notch signaling in cancer and immunity. 
Frontiers in Oncology, 4, 345. https://doi.org/10.3389/fonc.2014.00345.

 11. Bailis, W., Yashiro-Ohtani, Y., Fang, T. C., Hatton, R. D., Weaver, C. T., Artis, D., & Pear, W. S. 
(2013). Notch simultaneously orchestrates multiple helper T cell programs independently of 
cytokine signals. Immunity, 39, 148–159. https://doi.org/10.1016/j.immuni.2013.07.006.

 12. Barbarulo, A., Grazioli, P., Campese, A. F., Bellavia, D., Di Mario, G., Pelullo, M., Ciuffetta, 
A., Colantoni, S., Vacca, A., Frati, L., Gulino, A., Felli, M. P., & Screpanti, I. (2011). Notch3 
and canonical NF- kappaB signaling pathways cooperatively regulate Foxp3 transcription. 
Journal of Immunology, 186, 6199–6206. https://doi.org/10.4049/jimmunol.1002136.

 13. Bigas, A., Guiu, J., & Gama-Norton, L. (2013). Notch and Wnt signaling in the emergence 
of hematopoietic stem cells. Blood Cells, Molecules & Diseases, 51, 264–270. https://doi.
org/10.1016/j.bcmd.2013.07.005.

 14. Beres, A., Komorowski, R., Mihara, M., & Drobyski, W. R. (2011). Instability of FOXP3 
expression limits the ability of induced regulatory T cells to mitigate graft versus host 
disease. Clinical Cancer Research, 17, 3969–3983. https://doi.org/10.1158/1078-0432.
CCR-10-3347.

 15. Boonyatecha, N., Sangphech, N., Wongchana, W., Kueanjinda, P., & Palaga, T. (2012). 
Involvement of Notch signaling pathway in regulating IL-12 expression via c-Rel in acti-
vated macrophages. Molecular Immunology, 51, 255–262. https://doi.org/10.1016/j.
molimm.2012.03.017.

 16. Brennan, T.  V., Lin, L., Huang, X., Cardona, D.  M., Li, Z., Dredge, K., Chao, N.  J., & 
Yang, Y. (2012). Heparan sulfate, an endogenous TLR4 agonist, promotes acute GVHD 
after allogeneic stem cell transplantation. Blood, 120, 2899–2908. https://doi.org/10.1182/
blood-2011-07-368720.

 17. Broady, R., Yu, J., Chow, V., Tantiworawit, A., Kang, C., Berg, K., Martinka, M., Ghoreishi, 
M., Dutz, J., & Levings, M. K. (2010). Cutaneous GVHD is associated with the expansion 
of tissue-localized Th1 and not Th17 cells. Blood, 116, 5748–5751. https://doi.org/10.1182/
blood-2010-07-295436.

 18. Brown, C.  C., Esterhazy, D., Sarde, A., London, M., Pullabhatla, V., Osma-Garcia, I., 
Al-Bader, R., Ortiz, C., Elgueta, R., Arno, M., de Rinaldis, E., Mucida, D., Lord, G. M., 
& Noelle, R.  J. (2015). Retinoic acid is essential for Th1 cell lineage stability and pre-
vents transition to a Th17 cell program. Immunity, 42, 499–511. https://doi.org/10.1016/j.
immuni.2015.02.003.

 19. Brunstein, C. G., Miller, J. S., McKenna, D. H., Hippen, K. L., DeFor, T. E., Sumstad, D., 
Curtsinger, J., Verneris, M. R., ML, M. M., Levine, B. L., Riley, J. I., June, C. H., Le, C., 
Weisdorf, D., McGlave, P. B., Blazar, B. R., & Wagner, J. E. (2015). Umbilical cord blood- 
derived T regulatory cells to prevent GVHD: kinetics, toxicity profile and clinical effect. 
Journal of Immunology, 195, 347–355. https://doi.org/10.4049/jimmunol.1402861.

 20. Campese, A. F., Grazioli, P., Colantoni, S., Anastasi, E., Mecarozzi, M., Checquolo, S., De 
Luca, G., Bellavia, D., Frati, L., Gulino, A., & Screpanti, I. (2009). Notch3 and pTalpha/
pre-TCR sustain the in vivo function of naturally occurring regulatory T cells. International 
Immunology, 21, 727–743. https://doi.org/10.1093/intimm/dxp042.

 21. Charbonnier, L. M., Wang, S., Georgiev, P., Sefik, E., & Chatila, T. A. (2015). Control of 
peripheral tolerance by regulatory T cell-intrinsic Notch signaling. Nature Immunology, 16, 
1162–1173. https://doi.org/10.1038/ni.3288.

7 Notch Signaling in Graft-Versus-Host Disease

https://doi.org/10.1002/path.4291
https://doi.org/10.1371/journal.ppat.1002560
https://doi.org/10.3389/fonc.2014.00345
https://doi.org/10.1016/j.immuni.2013.07.006
https://doi.org/10.4049/jimmunol.1002136
https://doi.org/10.1016/j.bcmd.2013.07.005
https://doi.org/10.1016/j.bcmd.2013.07.005
https://doi.org/10.1158/1078-0432.CCR-10-3347
https://doi.org/10.1158/1078-0432.CCR-10-3347
https://doi.org/10.1016/j.molimm.2012.03.017
https://doi.org/10.1016/j.molimm.2012.03.017
https://doi.org/10.1182/blood-2011-07-368720
https://doi.org/10.1182/blood-2011-07-368720
https://doi.org/10.1182/blood-2010-07-295436
https://doi.org/10.1182/blood-2010-07-295436
https://doi.org/10.1016/j.immuni.2015.02.003
https://doi.org/10.1016/j.immuni.2015.02.003
https://doi.org/10.4049/jimmunol.1402861
https://doi.org/10.1093/intimm/dxp042
https://doi.org/10.1038/ni.3288


190

 22. Cheng, H., Tian, J., Li, Z., Zeng, L., Pan, B., Song, G., Chen, W., & Xu, K. (2012). TH17 cells are 
critical for skin-specific pathological injury in acute graft-versus-host disease. Transplantation 
Proceedings, 44, 1412–1418. https://doi.org/10.1016/j.transproceed.2011.12.078.

 23. Cheng, H., Tian, J., Zeng, L., Pan, B., Li, Z., Song, G., Chen, W., & Xu, K. (2012). 
Halofugine prevents cutaneous graft versus host disease by suppression of Th17 differentia-
tion. Hematology, 17, 261–267. https://doi.org/10.1179/1607845412Y.0000000016.

 24. Christian, L. M. (2012). The ADAM family: Insights into Notch proteolysis. Fly (Austin)., 6, 
30–34. https://doi.org/10.4161/fly.18823.

 25. Demitrack, E. S., & Samuelson, L. C. (2016). Notch regulation of gastrointestinal stem cells. 
The Journal of Physiology, 594, 4791–4803. https://doi.org/10.1113/JP271667.

 26. Dietz, A. C., Lucchini, G., Samarasinghe, S., & Pulsipher, M. A. (2016). Evolving hema-
topoietic stem cell transplantation strategies in severe aplastic anemia. Current Opinion in 
Pediatrics, 28, 3–11. https://doi.org/10.1097/MOP.0000000000000299.

 27. Duggan, S. P., & McCarthy, J. V. (2016). Beyond γ-secretase activity: The multifunctional 
nature of presenilins in cell signalling pathways. Cellular Signalling, 28, 1–11. https://doi.
org/10.1016/j.cellsig.2015.10.006.

 28. Duffner, U. A., Maeda, Y., Cooke, K. R., Reddy, P., Ordemann, R., Liu, C., Ferrara, J. L., & 
Teshima, T. (2004). Host dendritic cells alone are sufficient to initiate acute graft-versus-host 
disease. Journal of Immunology, 172, 7393–7398.

 29. Dongre, A., Surampudi, L., Lawlor, R. G., Fauq, A. H., Miele, L., Golde, T. E., Minter, L. M., 
& Osborne, B. A. (2014). Non-canonical Notch signaling drives activation and differentia-
tion of peripheral CD4(+) T cells. Frontiers in Immunology, 5, 54. https://doi.org/10.3389/
fimmu.2014.00054.

 30. Ebens, C. L., & Maillard, I. (2013). Notch signaling in hematopoietic cell transplantation and 
T cell alloimmunity. Blood Reviews, 27, 269–277. https://doi.org/10.1016/j.blre.2013.08.001.

 31. Ehebauer, M., Hayward, P., & Martinez-Arias, A. (2006). Notch signaling pathway. Science’s 
STKE, 2006(364), cm7.

 32. Fang, T. C., Yashiro-Ohtani, Y., Del Bianco, C., Knoblock, D. M., Blacklow, S. C., & Pear, 
W. S. (2007). Notch directly regulates Gata3 expression during T helper 2 cell differentiation. 
Immunity, 27, 100–110.

 33. Fu, J., Wang, D., Yu, Y., Heinrichs, J., Wu, Y., Schutt, S., Kaosaard, K., Liu, C., Haarberg, 
K., Bastian, D., McDonald, D. G., Anasetti, C., & Yu, X. Z. (2015). T-bet is critical for the 
development of acute graft- versus-host disease through controlling T cell differentiation and 
function. Journal of Immunology, 194, 388–397. https://doi.org/10.4049/jimmunol.1401618.

 34. Fung, E., Tang, S. M., Canner, J. P., Morishige, K., Arboleda-Velasquez, J. F., Cardoso, A. A., 
Carlesso, N., Aster, J. C., & Aikawa, M. (2007). Delta-like 4 induces notch signaling in mac-
rophages: Implications for inflammation. Circulation, 115, 2948–2956.

 35. Gowdy, K. M., Nugent, J. L., Martinu, T., Potts, E., Snyder, L. D., Foster, W. M., & Palmer, 
S.  M. (2011). Protective role of T-bet and Th1 cytokines in pulmonary graft-versus-host 
disease and peribronchiolar fibrosis. American Journal of Respiratory Cell and Molecular 
Biology, 46, 249–256. https://doi.org/10.1165/rcmb.2011-0131OC.

 36. Hadeiba, H., Sato, T., Habtezion, A., Oderup, C., Pan, J., & Butcher, E. C. (2008). CCR9 
expression defines tolerogenic plasmacytoid dendritic cells able to suppress acute graft- 
versus- host disease. Nature Immunology, 9, 1253–1260. https://doi.org/10.1038/ni.1658.

 37. Harbour, S. N., Maynard, C. L., Zindl, C. L., Schoeb, T. R., & Weaver, C. T. (2015). Th17 
cells give rise to Th1 cells that are required for the pathogenesis of colitis. Proceedings of the 
National Academy of Sciences of the United States of America, 112, 7061–7066. https://doi.
org/10.1073/pnas.1415675112.

 38. Hashimoto, D., Chow, A., Greter, M., Saenger, Y., Kwan, W. H., Leboeuf, M., Ginhoux, F., 
Ochando, J. C., Kunisaki, Y., van Rooijen, N., Liu, C., Teshima, T., Heeger, P. S., Stanley, 
E. R., Frenette, P. S., & Merad, M. (2011). Pretransplant CSF-1 therapy expands recipient 
macrophages and ameliorates GVHD after allogeneic hematopoietic cell transplantation. The 
Journal of Experimental Medicine, 208, 1069–1082. https://doi.org/10.1084/jem.20101709.

L. M. Minter

https://doi.org/10.1016/j.transproceed.2011.12.078
https://doi.org/10.1179/1607845412Y.0000000016
https://doi.org/10.4161/fly.18823
https://doi.org/10.1113/JP271667
https://doi.org/10.1097/MOP.0000000000000299
https://doi.org/10.1016/j.cellsig.2015.10.006
https://doi.org/10.1016/j.cellsig.2015.10.006
https://doi.org/10.3389/fimmu.2014.00054
https://doi.org/10.3389/fimmu.2014.00054
https://doi.org/10.1016/j.blre.2013.08.001
https://doi.org/10.4049/jimmunol.1401618
https://doi.org/10.1165/rcmb.2011-0131OC
https://doi.org/10.1038/ni.1658
https://doi.org/10.1073/pnas.1415675112
https://doi.org/10.1073/pnas.1415675112
https://doi.org/10.1084/jem.20101709


191

 39. Hayashida, J. N., Nakamura, S., Toyoshima, T., Moriyama, M., Sasaki, M., Kawamura, E., 
Ohyama, Y., Kumamaru, W., & Shirasuna, K. (2013). Possible involvement of cytokines, 
chemokines and chemokine receptors in the initiation and progression of chronic GVHD. 
Bone Marrow Transplantation, 48, 115–123. https://doi.org/10.1038/bmt.2012.100.

 40. He, S., Cao, Q., Qiu, Y., Mi, J., Zhang, J. Z., Jin, M., Ge, H., Emerson, S. G., Zhang, Y., 
& Zhang, Y. (2008). A new approach to the blocking of alloreactive T cell-mediated graft- 
versus- host disease by in vivo administration of anti-CXCR3 neutralizing antibody. Journal 
of Immunology, 181, 7581–7592.

 41. Heidegger, S., van den Brink, M.  R., Haas, T., & Poeck, H. (2014). The role of pattern- 
recognition receptors in graft-versus-host disease and graft-versus-leukemia after alloge-
neic stem cell transplantation. Frontiers in Immunology, 5, 337. https://doi.org/10.3389/
fimmu.2014.00337.

 42. Hill, G. R., Crawford, J. M., Cooke, K. R., Brinson, Y. S., Pan, L., & Ferrara, J. L. (1997). 
Total body irradiation and acute graft-versus-host disease: The role of gastrointestinal dam-
age and inflammatory cytokines. Blood, 90, 3204–3213.

 43. Holler, E., Landfried, K., Meier, J., Hausmann, M., & Rogler, G. (2013). The role of bacteria 
and pattern recognition receptors in GVHD. International Journal of Inflammation, 2010, 
814326. https://doi.org/10.4061/2010/814326.

 44. Hoyne, G. F., Le Roux, I., Corsin-Jimenez, M., Tan, K., Dunne, J., Forsyth, L. M., Dallman, 
M. J., Owen, M. J., Ish-Horowicz, D., & Lamb, J. R. (2000). Serrate1-induced notch signal-
ling regulates the decision between immunity and tolerance made by peripheral CD4(+) T 
cells. International Immunology, 12, 177–185.

 45. Hu, X., Chung, A. Y., Wu, I., Foldi, J., Chen, J., Ji, J. D., Tateya, T., Kang, Y. J., Han, J., 
Gessler, M., Kageyama, R., & Ivashkiv, L. B. (2008). Integrated regulation of Toll-like recep-
tor responses by Notch and interferon-gamma pathways. Immunity, 29, 691–703. https://doi.
org/10.1016/j.immuni.2008.08.016.

 46. Hue, S., Kared, H., Mehwish, Y., Mouhamad, S., Balbo, M., & Levy, Y. (2012). Notch activa-
tion on effector T cells increases their sensitivity to Treg cell-mediated suppression through 
upregulation of TGF-βRII expression. European Journal of Immunology, 42, 1796–1803. 
https://doi.org/10.1002/eji.201142330.

 47. Iclozan, C., Yu, Y., Liu, C., Liang, Y., Yi, T., Anasetti, C., & Yu, X. Z. (2009). T helper17 cells 
are sufficient but not necessary to induce acute graft-versus-host disease. Biology of Blood 
and Marrow Transplantation, 16, 170–178. https://doi.org/10.1016/j.bbmt.2009.09.023.

 48. Imanguli, M. M., Swaim, W. D., League, S. C., Gress, R. E., Pavletic, S. Z., & Hakim, F. T. 
(2009). Increased T- bet+ cytotoxic effectors and type I interferon-mediated processes in 
chronic graft-versus-host disease of the oral mucosa. Blood, 113, 3620–3630. https://doi.
org/10.1182/blood-2008-07-168351.

 49. Ju, J. M., Lee, H., Oh, K., Lee, D. S., & Choi, E. Y. (2014). Kinetics of IFN-γ and IL-17 
production by CD4 and CD8 T cells during acute graft-versus-host disease. Immune Network, 
14, 89–99. https://doi.org/10.4110/in.2014.14.2.89.

 50. Kassner, N., Krueger, M., Yagita, H., Dzionek, A., Hutloff, A., Kroczek, R., Scheffold, A., 
& Rutz, S. (2010). Cutting edge: Plasmacytoid dendritic cells induce IL-10 production in 
T cells via the Delta-like-4/Notch axis. Journal of Immunology, 184, 550–554. https://doi.
org/10.4049/jimmunol.0903152.

 51. Kimura, A., Naka, T., & Kishimoto, T. (2007). IL-6-dependent and -independent pathways 
in the development of interleukin 17-producing T helper cells. Proceedings of the National 
Academy of Sciences of the United States of America, 104, 12099–12104.

 52. Koch, M. A., Tucker-Heard, G., Perdue, N. R., Killebrew, J. R., Urdahl, K. B., & Campbell, 
D. J. (2009). The transcription factor T-bet controls regulatory T cell homeostasis and func-
tion during type 1 inflammation. Nature Immunology, 10, 595–602. https://doi.org/10.1038/
ni.1731.

7 Notch Signaling in Graft-Versus-Host Disease

https://doi.org/10.1038/bmt.2012.100
https://doi.org/10.3389/fimmu.2014.00337
https://doi.org/10.3389/fimmu.2014.00337
https://doi.org/10.4061/2010/814326
https://doi.org/10.1016/j.immuni.2008.08.016
https://doi.org/10.1016/j.immuni.2008.08.016
https://doi.org/10.1002/eji.201142330
https://doi.org/10.1016/j.bbmt.2009.09.023
https://doi.org/10.1182/blood-2008-07-168351
https://doi.org/10.1182/blood-2008-07-168351
https://doi.org/10.4110/in.2014.14.2.89
https://doi.org/10.4049/jimmunol.0903152
https://doi.org/10.4049/jimmunol.0903152
https://doi.org/10.1038/ni.1731
https://doi.org/10.1038/ni.1731


192

 53. Koch, U., & Radtke, F. (2011). Mechanisms of T cell development and transformation. 
Annual Review of Cell and Developmental Biology, 27, 539–562. https://doi.org/10.1146/
annurev-cellbio-092910-154008.

 54. Komatsu, N., Okamoto, K., Sawa, S., Nakashima, T., Oh-hora, M., Kodama, T., Tanaka, S., 
Bluestone, J. A., & Takayanagi, H. (2014). Pathogenic conversion of Foxp3+ T cells into 
TH17 cells in autoimmune arthritis. Nature Medicine, 20, 62–68. https://doi.org/10.1038/
nm.3432.

 55. Kotsiou, E., & Davies, J.  K. (2013). New ways to separate graft-versus-host disease and 
graft-versus- tumour effects after allogeneic haematopoietic stem cell transplantation. British 
Journal of Haematology, 160, 133–145. https://doi.org/10.1111/bjh.12115.

 56. Kovall, R. A. (2007). Structures of CSL, Notch and Mastermind proteins: Piecing together an 
active transcription complex. Current Opinion in Structural Biology, 17, 117–127.

 57. Koyama, M., Cheong, M., Markey, K. A., Gartlan, K. H., Kuns, R. D., Locke, K. R., Lineburg, 
K. E., Teal, B. E., Leveque-El Mouttie, L., Bunting, M. D., Vuckovic, S., Zhang, P., Teng, 
M. W., Varelias, A., Tey, S. K., Wockner, L. F., Engwerda, C. R., Smyth, M. J., Belz, G. T., 
McColl, S. R., MacDonald, K. P., & Hill, G. R. (2015). Donor colonic CD103+ dendritic 
cells determine the severity of acute graft-versus-host disease. The Journal of Experimental 
Medicine, 212, 1303–1321. https://doi.org/10.1084/jem.20150329.

 58. Koyama, M., Hashimoto, D., Aoyama, K., Matsuoka, K., Karube, K., Niiro, H., Harada, M., 
Tanimoto, M., Akashi, K., & Teshima, T. (2009). Plasmacytoid dendritic cells prime allore-
active T cells to mediate graft-versus-host disease as antigen-presenting cells. Blood, 113, 
2088–2095. https://doi.org/10.1182/blood-2008-07-168609.

 59. Kryczek, I., Zhao, E., Liu, Y., Wang, Y., Vatan, L., Szeliga, W., Moyer, J., Klimczak, A., 
Lange, A., & Zou, W. (2011). Human TH17 cells are long-lived effector memory cells. 
Science Translational Medicine, 3, 104ra100. https://doi.org/10.1126/scitranslmed.3002949.

 60. Lai, H. Y., Chou, T. Y., Tzeng, C. H., & Lee, O. K. (2012). Cytokine profiles in various graft- 
versus- host disease target organs following hematopoietic stem cell transplantation. Cell 
Transplantation, 21, 2033–2045. https://doi.org/10.3727/096368912X653110.

 61. Laky, K., & Fowlkes, B. J. (2008). Notch signaling in CD4 and CD8 T cell development. 
Current Opinion in Immunology, 20, 197–202. https://doi.org/10.1016/j.coi.2008.03.004.

 62. Li, C. R., Mueller, E. E., & Bradley, L. M. (2014). Islet antigen-specific Th17 cells can induce 
TNF-α- dependent autoimmune diabetes. Journal of Immunology, 192, 1425–1432. https://
doi.org/10.4049/jimmunol.1301742.

 63. Li, H., Demetris, A. J., McNiff, J., Matte-Martone, C., Tan, H. S., Rothstein, D. M., & Lakkis, 
F. G. (2012). Shlomchik WD (2012) Profound depletion of host conventional dendritic cells, 
plasmacytoid dendritic cells, and B cells does not prevent graft-versus-host disease induction. 
Journal of Immunology, 188(8), 3804–3811. https://doi.org/10.4049/jimmunol.1102795.

 64. Li, J. M., Giver, C. R., Lu, Y., Hossain, M. S., Akhtari, M., & Waller, E. K. (2009). Separating 
graft-versus- leukemia from graft-versus-host disease in allogeneic hematopoietic stem cell 
transplantation. Immunotherapy, 1, 599–621.

 65. Li, N., Chen, Y., He, W., Yi, T., Zhao, D., Zhang, C., Lin, C. L., Todorov, I., Kandeel, F., 
Forman, S., & Zeng, D. (2009). Anti-CD3 preconditioning separates GVL from GVHD via 
modulating host dendritic cell and donor T-cell migration in recipients conditioned with TBI. 
Blood, 113, 953–962. https://doi.org/10.1182/blood-2008-06-165522.

 66. Li, S., Xie, Q., Zeng, Y., Zou, C., Liu, X., Wu, S., Deng, H., Xu, Y., Li, X. C., & Dai, Z. 
(2014). A naturally occurring CD8(+)CD122(+) T-cell subset as a memory-like Treg family. 
Cellular & Molecular Immunology, 11, 326–331. https://doi.org/10.1038/cmi.2014.25.

 67. Lin, X., Lu, Z. G., Song, C. Y., Huang, Y. X., Guo, K. Y., Deng, L., Tu, S. F., He, Y. Z., Xu, 
J. H., Long, H., & Wu, B. Y. (2015). Long-term outcome of HLA-haploidentical hematopoi-
etic stem cell transplantation without in vitro T-cell depletion based on an FBCA condition-
ing regimen for hematologic malignancies. Bone Marrow Transplantation, 50, 1092–1097. 
https://doi.org/10.1038/bmt.2015.108.

L. M. Minter

https://doi.org/10.1146/annurev-cellbio-092910-154008
https://doi.org/10.1146/annurev-cellbio-092910-154008
https://doi.org/10.1038/nm.3432
https://doi.org/10.1038/nm.3432
https://doi.org/10.1111/bjh.12115
https://doi.org/10.1084/jem.20150329
https://doi.org/10.1182/blood-2008-07-168609
https://doi.org/10.1126/scitranslmed.3002949
https://doi.org/10.3727/096368912X653110
https://doi.org/10.1016/j.coi.2008.03.004
https://doi.org/10.4049/jimmunol.1301742
https://doi.org/10.4049/jimmunol.1301742
https://doi.org/10.4049/jimmunol.1102795
https://doi.org/10.1182/blood-2008-06-165522
https://doi.org/10.1038/cmi.2014.25
https://doi.org/10.1038/bmt.2015.108


193

 68. Liotta, F., Frosali, F., Querci, V., Mantei, A., Filì, L., Maggi, L., Mazzinghi, B., Angeli, R., 
Ronconi, E., Santarlasci, V., Biagioli, T., Lasagni, L., Ballerini, C., Parronchi, P., Scheffold, 
A., Cosmi, L., Maggi, E., Romagnani, S., & Annunziato, F. (2008). Human immature myeloid 
dendritic cells trigger a TH2- polarizing program via Jagged-1/Notch interaction. The 
Journal of Allergy and Clinical Immunology, 121, 1000–1005.e8. https://doi.org/10.1016/j.
jaci.2008.01.004.

 69. Liu, H. P., Cao, A. T., Feng, T., Li, Q., Zhang, W., Yao, S., Dann, S. M., Elson, C. O., & Cong, 
Y. (2015). TGF-β converts Th1 cells into Th17 cells through stimulation of Runx1 expression. 
European Journal of Immunology, 45, 1010–1018. https://doi.org/10.1002/eji.201444726.

 70. Maillard, I., Weng, A. P., Carpenter, A. C., Rodriguez, C. G., Sai, H., Xu, L., Allman, D., 
Aster, J. C., & Pear, W. S. (2004). Mastermind critically regulates Notch-mediated lymphoid 
cell fate decisions. Blood, 104, 1696–1702.

 71. Mangan, P. R., Harrington, L. E., O’Quinn, D. B., Helms, W. S., Bullard, D. C., Elson, C. O., 
Hatton, R. D., Wahl, S. M., Schoeb, T. R., & Weaver, C. T. (2006). Transforming growth 
factor-beta induces development of the T(H)17 lineage. Nature, 441, 231–234.

 72. Mapara, M. Y., Leng, C., Kim, Y. M., Bronson, R., Lokshin, A., Luster, A., & Sykes, M. 
(2006). Expression of chemokines in GVHD target organs is influenced by conditioning and 
genetic factors and amplified by GVHR. Biology of Blood and Marrow Transplantation, 12, 
623–634.

 73. Martinez Arias, A., Zecchini, V., & Brennan, K. (2002). CSL-independent Notch signalling: 
A checkpoint in cell fate decisions during development? Current Opinion in Genetics & 
Development, 12, 524–533.

 74. Mauermann, N., Burian, J., von Garnier, C., Dirnhofer, S., Germano, D., Schuett, C., Tamm, 
M., Bingisser, R., Eriksson, U., & Hunziker, L. (2008). Interferon-gamma regulates idiopathic 
pneumonia syndrome, a Th17+CD4+ T-cell-mediated graft-versus-host disease. American 
Journal of Respiratory and Critical Care Medicine, 178, 379–388. https://doi.org/10.1164/
rccm.200711-1648OC.

 75. Meng, L., Bai, Z., He, S., Mochizuki, K., Liu, Y., Purushe, J., Sun, H., Wang, J., Yagita, H., 
Mineishi, S., Fung, H., Yanik, G. A., Caricchio, R., Fan, X., Crisalli, L. M., Hexner, E. O., 
Reshef, R., Zhang, Y., & Zhang, Y. (2016). The Notch ligand DLL4 defines a capability of 
human dendritic cells in regulating Th1 and Th17 differentiation. Journal of Immunology, 
196(3), 1070–1080. https://doi.org/10.4049/jimmunol.1501310. Epub 2015 Dec 28.

 76. Michael, M., Shimoni, A., & Nagler, A. (2013). Regulatory T cells in allogeneic stem 
cell transplantation. Clinical & Developmental Immunology, 2013, 608951. https://doi.
org/10.1155/2013/608951.

 77. Minter, L. M., Turley, D. M., Das, P., Shin, H. M., Joshi, I., Lawlor, R. G., Cho, O. H., Palaga, 
T., Gottipati, S., Telfer, J. C., Kostura, L., Fauq, A. H., Simpson, K., Such, K. A., Miele, L., 
Golde, T. E., Miller, S. D., & Osborne, B. A. (2005). Inhibitors of gamma-secretase block 
in vivo and in vitro T helper type 1 polarization by preventing Notch upregulation of Tbx21. 
Nature Immunology, 6, 680–688.

 78. Minter, L. M., & Osborne, B. A. (2012). Canonical and non-canonical Notch signaling in 
CD4+ T cells. Current Topics in Microbiology and Immunology, 360, 99–114. https://doi.
org/10.1007/82_2012_233.

 79. Mirandola, L., Chiriva-Internati, M., Montagna, D., Locatelli, F., Zecca, M., Ranzani, M., 
Basile, A., Locati, M., Cobos, E., Kast, W. M., Asselta, R., Paraboschi, E. M., Comi, P., & 
Chiaramonte, R. (2012). Notch1 regulates chemotaxis and proliferation by controlling the 
CC-chemokine receptors 5 and 9 in T cell acute lymphoblastic leukaemia. The Journal of 
Pathology, 226, 713–722. https://doi.org/10.1002/path.3015.

 80. Mochizuki, K., He, S., & Zhang, Y. (2011). Notch and inflammatory T-cell response: New 
developments and challenges. Immunotherapy, 3, 1353–1366. https://doi.org/10.2217/
imt.11.126.

 81. Mochizuki, K., Xie, F., He, S., Tong, Q., Liu, Y., Mochizuki, I., Guo, Y., Kato, K., Yagita, H., 
Mineishi, S., & Zhang, Y. (2013). Delta-like ligand 4 identifies a previously uncharacterized 

7 Notch Signaling in Graft-Versus-Host Disease

https://doi.org/10.1016/j.jaci.2008.01.004
https://doi.org/10.1016/j.jaci.2008.01.004
https://doi.org/10.1002/eji.201444726
https://doi.org/10.1164/rccm.200711-1648OC
https://doi.org/10.1164/rccm.200711-1648OC
https://doi.org/10.4049/jimmunol.1501310
https://doi.org/10.1155/2013/608951
https://doi.org/10.1155/2013/608951
https://doi.org/10.1007/82_2012_233
https://doi.org/10.1007/82_2012_233
https://doi.org/10.1002/path.3015
https://doi.org/10.2217/imt.11.126
https://doi.org/10.2217/imt.11.126


194

population of inflammatory dendritic cells that plays important roles in eliciting allogeneic 
T cell responses in mice. Journal of Immunology, 190, 3772–3782. https://doi.org/10.4049/
jimmunol.1202820.

 82. Monsalve, E., Pérez, M. A., Rubio, A., Ruiz-Hidalgo, M. J., Baladrón, V., García-Ramírez, 
J. J., Gómez, J. C., Laborda, J., & Díaz-Guerra, M. J. (2006). Notch-1 up-regulation and sig-
naling following macrophage activation modulates gene expression patterns known to affect 
antigen-presenting capacity and cytotoxic activity. Journal of Immunology, 176, 5362–5373.

 83. Morikawa, H., & Sakaguchi, S. (2014). Genetic and epigenetic basis of Treg cell develop-
ment and function: From a FoxP3-centered view to an epigenome-defined view of natural 
Treg cells. Immunological Reviews, 259, 192–205. https://doi.org/10.1111/imr.12174.

 84. Mota, C., Nunes-Silva, V., Pires, A.  R., Matoso, P., Victorino, R.  M., Sousa, A.  E., & 
Caramalho, I. (2014). Delta-like 1-mediated Notch signaling enhances the in vitro conver-
sion of human memory CD4 T cells intoFOXP3-expressing regulatory T cells. Journal of 
Immunology, 193, 5854–5862. https://doi.org/10.4049/jimmunol.1400198.

 85. Mukherjee, S., Schaller, M. A., Neupane, R., Kunkel, S. L., & Lukacs, N. W. (2009). Regulation 
of T cell activation by Notch ligand, DLL4, promotes IL-17 production and Rorc activation. 
Journal of Immunology, 182, 7381–7388. https://doi.org/10.4049/jimmunol.0804322.

 86. Nishiwaki, S., Terakura, S., Ito, M., Goto, T., Seto, A., Watanabe, K., Yanagisawa, M., 
Imahashi, N., Tsukamoto, S., Shimba, M., Ozawa, Y., & Miyamura, K. (2009). Impact of 
macrophage infiltration of skin lesions on survival after allogeneic stem cell transplanta-
tion: A clue to refractory graft- versus-host disease. Blood, 114, 3113–3116. https://doi.
org/10.1182/blood-2009-03-209635.

 87. Nishiwaki, S., Nakayama, T., Murata, M., Nishida, T., Terakura, S., Saito, S., Kato, T., 
Mizuno, H., Imahashi, N., Seto, A., Ozawa, Y., Miyamura, K., Ito, M., Takeshita, K., Kato, 
H., Toyokuni, S., Nagao, K., Ueda, R., & Naoe, T. (2014). Dexamethasone palmitate amelio-
rates macrophages-rich graft-versus- host disease by inhibiting macrophage functions. PLoS 
One, 9, e96252. https://doi.org/10.1371/journal.pone.0096252.

 88. Osborne, B. A., & Minter, L. M. (2007). Notch signalling during peripheral T-cell activation 
and differentiation. Nature Reviews. Immunology, 7, 64–75.

 89. Ostroukhova, M., Qi, Z., Oriss, T. B., Dixon-McCarthy, B., Ray, P., & Ray, A. (2006). Treg- 
mediated immunosuppression involves activation of the Notch-HES1 axis by membrane- 
bound TGF-beta. The Journal of Clinical Investigation, 116, 996–1004.

 90. Ong, C. T., Sedy, J. R., Murphy, K. M., & Kopan, R. (2008). Notch and presenilin regulate 
cellular expansion and cytokine secretion but cannot instruct Th1/Th2 fate acquisition. PLoS 
One, 3, e2823. https://doi.org/10.1371/journal.pone.0002823.

 91. Ou-Yang, H. F., Zhang, H. W., Wu, C. G., Zhang, P., Zhang, J., Li, J. C., Hou, L. H., He, F., 
Ti, X. Y., Song, L. Q., Zhang, S. Z., Feng, L., Qi, H. W., & Han, H. (2009). Notch signaling 
regulates the FOXP3 promoter through RBP-J- and Hes1-dependent mechanisms. Molecular 
and Cellular Biochemistry, 320, 109–114. https://doi.org/10.1007/s11010-008-9912-4.

 92. Palaga, T., Miele, L., Golde, T. E., & Osborne, B. A. (2003). TCR-mediated Notch signal-
ing regulates proliferation and IFN-gamma production in peripheral T cells. Journal of 
Immunology, 171, 3019–3024.

 93. Pan, B., Zhang, Y., Sun, Y., Cheng, H., Wu, Y., Song, G., Chen, W., Zeng, L., & Xu, K. (2014). 
Deviated balance between Th1 and Th17 cells exacerbates acute graft-versus-host disease in 
mice. Cytokine, 68, 69–75. https://doi.org/10.1016/j.cyto.2014.04.002.

 94. Parmar, S., Liu, X., Tung, S. S., Robinson, S. N., Rodriguez, G., Cooper, L. J., Yang, H., 
Shah, N., Yang, H., Konopleva, M., Molldrem, J. J., Garcia-Manero, G., Najjar, A., Yvon, E., 
McNiece, I., Rezvani, K., Savoldo, B., Bollard, C. M., & Shpall, E. J. (2015). Third-party 
umbilical cord blood-derived regulatory T cells prevent xenogenic graft-versus-host disease. 
Blood. pii: blood-2015-06-653667. [Epub ahead of print].

 95. Pasquini, M.  C. (2008). Impact of graft-versus-host disease on survival. Best Practice & 
Research. Clinical Haematology, 21, 193–204. https://doi.org/10.1016/j.beha.2008.02.011.

L. M. Minter

https://doi.org/10.4049/jimmunol.1202820
https://doi.org/10.4049/jimmunol.1202820
https://doi.org/10.1111/imr.12174
https://doi.org/10.4049/jimmunol.1400198
https://doi.org/10.4049/jimmunol.0804322
https://doi.org/10.1182/blood-2009-03-209635
https://doi.org/10.1182/blood-2009-03-209635
https://doi.org/10.1371/journal.pone.0096252
https://doi.org/10.1371/journal.pone.0002823
https://doi.org/10.1007/s11010-008-9912-4
https://doi.org/10.1016/j.cyto.2014.04.002
https://doi.org/10.1016/j.beha.2008.02.011


195

 96. Perumalsamy, L. R., Marcel, N., Kulkarni, S., Radtke, F., & Sarin, A. (2012). Distinct spatial 
and molecular features of notch pathway assembly in regulatory T cells. Science Signaling, 
5, ra53. https://doi.org/10.1126/scisignal.2002859.

 97. Pierini, A., Colonna, L., Alvarez, M., Schneidawind, D., Nishikii, H., Baker, J., Pan, Y., 
Florek, M., Kim, B. S., & Negrin, R. S. (2014). Donor requirements for regulatory T cell 
suppression of murine graft- versus-host disease. Cytotherapy, 16, 90–100. https://doi.
org/10.1016/j.jcyt.2013.07.009.

 98. Pratt, E. B., Wentzell, J. S., Maxson, J. E., Courter, L., Hazelett, D., & Christian, J. L. (2011). 
The cell giveth and the cell taketh away: An overview of Notch pathway activation by endo-
cytic trafficking of ligands and receptors. Acta Histochemica, 113, 248–255. https://doi.
org/10.1016/j.acthis.2010.01.006.

 99. Ratajczak, M.  Z., & Suszynska, M. (2016). Emerging strategies to enhance homing and 
engraftment of hematopoietic stem cells. Stem Cell Reviews, 12, 121–128. https://doi.
org/10.1007/s12015-015-9625-5.

 100. Reshef, R., Luger, S. M., Hexner, E. O., Loren, A. W., Frey, N. V., Nasta, S. D., Goldstein, 
S. C., Stadtmauer, E. A., Smith, J., Bailey, S., Mick, R., Heitjan, D. F., Emerson, S. G., Hoxie, 
J. A., Vonderheide, R. H., & Porter, D. L. (2012). Blockade of lymphocyte chemotaxis in vis-
ceral graft-versus-host disease. The New England Journal of Medicine, 367, 135–145. https://
doi.org/10.1056/NEJMoa1201248.

 101. Roderick, J. E., Gonzalez-Perez, G., Kuksin, C. A., Dongre, A., Roberts, E. R., Srinivasan, 
J., Andrzejewski, C., Jr., Fauq, A.  H., Golde, T.  E., Miele, L., & Minter, L.  M. (2013). 
Therapeutic targeting of NOTCH signaling ameliorates immune-mediated bone marrow fail-
ure of aplastic anemia. The Journal of Experimental Medicine, 210, 1311–1329. https://doi.
org/10.1084/jem.20112615.

 102. Rutz, S., Janke, M., Kassner, N., Hohnstein, T., Krueger, M., & Scheffold, A. (2008). Notch 
regulates IL- 10 production by T helper 1 cells. Proceedings of the National Academy 
of Sciences of the United States of America, 105, 3497–3502. https://doi.org/10.1073/
pnas.0712102105.

 103. Samon, J. B., Champhekar, A., Minter, L. M., Telfer, J. C., Miele, L., Fauq, A., Das, P., Golde, 
T. E., & Osborne, B. A. (2008). Notch1 and TGFbeta1 cooperatively regulate Foxp3 expres-
sion and the maintenance of peripheral regulatory T cells. Blood, 112, 1813–1821. https://doi.
org/10.1182/blood-2008-03-144980.

 104. Sandy, A. R., Jones, M., & Maillard, I. (2012). Notch signaling and development of the hema-
topoietic system. Advances in Experimental Medicine and Biology, 727, 71–88. https://doi.
org/10.1007/978-1-4614-0899-4_6.

 105. Sandy, A. R., Chung, J., Toubai, T., Shan, G. T., Tran, I. T., Friedman, A., Blackwell, T. S., 
Reddy, P., King, P. D., & Maillard, I. (2013). T cell-specific notch inhibition blocks graft- 
versus- host disease by inducing a hyporesponsive program in alloreactive CD4+ and CD8+ T 
cells. Journal of Immunology, 190, 5818–5828. https://doi.org/10.4049/jimmunol.1203452.

 106. Schmitt, E. G., & Williams, C. B. (2013). Generation and function of induced regulatory T 
cells. Frontiers in Immunology, 4, 152. https://doi.org/10.3389/fimmu.2013.00152. eCollec-
tion 2013.

 107. Schmitt, N., & Ueno, H. (2015). Regulation of human helper T cell subset differentiation 
by cytokines. Current Opinion in Immunology, 34, 130–136. https://doi.org/10.1016/j.
coi.2015.03.007.

 108. Schwanbeck, R. (2015). The role of epigenetic mechanisms in Notch signaling during devel-
opment. Journal of Cellular Physiology, 230, 969–981. https://doi.org/10.1002/jcp.24851.

 109. Shlomchik, W.  D. (2007). Graft-versus-host disease. Nature Reviews. Immunology, 7, 
340–352.

 110. Singla, R. D., Wang, J., & Singla, D. K. (2014). Regulation of Notch 1 signaling in THP-1 
cells enhances M2 macrophage differentiation. American Journal of Physiology. Heart and 
Circulatory Physiology, 307, H1634–H1642. https://doi.org/10.1152/ajpheart.00896.2013.

7 Notch Signaling in Graft-Versus-Host Disease

https://doi.org/10.1126/scisignal.2002859
https://doi.org/10.1016/j.jcyt.2013.07.009
https://doi.org/10.1016/j.jcyt.2013.07.009
https://doi.org/10.1016/j.acthis.2010.01.006
https://doi.org/10.1016/j.acthis.2010.01.006
https://doi.org/10.1007/s12015-015-9625-5
https://doi.org/10.1007/s12015-015-9625-5
https://doi.org/10.1056/NEJMoa1201248
https://doi.org/10.1056/NEJMoa1201248
https://doi.org/10.1084/jem.20112615
https://doi.org/10.1084/jem.20112615
https://doi.org/10.1073/pnas.0712102105
https://doi.org/10.1073/pnas.0712102105
https://doi.org/10.1182/blood-2008-03-144980
https://doi.org/10.1182/blood-2008-03-144980
https://doi.org/10.1007/978-1-4614-0899-4_6
https://doi.org/10.1007/978-1-4614-0899-4_6
https://doi.org/10.4049/jimmunol.1203452
https://doi.org/10.3389/fimmu.2013.00152
https://doi.org/10.1016/j.coi.2015.03.007
https://doi.org/10.1016/j.coi.2015.03.007
https://doi.org/10.1002/jcp.24851
https://doi.org/10.1152/ajpheart.00896.2013


196

 111. Skokos, D., & Nussenzweig, M. C. (2007). CD8− DCs induce IL-12–independent Th1 dif-
ferentiation through Delta 4 Notch-like ligand in response to bacterial LPS. The Journal of 
Experimental Medicine, 204, 1525–1531. https://doi.org/10.1084/jem.20062305.

 112. Szabo, S. J., Kim, S. T., Costa, G. L., Zhang, X., Fathman, C. G., & Glimcher, L. H. (2000). 
A novel transcription factor, T-bet, directs Th1 lineage commitment. Cell, 100, 655–669.

 113. Theil, A., Tuve, S., Oelschlägel, U., Maiwald, A., Döhler, D., Oßmann, D., Zenkel, A., 
Wilhelm, C., Middeke, J. M., Shayegi, N., Trautmann-Grill, K., von Bonin, M., Platzbecker, 
U., Ehninger, G., Bonifacio, E., & Bornhäuser, M. (2015). Adoptive transfer of allogeneic 
regulatory T cells into patients with chronic graft-versus-host disease. Cytotherapy, 17, 473–
486. https://doi.org/10.1016/j.jcyt.2014.11.005.

 114. Tran, I.  T., Sandy, A.  R., Carulli, A.  J., Ebens, C., Chung, J., Shan, G.  T., Radojcic, V., 
Friedman, A., Gridley, T., Shelton, A., Reddy, P., Samuelson, L. C., Yan, M., Siebel, C. W., & 
Maillard, I. (2013). Blockade of individual Notch ligands and receptors controls graft-versus- 
host disease. The Journal of Clinical Investigation, 123, 1590–1604.

 115. Tu, L., Fang, T. C., Artis, D., Shestova, O., Pross, S. E., Maillard, I., & Pear, W. S. (2005). 
Notch signaling is an important regulator of type 2 immunity. The Journal of Experimental 
Medicine, 202, 1037–1042.

 116. Ukena, S.  N., Grosse, J., Mischak-Weissinger, E., Buchholz, S., Stadler, M., Ganser, A., 
& Franzke, A. (2011). Acute but not chronic graft-versus-host disease is associated with a 
reduction of circulating CD4(+)CD25 (high)CD127 (low/-) regulatory T cells. Annals of 
Hematology, 90, 213–218. https://doi.org/10.1007/s00277-010-1068-0. (a).

 117. Ukena, S. N., Velaga, S., Geffers, R., Grosse, J., Baron, U., Buchholz, S., Stadler, M., Bruder, 
D., Ganser, A., & Franzke, A. (2012). Human regulatory T cells in allogeneic stem cell trans-
plantation. Blood, 118, e82–e92. https://doi.org/10.1182/blood-2011-05-352708. (b).

 118. van den Brink, M. R., Velardi, E., & Perales, M. A. (2015). Immune reconstitution following 
stem cell transplantation. Hematology. American Society of Hematology. Education Program, 
2015, 215–219. https://doi.org/10.1182/asheducation-2015.1.215.

 119. van der Waart, A. B., van der Velden, W. J., Blijlevens, N. M., & Dolstra, H. (2014). Targeting 
the IL17 pathway for the prevention of graft-versus-host disease. Biology of Blood and 
Marrow Transplantation, 20, 752–759. https://doi.org/10.1016/j.bbmt.2014.02.007.

 120. Varona, R., Cadenas, V., Gómez, L., Martínez-A, C., & Márquez, G. (2005). CCR6 regulates 
CD4+ T- cell-mediated graft-versus-host disease responses. Blood, 106, 18–26.

 121. Vianello, F., Cannella, L., Coe, D., Chai, J. G., Golshayan, D., Marelli-Berg, F. M., & Dazzi, 
F. (2013). Enhanced and aberrant T cell trafficking following total body irradiation: a gate-
way to graft- versus-host disease? British Journal of Haematology, 162, 808–818. https://doi.
org/10.1111/bjh.12472.

 122. Wang, Y. C., He, F., Feng, F., Liu, X. W., Dong, G. Y., Qin, H. Y., Hu, X. B., Zheng, M. H., 
Liang, L., Feng, L., Liang, Y. M., & Han, H. (2010). Notch signaling determines the M1 ver-
sus M2 polarization of macrophages in antitumor immune responses. Cancer Research, 70, 
4840–4849. https://doi.org/10.1158/0008-5472.CAN-10-0269.

 123. Wendland, M., Czeloth, N., Mach, N., Malissen, B., Kremmer, E., Pabst, O., & Förster, R. 
(2007). CCR9 is a homing receptor for plasmacytoid dendritic cells to the small intestine. 
Proceedings of the National Academy of Sciences of the United States of America, 104, 
6347–6352.

 124. Wongchana, W., & Palaga, T. (2012). Direct regulation of interleukin-6 expression by Notch 
signaling in macrophages. Cellular & Molecular Immunology, 9, 155–162. https://doi.
org/10.1038/cmi.2011.36.

 125. Wongchana, W., Lawlor, R. G., Osborne, B. A., & Palaga, T. (2015). Impact of Notch1 dele-
tion in macrophages on proinflammatory cytokine production and the outcome of experi-
mental autoimmune encephalomyelitis. Journal of Immunology, 195, 5337–5346. https://doi.
org/10.4049/jimmunol.1401770.

 126. Wu, Y., Bastian, D., Schutt, S., Nguyen, H., Fu, J., Heinrichs, J., Xia, C., & Yu, X. Z. (2015). 
Essential role of interleukin-12/23p40 in the development of graft-versus-host  disease in mice. 

L. M. Minter

https://doi.org/10.1084/jem.20062305
https://doi.org/10.1016/j.jcyt.2014.11.005
https://doi.org/10.1007/s00277-010-1068-0
https://doi.org/10.1182/blood-2011-05-352708
https://doi.org/10.1182/asheducation-2015.1.215
https://doi.org/10.1016/j.bbmt.2014.02.007
https://doi.org/10.1111/bjh.12472
https://doi.org/10.1111/bjh.12472
https://doi.org/10.1158/0008-5472.CAN-10-0269
https://doi.org/10.1038/cmi.2011.36
https://doi.org/10.1038/cmi.2011.36
https://doi.org/10.4049/jimmunol.1401770
https://doi.org/10.4049/jimmunol.1401770


197

Biology of Blood and Marrow Transplantation, 21, 1195–1204. https://doi.org/10.1016/j.
bbmt.2015.03.016.

 127. Xiao, S., Jin, H., Korn, T., Liu, S. M., Oukka, M., Lim, B., & Kuchroo, V. K. (2008). Retinoic 
acid increases Foxp3+ regulatory T cells and inhibits development of Th17 cells by enhanc-
ing TGF-beta-driven Smad3 signaling and inhibiting IL-6 and IL-23 receptor expression. 
Journal of Immunology, 181, 2277–2284.

 128. Xu, H., Zhu, J., Smith, S., Foldi, J., Zhao, B., Chung, A. Y., Outtz, H., Kitajewski, J., Shi, 
C., Weber, S., Saftig, P., Li, Y., Ozato, K., Blobel, C. P., Ivashkiv, L. B., & Hu, X. (2012). 
Notch-RBP-J signaling regulates the transcription factor IRF8 to promote inflammatory mac-
rophage polarization. Nature Immunology, 13, 642–650. https://doi.org/10.1038/ni.2304.

 129. Xu, J., Chi, F., Guo, T., Punj, V., Lee, W. N., French, S. W., & Tsukamoto, H. (2015). NOTCH 
reprograms mitochondrial metabolism for proinflammatory macrophage activation. The 
Journal of Clinical Investigation, 125, 1579–1590. https://doi.org/10.1172/JCI76468.

 130. Yamane, H., & Paul, W. E. (2013). Early signaling events that underlie fate decisions of naive 
CD4(+) T cells toward distinct T-helper cell subsets. Immunological Reviews, 252, 12–23. 
https://doi.org/10.1111/imr.12032.

 131. Yi, T., Chen, Y., Wang, L., Du, G., Huang, D., Zhao, D., Johnston, H., Young, J., Todorov, I., 
Umetsu, D. T., Chen, L., Iwakura, Y., Kandeel, F., Forman, S., & Zeng, D. (2009). Reciprocal 
differentiation and tissue- specific pathogenesis of Th1, Th2, and Th17 cells in graft-versus- 
host disease. Blood, 114, 3101–3112. https://doi.org/10.1182/blood-2009-05-219402.

 132. Yu, Q., Sharma, A., Oh, S. Y., Moon, H. G., Hossain, M. Z., Salay, T. M., Leeds, K. E., Du, 
H., Wu, B., Waterman, M. L., Zhu, Z., & Sen, J. M. (2009). T cell factor 1 initiates the T 
helper type 2 fate by inducing the transcription factor GATA-3 and repressing interferon- 
gamma. Nature Immunology, 10, 992–999. https://doi.org/10.1038/ni.1762.

 133. Yu, Y., Wang, D., Liu, C., Kaosaard, K., Semple, K., Anasetti, C., & Yu, X. Z. (2011). Prevention 
of GVHD while sparing GVL effect by targeting Th1 and Th17 transcription factor T-bet and 
RORγt in mice. Blood, 118, 5011–5020. https://doi.org/10.1182/blood-2011-03-340315.

 134. Yuan, J., Ren, H.  Y., Shi, Y.  J., & Liu, W. (2015). Prophylaxis of acute graft-versus-host 
disease by CCR5 blockade combined with cyclosporine A in a murine model. Inflammation 
Research, 64, 137–144. https://doi.org/10.1007/s00011-014-0793-6.

 135. Zeng, C., Xing, R., Liu, J., & Xing, F. (2016). Role of CSL-dependent and independent Notch 
signaling pathways in cell apoptosis. Apoptosis, 21, 1–12. [Epub ahead of print].

 136. Zhang, Y., Sandy, A. R., Wang, J., Radojcic, V., Shan, G. T., Tran, I. T., Friedman, A., Kato, 
K., He, S., Cui, S., Hexner, E., Frank, D. M., Emerson, S. G., Pear, W. S., & Maillard, 
I. (2011). Notch signaling is a critical regulator of allogeneic CD4+ T-cell responses 
mediating graft- versus- host disease. Blood, 117, 299–308. https://doi.org/10.1182/
blood-2010-03-271940.

 137. Zhao, Y., Liu, Q., Yang, L., He, D., Wang, L., Tian, J., Li, Y., Zi, F., Bao, H., Yang, Y., Zheng, 
Y., Shi, J., Xue, X., & Cai, Z. (2013). TLR4 inactivation protects from graft-versus-host 
disease after allogeneic hematopoietic stem cell transplantation. Cellular & Molecular 
Immunology, 10, 165–175. https://doi.org/10.1038/cmi.2012.58.

 138. Fulton, L. M., Carlson, M. J., Coghill, J. M., Ott, L. E., West, M. L., Panoskaltsis-Mortari, A., 
Littman, D. R., Blazar, B. R., & Serody, J. S. (2012). Attenuation of Acute Graft-versus-Host 
Disease in the Absence of the Transcription Factor RORÂ t. The Journal of Immunology, 
189(4):1765–1772. https://doi.org/10.4049/jimmunol.1200858. Epub 2012 Jul 9. 

7 Notch Signaling in Graft-Versus-Host Disease

https://doi.org/10.1016/j.bbmt.2015.03.016
https://doi.org/10.1016/j.bbmt.2015.03.016
https://doi.org/10.1038/ni.2304
https://doi.org/10.1172/JCI76468
https://doi.org/10.1111/imr.12032
https://doi.org/10.1182/blood-2009-05-219402
https://doi.org/10.1038/ni.1762
https://doi.org/10.1182/blood-2011-03-340315
https://doi.org/10.1007/s00011-014-0793-6
https://doi.org/10.1182/blood-2010-03-271940
https://doi.org/10.1182/blood-2010-03-271940
https://doi.org/10.1038/cmi.2012.58
https://doi.org/10.4049/jimmunol.1200858


199© Springer Science+Business Media, LLC, part of Springer Nature 2018 
L. Miele, S. Artavanis-Tsakonas (eds.), Targeting Notch in Cancer, 
https://doi.org/10.1007/978-1-4939-8859-4_8

Chapter 8
Notch Signaling in T-Cell Acute 
Lymphoblastic Leukemia and Other 
Hematologic Malignancies

Catherine Hoofd, Vincenzo Giambra, and Andrew P. Weng

Abstract Notch is a highly conserved signaling pathway that is crucial for devel-
opment and homeostasis of many normal tissues and cell types. Deregulated Notch 
signaling is associated with human disease in several different tissue contexts but is 
perhaps best characterized in T-cell acute lymphoblastic leukemia/lymphoma 
(T-ALL). Activating mutations in the NOTCH1 gene and other elements of the 
Notch signaling pathway such as FBW7 result in increased Notch signaling inten-
sity and/or duration and are acquired spontaneously at high frequency in primary 
human T-ALL and in experimentally derived mouse models of T-ALL. As well, 
enforced expression of activated NOTCH1  in normal hematopoietic progenitors 
promotes cellular transformation and leads to development of T-ALL-like disease in 
mice. Recent work has highlighted a role for the Notch pathway in other hemato-
logic malignancies as well. While gain-of-function mutations in NOTCH receptors 
occur frequently in mature B-cell malignancies such as chronic lymphocytic leuke-
mia (CLL), mantle cell lymphoma (MCL), and splenic marginal zone lymphoma 
(SMZL), activation of the Notch pathway can also block tumor progression in 
myeloid malignancies, highlighting its highly versatile and context-dependent 
nature. In this chapter, we summarize the most recent findings regarding the patho-
genic role of Notch signaling in various hematologic malignancies and current strat-
egies to inhibit it therapeutically.

Keywords Notch · Leukemia · Lymphoma · T-ALL · Signal transduction · Gene 
mutation · γ-secretase inhibitor · Mouse model

*Catherine Hoofd and Vincenzo Giambra contributed equally to this work.

C. Hoofd · V. Giambra · A. P. Weng (*) 
Terry Fox Laboratory, BC Cancer Agency, Vancouver, BC, Canada
e-mail: choofd@bccrc.ca; vgiambra@bccrc.ca; aweng@bccrc.ca

http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-4939-8859-4_8&domain=pdf
mailto:choofd@bccrc.ca
mailto:vgiambra@bccrc.ca
mailto:aweng@bccrc.ca


200

8.1  Notch Signaling Pathway

8.1.1  Notch Receptors and Ligands

The Notch signaling pathway is highly evolutionarily conserved and provides for 
communication between neighboring cells that is important for normal tissue devel-
opment and homeostasis. In mammals, there are four Notch receptors (NOTCH1–4) 
and multiple ligands of the Delta/Serrate/Lag-1 (DSL) family including Delta-like 
(DLL)-1, DLL-3, and DLL-4 and Jagged (JAG)1 and JAG2. All four Notch recep-
tors are single-pass transmembrane proteins that include multimerized epidermal 
growth factor (EGF) repeats within the extracellular domain which mediate interac-
tion with DSL ligands. Glycosyltransferase homologs of the Fringe family includ-
ing Lunatic, Manic, and Radical Fringe [1, 2] can modify specific EGF repeats that 
provide for ligand selectivity [3–5].

Notch receptors are initially translated as a single polypeptide but are cleaved at 
the S1 site by a furin-like protease in the trans-Golgi [6] into two subunits that non- 
covalently reassociate before trafficking to the cell surface. The extracellular domain 
consists of EGF repeats that mediate interactions with ligand, three tandem Lin-12/
Notch repeats (LNR), and the N-terminal portion of the heterodimerization domain 
(HDN). HDN associates with its partner C-terminal HD domain (HDC) which resides 
at the N-terminus of the transmembrane subunit and holds the two subunits together 
[7, 8]. The LNR portion “drapes” over the HD domain to shield it from cleavage by 
intramembrane proteases [9, 10] (Fig. 8.1).

Ligand binding and subsequent bilateral endocytosis (ligand endocytosis by the 
signal-“sending” cell and receptor endocytosis by the signal-“receiving” cell) is 
thought to exert a physical pull that displaces the LNR domain, thus exposing the S2 
site within the HDC domain to proteolytic cleavage by an intramembrane ADAM 
metalloprotease [11–13]. This reveals yet another proteolytic cleavage site S3 near 
the inner leaflet of the plasma membrane that is acted upon by γ-secretase, a multi- 
subunit intramembrane protease complex consisting of presenilin 1 or 2, PEN-2, 
APH-1, and nicastrin. Cleavage at the S3 site releases the intracellular domain 
(ICN) from its membrane tether, and ICN is then free to translocate to the nucleus 
by virtue of its two nuclear localization signals (Fig. 8.2).

ICN itself contains an Rbp-associated molecule (RAM) domain which mediates 
association with the DNA-binding factor CSL (CBF1, Suppressor of Hairless, Lag- 
2; also known as RBPJ), an ankyrin repeat domain (ANK) which mediates protein- 
protein interactions, a transactivation domain (TAD), and negative regulatory 
proline/glutamic acid/serine/threonine-rich (PEST) domain at the C-terminus [3, 
14] (Fig. 8.1). CSL can interact with various cofactors to build either repressor com-
plexes containing histone deacetylases such as SMRT/NCoR [15, 16] or activator 
complexes with ICN and Mastermind-like (MAML) proteins which recruit 
chromatin- modifier proteins such as histone acetyltransferases p300 and pCAF [17, 
18]. CSL/ICN/MAML transcriptional complexes also recruit kinases such as CDK8 
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Fig. 8.1 Structure of human NOTCH1. NOTCH1 is translated as a single polypeptide that is 
cleaved by a furin-like protease at the S1 site, yielding two subunits that non-covalently reassociate 
prior to trafficking to the cell surface. The extracellular subunit (NEC) includes epidermal growth 
factor (EGF) repeats 11–12 (cross-hatched bars) involved in ligand binding, three tandem Lin-12/
Notch repeats (LNR), and the N-terminal portion of the heterodimerization domain (HDN). The 
transmembrane subunit (NTM) includes the C-terminal portion of the HD (HDC), a transmem-
brane domain, the Rbp-associated molecule (RAM) domain which binds CSL, ankyrin repeats 
(ANK), a transactivation domain (TAD), and a C-terminal negative regulatory proline/glutamic 
acid/serine/threonine-rich (PEST) domain. Ligand binding produces an allosteric structural change 
affecting the HD domain, exposing the S2 site to proteolytic cleavage by an ADAM metalloprote-
ase. This reveals the S3 site, which is cleaved in turn by γ-secretase, releasing intracellular Notch 
(ICN) from the plasma membrane

Fig. 8.2 The canonical Notch signaling pathway. Ligand binding induces sequential proteolytic 
cleavages by ADAM metalloprotease and γ-secretase, releasing ICN from the membrane. ICN then 
translocates to the nucleus where it forms a transcriptional complex with the DNA-binding factor 
CBF1/Suppressor of hairless/Lag-1 (CSL; also known as RBPJ) and the co-activator Mastermind-
like (MAML) to drive expression of downstream target genes. Signaling is terminated by phos-
phorylation, ubiquitination, and ultimately proteasomal degradation of ICN.  GSI γ-secretase 
inhibitor, CDK8 cyclin-dependent kinase 8, FBW7 F-box and WD repeat domain- containing 7
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that phosphorylate ICN within the PEST domain, targeting it for ubiquitination by 
FBW7 and subsequent proteasomal degradation, thus terminating the signaling 
event [19, 20] (Fig. 8.2).

Notch transcriptional complexes can function either as monomers or as dimers 
when bound to paired head-to-head CSL-binding sites [21, 22]. In particular the 
ICN1 residue R1985 is involved in the interaction of ANK domains of ICN1 mole-
cule [23]. Of note, specific mutations (e.g., R1985A) abrogate the formation of 
Notch dimeric complex and prevent the induction of T-ALL in mice [24], suggest-
ing that the Notch target genes involved in leukemogenic transformation are modu-
lated via Notch dimerization on paired sites.

8.1.2  Notch Target Genes

One recurring theme in Notch signaling is that the precise outcome of signaling is 
highly dependent on cellular and developmental context. Accordingly, Notch sig-
naling may alternatively promote self-renewal or differentiation, proliferation or 
cell cycle arrest, and survival or apoptosis. These disparate cellular outcomes are 
presumably mediated in part by different complements of target genes activated, 
directly or indirectly, downstream of Notch. For instance, CD25 [25], PTCRA [26], 
and GATA3 [27] represent cell type-specific Notch targets and manifest develop-
mental stage-specific cellular outcomes [28]. Despite this, some target genes are 
consistently downstream of Notch in multiple tissue contexts. Most notably, mem-
bers of the Hairy/Enhancer of Split (HES) gene family are induced directly by 
Notch in several different tissue contexts besides T-ALL such as neural cells where 
they control cell fate and muscle and intestinal cells where they guide normal devel-
opment. HES genes encode basic helix-loop-helix (bHLH) DNA-binding proteins 
that function as transcriptional repressors by recruiting corepressors of the 
transducing- like enhancer (TLE) family [29, 30]. Other Notch targets that are rela-
tively conserved across different tissue contexts include DTX1, an ubiquitin ligase 
that can regulate Notch trafficking at the membrane [31], and NRARP, which can 
feedback to negatively regulate Notch signaling [32–34].

Another Notch target of particular interest is MYC due to its important role in 
human cancer. Indeed, NOTCH1 has been shown to induce MYC expression directly 
in multiple cancer types including T-ALL [35–38] and breast cancer [39]. 
Interestingly, although initial work focused on CSL-binding sites residing near the 
MYC promoter, subsequent studies revealed a critical Notch-dependent distal 
enhancer located ~1.5 megabases downstream of the human MYC gene that is 
broadly conserved between mammals, birds, and reptiles [35, 40, 41]. This enhancer 
was shown to loop back to the MYC promoter by chromatin conformation capture 
(3C) assay; however, the topology was stable despite γ-secretase inhibitor (GSI) 
treatment, implying that NOTCH1 occupancy is not required to maintain the chro-
matin loop. Other cancer-relevant Notch targets include CCND1 [42] and the tumor 
suppressor CDKN1A [43].
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8.2  Notch and Early Hematopoiesis

Notch plays important roles throughout hematopoietic development. Notch1 signaling 
is required very early in embryonic hematopoiesis including during development of 
the first definitive hematopoietic stem cells (HSC) [44, 45]. Subsequent fetal HSC 
development has also been shown to be dependent on NOTCH1 through the use of 
transactivation domain (TAD) mutant mice [46]. Initial gain-of-function experi-
ments showed that NOTCH1 supported expansion of adult HSC [47, 48]; however, 
subsequent loss-of-function experiments showed Notch signaling to be dispensable 
for adult HSC maintenance [49], suggesting HSC expansion may represent an arti-
fact of supraphysiological levels of signaling.

8.3  Notch and T-Cells

8.3.1  NOTCH1 Signaling in Normal T-Cell Development

Perhaps the greatest amount of work has focused on the role of Notch signaling in 
normal T-cell development. Both gain- and loss-of-function experiments have high-
lighted that NOTCH1 critically directs lymphoid progenitors in a binary fate deci-
sion between B and T lineages. In particular, inducible deletion of Notch1 or Rbpj 
in hematopoietic progenitors suppresses T-cell development, resulting in accumula-
tion of ectopic B-cells in the thymus, whereas constitutively activated NOTCH1 
promotes T-cell differentiation within the marrow and at the expense of B-cells 
[50–52]. While both DLL1 [53] and DLL4 ligands [54] are capable of supporting 
T-cell development in vitro, stromal cues guiding NOTCH1 activation during nor-
mal intrathymic T-cell development are provided by the ligand DLL4 as expressed 
on thymic epithelial cells [55, 56], whereas DLL1 has been shown to be dispensable 
for this process [57]. NOTCH1 signaling can also influence binary cell fate deci-
sions at later stages of T-cell development including between αβ and γδ lineages 
[58] and between CD4 and CD8 [59, 60] or Th1 and Th2 differentiation [61].

8.3.2  NOTCH1 Signaling in T-Cell Acute Lymphoblastic 
Leukemia (T-ALL)

The first evidence of an oncogenic role for Notch was the discovery of balanced 
t(7;9) translocations involving the T-cell receptor β (TRB) locus on chromosome 7 
and the NOTCH1 gene on chromosome 9  in rare cases of human T-ALL by Jeff 
Sklar’s group [62]. This translocation resulted in expression of 5’ truncated NOTCH1 
transcripts in developing T-cells which encoded constitutively active forms of the 
receptor [62]. As well, retroviral insertional mutagenesis screens in mice have 
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reported that common proviral insertions occur near or within the extracellular neg-
ative regulatory region (NRR) of Notch1 that presumably result in viral LTR-driven 
expression of similarly truncated forms of the receptor [63–66]. Subsequent work 
by Warren Pear and others demonstrated that enforced expression of similar 
N-terminally truncated forms of human NOTCH1 in mouse bone marrow-derived 
hematopoietic stem progenitor cells (HSPC) by retroviral transduction followed by 
transplantation into syngeneic recipients resulted in short-latency, high-penetrance 
T-ALL-like disease in mice [67–69]. The potency of activated NOTCH1 in produc-
ing T-ALL was also confirmed by distinct but similar experimental approaches 
including transgenic mice [70, 71] and transgenic zebrafish [72] and more recently 
by our own group, using human cord blood progenitors (Kusakabe et al., manuscript 
in preparation). Of note, less potently activated forms of NOTCH1 arrest T-cell 
development at the CD4+CD8+, or “double-positive” (DP) stage, but do not pro-
duce T-ALL disease, suggesting that increasing thresholds of NOTCH1 signaling 
are required for effects on T-cell development and transformation [73–75]. 
Importantly, inhibition of NOTCH1  in each of these settings results in reduced 
growth and/or apoptosis of T-ALL cells and can be accomplished either genetically 
with reagents like dominant-negative MAML1 (dnMAML1) [76] or pharmacologi-
cally with γ-secretase inhibitors (GSI) [76] or anti-NOTCH1 antibodies [77].

8.3.3  NOTCH1 Mutations in T-ALL

Despite work in mouse models,  NOTCH1 was generally regarded as a “boutique” 
oncogene in human T-ALL whose involvement was limited to those rare cases har-
boring the classic (7;9) chromosomal translocation. This view was revised follow-
ing the discovery of point mutations and small indels in NOTCH1 leading to 
gain-of-function in ~60% of human T-ALL by Jon Aster’s group [78]. This discov-
ery came as a result of screening human T-ALL cell lines for sensitivity to gamma- 
secretase inhibition as we had recently shown this was effective against mouse 
T-ALL generated with activated NOTCH1 [76]. As well, our motivation to look 
within the HD domain for mutations was critically informed by structural studies in 
Steve Blacklow’s lab that suggested it played an important role in maintaining 
structural integrity of the receptor and restraining its activation [8]. Others have 
subsequently confirmed these findings in larger and varied cohorts using targeted or 
whole genome/exome sequencing [79–88] (Table 8.1).

Activating mutations in NOTCH1 are distributed predominantly within the two 
regions, the heterodimerization (HD) domain and the C-terminal PEST domain. HD 
mutations occur in 40–45% of human T-ALL cases and can be divided in two dis-
tinct structural classes [99]. The more common class I mutations consist of small 
deletions involving at most a few amino acids, short in-frame insertions, or single 
amino acid substitutions within exons 26 and 27 that encode N- and C-terminal 
halves of the HD domain, respectively. These class I alterations maintain the read-
ing frame and destabilize or completely disrupt physical association between the 

C. Hoofd et al.



205

two HD subunits, thereby reducing the threshold for ligand-mediated activation or 
spontaneously activating the receptor outright, respectively [99]. Conversely, class 
II mutations are rare and consist of tandem insertions of 12–15 amino acids which 
duplicate the S2 cleavage site in the C-terminal portion of the HD domain. The 
presumed mechanism for activation by class II mutations is informed by structural 
studies of the extracellular negative regulatory region (NRR), which would predict 
that the duplicated HD region places an extra S2 cleavage site beyond the protection 
of the NRR [9, 10]. Yet a third but again rare type of activating NOTCH1 mutation, 
so-called juxtamembrane expansion (JME), introduces additional in-frame amino 
acids just external to the cell membrane and proximal to the HD domain which 
render the receptor more susceptible to S2 cleavage, possibly by destabilizing inter-
action of the otherwise intact NRR/HD complex with integral membrane proteins or 
allowing intramembrane proteases illegitimate access to the base of the receptor 
stalk [100].

Genetic alterations within the C-terminal PEST domain occur in 20–25% of 
T-ALL cases and consist of nonsense and frameshift mutations that lead to prema-
ture stop codons [78]. These truncated polypeptides lack critical portions of the 
PEST domain required for ubiquitination and proteolytic turnover of intracellular 
NOTCH1 (ICN1) [101, 102]. The deleted region of the PEST domain consistently 
includes a highly conserved sequence, 2521WSSSSP2526, which contains important 
phosphorylation site(s) that are required for subsequent ubiquitination [103]. Other 
common deletions fall between the 2482FLTPPSQ2488 and 2510FLTPSPE2516 sequences, 
each of which are recognized by E3 ligase complexes containing the F-box protein 
FBW7 and are similar to the 55LLPTPPLSP63 sequence present in MYC that regu-
lates its proteolytic turnover [104]. The ultimate result of these alterations is reduced 
proteolytic turnover of ICN1 and prolonged duration of signaling following recep-
tor activation.

It remains unresolved which kinases modulate activity and turnover of ICN1. It 
has been reported that the cyclin-dependent kinase 8 (CDK8) interacts physically 
with the Notch transcriptional complex (ICN1, Mastermind-like-1 (MAML1), and 
CSL) and phosphorylates specific serine residues on ICN1 including S2514, S2517, 
and S2539 [19]. These phosphorylation events are then thought to target ICN1 for 
subsequent ubiquitination and proteasomal degradation. Accordingly, mutations 

Table 8.1 Frequencies of NOTCH mutations in hematologic malignancies

Disease NOTCH receptor (domain) Frequency of mutation References

T-ALL NOTCH1 (HD) 40–45% [78–88]
NOTCH1 (PEST) 20–25%

CLL NOTCH1 (PEST) 10–30% (mostly delCT) [89–93]
MCL NOTCH1 (PEST) 5–10% [94, 95]

NOTCH2 (PEST) 5%
SMZL NOTCH1 (PEST) 5% [96, 97]

NOTCH2 (PEST) 20–25% (mostly delCT)
DLBCL NOTCH2 (PEST) 8% [98]
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affecting these residues could lead to reduced ICN1 turnover and prolonged dura-
tion of signaling that could contribute to T-ALL pathogenesis.

Akin to NOTCH1 PEST deletion, there is also biological selection in T-ALL for 
inactivating mutations in FBW7, the ubiquitin ligase that is responsible for targeting 
ICN1 for proteasomal degradation. Inactivating FBW7 mutations occur in 10–20% 
of T-ALL and are mutually exclusive to NOTCH1 PEST mutations [79, 101, 102, 
105, 106]. Of course, FBW7 is responsible for the degradation of other proteins in 
the cell, among which include MYC [107, 108], and thus inactivation of FBW7 may 
support T-ALL pathogenesis in multiple, potentially synergistic ways. About 15% 
of T-ALL cases harbor both HD and PEST NOTCH1 mutations in cis [78], and 
5–10% harbor a NOTCH1 HD mutation along with an FBW7 mutation [79, 101, 
102], both of which presumably lead to synergistic hyperactivation of NOTCH1 
signaling.

Similar Notch1 mutations involving the PEST domain also occur with high fre-
quency in nearly all mouse models of T-ALL [109–115]. The paucity of spontane-
ous HD mutations in mouse models is presumably due to the prevalence of 
illegitimate RAG-dependent recombination within the mouse Notch1 locus that 
deletes 5′ exons and results in expression of truncated peptides similar to those cre-
ated by the t(7;9) in human disease [116]. Of note, irradiated SCID or ATM−/− mice 
also develop T-cell leukemias that also show frequent deletions in the proximal 
promoter and express similar N-terminally truncated NOTCH1 polypeptides [115]. 
These data reinforce the notion that there is strong selective pressure for activation 
of NOTCH1 signaling in T-cell transformation and support its prominent role in 
T-ALL pathogenesis, even in other organisms.

8.3.4  Clinical Significance of NOTCH1 Mutations in T-ALL

The presence of recurrent activating mutations in NOTCH1 raises the question 
whether these have any biologic or prognostic significance. Early studies showed 
that the activating mutations in NOTCH1 correlated with improved clinical out-
come, but subsequent studies suggest that this association is dependent on the thera-
peutic protocol [80, 83, 84]. More recent efforts to resolve this issue showed that 
NOTCH1 and FBW7 mutations were indeed associated with improved response to 
chemotherapy and in particular to glucocorticoids; however, this early benefit did 
not consistently translate into improvement in survival [117–119]. Moreover, 
NOTCH1/FBW7 mutations were either not prognostic or possibly portended a 
worse outcome among high-risk patients. Of note, the association between activat-
ing NOTCH1 mutations and improved response to glucocorticoid therapy did not 
affirm prior work that showed Notch inhibition with GSI could reverse glucocorti-
coid resistance [120], implying that such relationships are likely highly dependent 
upon genetic context.
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8.3.5  Genes and Pathways Downstream of NOTCH1 in T-ALL

Several groups have contributed to defining the complement of genes and pathways 
which are ultimately activated downstream of NOTCH1 and that are functionally 
relevant to T-ALL pathogenesis (Fig. 8.3). Besides those already mentioned above, 
expression of NOTCH3 is also induced by NOTCH1 in T-ALL [35, 38]. As there is 
substantial homology between ICN1 and ICN3, it is notable that ICN3 generates 
T-cell leukemia in mice similarly to ICN1 [70, 75, 121, 122]; however, deletion of 
Notch3 has no effect on leukemia induction in the hypomorphic Ikaros-driven 
mouse T-ALL model, whereas deletion of Rbpj introduces a substantial delay [123], 
and spontaneous mutations in NOTCH3 are conspicuously lacking in human T-ALL.

Activated NOTCH1 can potentiate PI3K/AKT/mTOR signaling by several 
means including repression of PTEN through HES1 [124] or upregulation of recep-
tor tyrosine kinases (RTK) such as IL7 receptor (IL7R) [125, 126] and insulin-like 
growth factor 1 receptor (IGF1R) [127] (Fig.  8.3). Importantly, inhibiting PI3K/
AKT/mTOR or upstream RTKs results in reduced growth and/or survival of T-ALL 
cells both in vitro and in vivo. Of note, PTEN loss, either by mutation [111, 124], 
silencing [128], or inactivation [129], can contribute to Notch-independent T-ALL 
cell growth by compensating for reduced Notch-dependent glutaminolysis with 
enhanced aerobic glycolysis [130]. This mechanism is indeed operative in many, but 
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Fig. 8.3 Genes and pathways downstream of NOTCH1 in T-ALL. See text for details. RUNX3 
runt-related transcription factor 3, RUNX1 runt-related transcription factor 1, PKCθ protein kinase 
C theta, IGF1R insulin-like growth factor 1 receptor, IGF1 insulin-like growth factor 1, c-Myc 
myelocytomatosis, HES1 hairy/enhancer of split 1, PTEN phosphatase and tensin homolog, PI3K 
phosphoinositide 3-kinase, mTOR mammalian target of rapamycin, CYLD cylindromatosis, 
NFκB nuclear factor kappa-light-chain-enhancer of activated B-cells, IL7R interleukin-7 receptor
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not all contexts [131]. As well, the observation that PTEN loss accelerates NOTCH1- 
induced leukemogenesis [131] would support the notion that NOTCH1 and PI3K/
AKT pathways function collaboratively and provide nonredundant contributions to 
T-ALL pathogenesis.

Other work has revealed interaction between NFκB and Notch pathways in 
T-ALL.  Indeed, mouse T-cell leukemias, induced by activated NOTCH1 or 
NOTCH3, show high levels of NFκB activity [70, 132]. NOTCH1 induces NFκB 
activity directly by upregulating transcription of Relb and Nfkb2 [133, 134], enhanc-
ing NFκB nuclear retention [135], and interacting physically with the IKK complex 
[134]. NOTCH1 also promotes NFκB activity indirectly by HES1-dependent 
repression of CYLD, a deubiquitinase that negatively regulates the IKK complex 
[136] (Fig. 8.3). Importantly, inhibition of NFκB activity antagonizes T-ALL cell 
growth/survival in vitro and in vivo [70, 134, 136].

8.3.6  NOTCH1 and Leukemia Stem Cells

Leukemia stem cells (and cancer stem cells more generally) have had a murky his-
tory, fraught with confusing and inconsistent use of terminology and misconcep-
tions regarding what are core aspects of the concept versus what are related but 
non-requisite associations [137]. The term leukemia stem cells encompasses the 
overall concept that there is functional heterogeneity within a tumor whereby dis-
crete subsets possess the unique ability to recreate the entire tumor in a naïve host. 
Accordingly, there must also be complementary subsets that are relatively devoid of 
such activity. This functional heterogeneity can be associated with but is not neces-
sarily required to manifest as variation in phenotypic or morphologic differentia-
tion. More specifically, leukemia stem cells need not express markers associated 
with hematopoietic stem cells, although they can as in the case of acute myeloid 
leukemia (AML) where they were first described [138]. Similarly, leukemia stem 
cells do not necessarily show evidence of existing in a less differentiated state than 
non-stem cells in the tumor population, owing mostly to the fact that the normal 
developmental sequence of marker acquisition in a given lineage is not necessarily 
preserved in transformed malignant cells. Finally, functional heterogeneity may 
coexist with genetic heterogeneity within a given tumor; however, the presence of 
the latter can potentially confound characterization of the former.

Incorporation of the term “stem” is meant to connote that they have the capacity 
to self-renew, similar to normal tissue stem cells. In the case of cancer, however, 
this property may either be retained at the initial point of cellular transformation or 
spontaneously acquired within a more differentiated cell by genetic alteration. 
Literally, this translates to the notion that leukemia stem cells are cancer cells that 
have stemlike properties and are not necessarily cancerous versions of normal tis-
sue stem cells. As an experimental approach, serial transplantation (often per-
formed at limiting dilution) into a naïve host is the gold standard for documenting 
that leukemia stem cells are indeed present within a given test population; however, 
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the assay itself actually measures so-called leukemia-initiating cell, or LIC, activity 
which is read out solely by the presence or absence of disease in the transplanted 
recipient [137].

In human T-ALL, several groups have demonstrated asymmetric localization of 
LIC activity within tumor subpopulations defined by surface markers including 
CD7, CD1a, and CD34 [139–141]. As well, LIC have been characterized within 
various mouse models of T-ALL [107, 142–147]. Signaling through NOTCH1 has 
been shown both in human and mouse T-ALL to sustain LIC activity [145, 148–
150]. Work from our own group and others has identified IGF1R, IGF1, PKCθ, and 
MYC as relevant downstream targets of NOTCH1 that mediate its effects in support-
ing LIC [127, 149, 151] (Fig. 8.3). Implication of MYC has also prompted studies 
involving selective BET bromodomain inhibitors (e.g., JQ-1) that can potently 
silence MYC expression by epigenetic means and thus may represent a viable thera-
peutic strategy whose target range specifically includes LIC [107, 152]. Our work 
highlighting the transcriptional circuit linking NOTCH1 to repression of PKCθ and 
reactive oxygen species (ROS) via RUNX3 and RUNX1 also raises the possibility of 
targeting these other elements to specifically antagonize LIC [149].

8.4  Notch and B-Cells

8.4.1  Notch Signaling in Normal B-Cell Development

Although NOTCH1 signaling favors commitment of lymphoid progenitors to the 
T-cell lineage at the expense of B-cells, NOTCH2 has been shown to play a role 
later in B-cell development where it guides binary cell fate decisions between mar-
ginal zone (MZ) and follicular B-cells in the mouse spleen. Expression of Notch2 
increases with B-cell maturation, and deletion of either Notch2 itself or Rbpj results 
in a complete failure of MZ B-cell development [153, 154]. This role of Notch sig-
naling in MZ B-cell development was further confirmed in studies that knocked out 
other elements of the Notch signaling apparatus including MAML1 [155], DLL1 
[57, 156], MIB1 [157], and ADAM10 [158], but interestingly  does not require 
HES1 [159].

8.4.2  Notch Signaling in B-Cell Acute Lymphoblastic 
Leukemia (B-ALL)

Given the trophic effect of Notch activation on T-cell fate and leukemogenesis, yet 
suppressive role on early B-cell differentiation, it is notable that enforced expres-
sion of active forms of all four Notch receptors (ICN1-4) induced growth arrest and 
apoptosis in immature B-ALL cell lines which could be recapitulated by HES1 
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alone [3, 160]. Similar effects were seen in myeloma and Hodgkin cell lines. 
Subsequent work has shown that Notch/HES pathway elements are epigenetically 
silenced in B-ALL cell lines and patient samples as compared to T-ALL [161], sup-
porting that signaling through Notch/HES is incompatible with the generation and/
or maintenance of early B-cell malignancies.

8.4.3  Notch Signaling in Chronic Lymphocytic Leukemia 
(CLL)

CLL is a very common, low-grade malignancy of mature B-cells characterized by 
infrequently dividing but long-lived cells. The more aggressive form is thought to 
arise from naïve CD5+ B-cells with unmutated IGHV genes, whereas the less 
aggressive form shows IGHV mutations consistent with derivation from post- 
germinal center B-cells [162]. Early work showed NOTCH2 was responsible for 
driving expression of CD23 [163], and aberrant activation of NOTCH1 and/or 
NOTCH2 supported survival/resistance to apoptosis via increased NFκB activity 
[164]. Mutations involving NOTCH1 were first reported among 2 of 43 patients in 
2009, and subsequent larger studies demonstrated NOTCH1 mutations in about 
10% of CLL cases at diagnosis, with higher incidence ~20% among patients with 
chemorefractory disease and ~30% in cases that had progressed/undergone Richter 
transformation [89–91]. While NOTCH1 mutations in T-ALL target both HD and 
PEST domains, mutations in CLL are restricted to the PEST domain, and strikingly, 
over 80% of these are represented by the exact same 2bp deletion (∆CT75447545, 
P2515fs) that results in frameshift and premature stop codon to delete the PEST 
degron. With more sensitive, allele-specific PCR-based methodologies, the 
NOTCH1 c.7544_7545delCT PEST mutational frequency has been reported as high 
as 20% among unselected patients [93] and even higher at ~74% among trisomy 21 
patients (C. Hoofd et al., manuscript in preparation) [165, 166]. Though NOTCH1 
PEST mutations are associated with unmutated IGHV genes and wild-type TP53, 
they represent an unfavorable prognostic factor independent of both IGHV and 
TP53 status [91, 167, 168]. Mutations within the noncoding region of NOTCH1 
have also been reported to occur in CLL that cause aberrant splicing and result in 
expression of truncated forms lacking the C-terminal PEST domain [169].

Immunohistochemical studies that are able to detect activated ICN1  in the 
nucleus of CLL cells have revealed the pathway to be activated in nearly 90% cases, 
occurring similarly in NOTCH1 mutated and non-mutated groups [170, 171]. 
NOTCH1 activation is lost rapidly in vitro, irrespective of mutational status [172], 
suggesting that signaling relies upon stroma-derived ligand within the tumor 
microenvironment.
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8.4.4  Notch Signaling in Mantle Cell Lymphoma (MCL)

Mantle cell lymphoma (MCL) is a less common but more aggressive type of mature 
B-cell non-Hodgkin lymphoma that is molecularly defined by the t(11;14)(q13;q32) 
chromosomal translocation which results in overexpression of cyclin D1 (CCND1) 
[173]. Our group identified gain-of-function NOTCH1 mutations, nearly exclu-
sively by PEST deletion, to occur in 12% of MCL cases (n = 108) and to be associ-
ated with poor prognosis [94]. Half of these were represented by the 
c.7544_7545delCT mutation seen in CLL. A subsequent study found NOTCH1 and 
NOTCH2 mutations each to occur at ~5% among a cohort of 172 MCL cases, were 
restricted to the PEST domain, and tended not to co-occur within the same tumor 
[95]. NOTCH1/2 mutations in this cohort were also associated with poor clinical 
outcome. In contrast to CLL, immunohistochemical staining for ICN1 failed to 
reveal evidence for widespread activation of NOTCH1 in MCL tissues [170, 171].

8.4.5  Notch Signaling in Splenic Marginal Zone Lymphoma 
(SMZL)

Splenic marginal zone lymphoma (SMZL) is another uncommon but indolent 
mature B-cell non-Hodgkin lymphoma with recurrent chromosome 7q deletions 
[174] and activation of the NFκB pathway [175]. SMZL has been associated with 
hepatitis C virus (HCV) infection [176], and interestingly, some patients show 
responses to antiviral therapy [177]. The role of NOTCH2 in MZ B-cell develop-
ment in mice perhaps portended the finding by two groups of recurrent NOTCH2 
mutations in ~20–25% of SMZL cases, again with a preponderance resulting in 
deletion of the C-terminal PEST domain, but a rare activating HD mutation was also 
observed [96, 97]. The clinical significance of NOTCH2 mutations in SMZL remains 
unclear, however, as the two studies reported opposite results for their respective 
patient cohorts (longer overall survival, n  =  94 vs. shorter relapse-free survival, 
n = 46). Of note, one of the studies also identified the  NOTCH1 c.7544_7545delCT 
mutation to occur at ~5% within their SMZL cohort [96, 97]. As in MCL, identified 
NOTCH1 and NOTCH2 mutations in SMZL were mutually exclusive.

8.4.6  Notch Signaling in Other Non-Hodgkin Lymphomas

Follicular lymphoma (FL) is one of the most common nodal non-Hodgkin lympho-
mas, second only to diffuse large B-cell lymphoma (DLBCL). While many cases of 
FL are indolent and slow-growing, approximately 2–3% of FL patients per year will 
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undergo histologic transformation to a more aggressive lymphoma, often DLBCL 
[178]. As reported in abstract form, mutations in NOTCH1 and NOTCH2 were iden-
tified in FL to occur at a combined frequency of ~6% (five mutations in NOTCH1 
and two mutations in NOTCH2 among a cohort of 114 FL cases) [179]. These muta-
tions were all predicted to encode truncated proteins lacking the C-terminal PEST 
domain. Formal publication of this study, however, remains pending.

Recurrent mutations in NOTCH2 were reported to occur in ~8% of DLBCL 
cases (n = 63) and were represented mostly as causing deletion of the PEST domain 
[98]. Mutations in both NOTCH1 and NOTCH2 have also been identified in DLBCL 
associated with HCV infection, occurring at frequencies of 4% and 26%, respec-
tively, among of cohort of 46 cases [180]. These mutations were also exclusively of 
the PEST deletion variety and were associated with poor clinical outcome in this 
small cohort. Given the association between HCV and SMZL and the similarities in 
NOTCH1/2 mutation frequency and pattern with that observed in SMZL, it remains 
possible that these cases of HCV-associated DLBCL may have arisen by transfor-
mation from a preexistent but unrecognized SMZL clone.

Multiple myeloma (MM) is a malignancy of terminally differentiated plasma 
cells that typically affects older adults. While recurrent gene mutations affecting the 
Notch pathway have not been reported in this disease, several studies have shown 
upregulation of Notch receptors and/or ligands including NOTCH1, NOTCH2, 
JAG1, and JAG2 [181, 182]. Moreover, pharmacologic inhibition of Notch signal-
ing has been shown to prevent localization of MM cells to the bone marrow [183] 
and enhance their sensitivity to chemotherapy [184].

8.4.7  Notch Signaling in Classical Hodgkin Lymphoma

Classical Hodgkin lymphoma is characterized by a relatively minor proportion 
of malignant Hodgkin and Reed-Sternberg (HRS) cells that are thought to derive 
from “crippled” germinal center B-cells [185] and which secrete abundant cyto-
kines, resulting in the bulk of the tumor mass being composed of infiltrating 
reactive immune cells. Immunohistochemical studies have revealed that HRS 
cells within patient tumors express both NOTCH1 and JAG1 highly, and that 
nearby stromal cells also express JAG1 [184, 186, 187], suggesting that ligand-
dependent activation of Notch signaling in HRS cells may occur by homo- and 
heterotypic cell interactions. Cultured HRS cell lines express both NOTCH1 
and NOTCH2 and respond to JAG1 ligand with increased proliferation and 
reduced apoptosis. Additional cell line studies from the same group have sug-
gested that Notch signaling supports cell survival through activation of the alter-
native NFκB pathway [188].
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8.5  Notch and Myeloid Cells

8.5.1  Notch Signaling in Normal Myeloid Development

The role of Notch signaling in myeloid development is ambiguous as several reports 
have suggested that Notch activation may alternately promote or inhibit various 
aspects of granulocyte/monocyte differentiation [189–192], yet conditional knock-
out of Rbpj and enforced expression of dominant-negative MAML1 both showed no 
impairment of myeloid lineage commitment or differentiation [49, 51]. As well, 
there are conflicting reports that Notch signaling either promotes or antagonizes 
megakaryocyte differentiation [193, 194]. Taken together, these studies suggest that 
Notch plays a complex role in myeloid cell fate decisions that will require further 
study to resolve.

8.5.2  Notch Signaling in Myeloid Leukemia

Early studies have found that despite high expression of NOTCH1 receptors in 
acute myelogenous leukemia (AML) patients, activation of the pathway was limited 
[195, 196]. Moreover, exposure to DLL1 and JAG1 ligands produced variable out-
comes in terms of short-term growth of primary patient AML blasts [197] which 
echoed prior findings with established AML cell lines [198, 199]. More recently, a 
pair of studies examined gene expression profile data from large cohorts of AML 
patients and confirmed the expression of multiple Notch receptors; however, path-
way activation was again found to be limited compared to normal hematopoietic 
cells [200, 201]. Interestingly, enforced expression of activated NOTCH1 (ICN1) 
blocked proliferation and induced apoptosis in AML cell lines and patient samples 
and antagonized LIC activity in an MLL-AF9-induced mouse model of AML. As 
well, enforced expression of HES1, a transcriptional repressor immediately down-
stream of Notch, led to growth arrest both in vitro and in a xenograft mouse model 
[200, 202], an effect that may be mediated through repression of FLT3 [203].

Mice doubly deleted for Notch1/Notch2 or just nicastrin (Ncstn), a component of 
the γ-secretase complex responsible for activation of Notch receptors, leads to the 
development of a myeloproliferative disorder in mice [204]. Additional studies 
showed that loss of nicastrin in multipotent hematopoietic progenitors was 
 associated with induction of a broad myeloid transcriptional program, an effect that 
was reversed in part by enforced expression of HES1. These findings led the inves-
tigators to search for evidence of loss of Notch signaling function in human myelo-
proliferative disorders, and indeed they found 6 somatic loss-of-function mutations 
involving NCSTN, APH1, MAML1, and NOTCH2 within 5 of 42 samples (12%) 
from patients with chronic myelomonocytic leukemia (CMML). Taken together, 
these studies support the notion that Notch signaling may act as a tumor suppressor 
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in the myeloid cell context and that therapies that activate Notch signaling may have 
clinical utility in myeloproliferative disease.

8.6  Therapeutic Approaches to Target the Notch Pathway

The relevance of Notch signaling in T-ALL and other hematologic malignancies has 
created interest in the development of various pharmacologic modulators of the 
pathway. The first volley of agents were small molecule inhibitors of γ-secretase, 
which is required for proteolytic cleavage of all four Notch receptors and liberation 
of their respective ICN subunits from the plasma membrane. γ-Secretase inhibitors, 
or GSIs, were ripe for plucking as these drugs were already in clinical development 
to prevent processing and accumulation of β-amyloid from amyloid precursor pro-
tein (APP), a candidate etiology in Alzheimer’s disease progression [205]. The anti-
tumoral activity of several GSIs (e.g., MRK-003, MRK-0752, and RO4929097) has 
been already tested in mouse models of T-ALL in phase I clinical trials for patients 
with relapsed T-ALL [206–209]. These efforts were stymied, however, by dose- 
limiting toxicities primarily affecting the gut where pan-Notch inhibition leads to 
goblet cell hyperplasia and resultant severe diarrhea. Subsequent work revealed that 
this effect required inhibition of both NOTCH1 and NOTCH2 in intestinal crypt 
progenitors [210, 211] but could be ameliorated either by intermittent dosing [208] 
or rescue with glucocorticoids [120].

Another strategy proposed the use of chemically stapled α-helical peptides [212] 
similar to dnMAML1 [76, 213] to render the Notch transcriptional complex func-
tionally inert; however, this approach has remained in the research literature thus 
far.

Antibodies have also been designed against specific regions of Notch receptors, 
specifically the negative regulatory region (NRR), on the premise that these would 
help to stabilize the receptor heterodimer and restrict ADAM protease-mediated 
receptor cleavage and activation, induced either by ligand binding or mutations 
involving the HD domain [77, 214–217]. One issue that has arisen, however, is 
lower activity of NRR-directed antibodies as compared to GSI, possibly due to 
incomplete allosteric inhibition of the ligand-induced conformational change [214]. 
Other targets for therapeutic antibodies include the ligand-binding EGF repeats of 
Notch receptors, or alternatively, the ligands themselves [218, 219]. Identification 
of additional targets, including those effectors downstream of Notch signaling that 
contribute ultimately to enacting cellular phenotypes, as well as further  development 
of specific pharmacologic agents will be required to capitalize upon our knowledge 
of the role Notch signaling plays in human disease.
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Chapter 9
The Role of Notch in Breast Cancer

Jeffrey C. Bloodworth and Clodia Osipo

Abstract Women have a one in eight lifetime risk of being diagnosed with breast 
cancer. Breast cancer is the second leading cause of cancer-related mortality in 
women worldwide. Notch signaling is critical for proper mammary development 
and homeostasis. Notch is emerging as an important targetable oncogene in breast 
cancer. Notch signaling promotes a number of cancer phenotypes including stem 
cell survival, self-renewal, and differentiation. This chapter will describe research 
advancements and clinical implications of Notch signaling in the context of the 
normal mammary gland and in breast cancer. Notch is involved in cross talk with 
several other signaling pathways. Estrogen receptor alpha and ErbB2 are commonly 
overexpressed breast oncogenes. Therapies designed to target these receptors are 
indicated for the majority of invasive breast cancer cases. However, breast tumors 
are often able to overcome these therapies, and upregulation of Notch is implicated 
in the development of drug resistance.

Keywords Breast cancer · Notch · Gamma secretase · Mammary · Breast cancer 
stem cell

9.1  Notch Signaling in the Normal Breast

Owing to its role in tissue patterning and development, Notch signaling is critical 
for proper breast development and function [1]. The epithelial cells within the mam-
mary epithelial ducts and glands form a highly branched arboreal structure. The 
epithelium within the mammary tree system can be subdivided into ducts and termi-
nal end buds which are comprised of a wide variety of cells that are specialized for 
the production and secretion of milk [2].

Proper mammary development and maturation are highly dependent upon four 
endocrine hormones: estrogen, progesterone, insulin-like growth factor, and growth 
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hormone [3]. During puberty, these hormones drive proper morphology by signaling 
cells of the epithelia and stroma. Throughout life, the mammary epithelia remain 
highly responsive to fluctuations in hormone levels. Monthly estrogen/progesterone 
cycles maintain the mammary epithelium in a poised state. During pregnancy, the 
mammary epithelia become highly proliferative and thoroughly invade the breast 
stroma to form fully functional mammary glands. After weening, the epithelium 
undergoes massive apoptosis causing the mammary ductal system to regress to a 
prepregnancy state [4].

The Notch signaling pathway is employed in a wide variety of physiological 
processes. From a single-cell point of view, Notch signaling influences cellular 
survival and proliferation [5], migration, polarity, and cell fate decisions [6]. From 
a more holistic point of view, it can be seen that this signaling system orchestrates 
the elegant processes of embryogenesis [7], tissue patterning [8], organogenesis 
[9], angiogenesis [10], and wound healing [11]. The ability of cells to regulate the 
fate of neighboring cells is a concept that is central to developmental biology. 
Notch serves as a signaling prototype for two cooperating phenomena known as 
lateral inhibition and lateral induction [12, 13]. Lateral inhibition and lateral induc-
tion constitute negative and positive feedback loops (respectively) between cells 
that are in direct contact [12]. The Notch pathway operates on this same design 
[13]. Intracellular Notch signaling can be classified by considering cells as either 
“signal- sending” or “signal-receiving.” This mechanism makes Notch ideal for 
propagating lateral inhibition and lateral induction [12]. Thus, Notch signaling 
coordinates the development of structures whose morphology and/or function 
depend upon cell-cell contacts [13].

Notch signaling can be briefly summarized beginning with posttranslational 
Golgi processing. Notch is glycosylated and cleaved in the Golgi apparatus and 
exists on the cell membrane as a heterodimer of the two cleavage products [14, 15]. 
Notch is recognized by one of its ligands, which is expressed on an opposing cell 
[16]. Ligand binding triggers cleavage by an ADAM/TACE family proteinase [17]. 
This newly truncated Notch is recognized and cleaved further by the γ-secretase 
complex [18]. Cleavage by γ-secretase releases the Notch intracellular domain 
allowing it to translocate to the nucleus where it acts as a transcriptional activator of 
numerous target genes [18]. Several strategies for targeting Notch have been pro-
posed. The two classes of drugs to reach clinical trials are the γ-secretase inhibitors 
and Notch-specific monoclonal antibodies.

Notch signaling is required for proper organization of mammary tissue [19]. Notch3 
facilitates differentiation of mammary progenitor cells into the luminal lineage [20]. 
Notch activity is required for the maintenance of the luminal cell layer in the mammary 
gland [21]. Others have shown that cJun N-terminal kinase2 inhibits Notch1 activity, 
which in turn facilitates development of the myoepithelial mammary cell layer [22]. 
Moreover, aberrant activation of Notch1 yields hyperplasia of cells in the luminal layer 
[21]. Indeed, Notch signaling is essential for normal breast development. However, in 
the context of breast cancer, Notch signaling can become dysregulated giving rise to 
tumor advancement and confounding therapeutic approaches (Fig. 9.1).
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9.2  An Overview of Breast Cancer

Breast tumors can often be noticed as a palpable mass embedded in the breast tissue, 
and mammography is typically employed to confirm differences in tissue density 
[23]. Breast cancer is a highly heterogeneous disease making biopsy of the tumor 
mass necessary for characterization. Breast cancer is subtyped on the basis of gross 
histology of the tumor and the presence/absence of well-described molecular 
markers. Histological classification assesses a number of factors such as invasive-
ness and whether the tumor arises from the mammary duct or lobule. Diagnosis of 
breast cancer subtype based on the molecular profile allows physicians to assess 
risk and choose appropriate treatment options with a higher degree of accuracy. 

Fig. 9.1 Notch Signaling controls a number of characteristics that are central to normal mammary 
development and tumorigenesis. (a) Canonical Notch signaling requires a series of proteolytic 
cleavage steps. The resulting Notch intracellular domain translocates to the nucleus and directs the 
transcription of its target genes. (b) Aberrant HER2 overexpression suppresses Notch signaling. 
However, when anti-HER2 treatment is administered, Notch often becomes hyperactived which 
can sustain tumor survival and confer stem-like characteristics. (c) Similar to HER2 positive breast 
cancer, aberrant ERα overexpression suppresses Notch signaling, which is reversed upon anti- 
estrogen treatment. (d) Notch signaling controls several features of invasive breast cancer includ-
ing proliferation, invasion, metastasis, aberrant angiogenesis, etc. (e) Notch signaling controls cell 
fate decisions in the normal mammary gland
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Four immunohistochemical subtypes that are typically used to describe invasive 
breast cancer are as follows: luminal A, luminal B, HER2 type, and basal-like [24]. 
In general, these immunohistochemical subtypes coincide with the molecular sub-
types [24].

Classic molecular categorization of breast cancer is mainly based on the aberrant 
overexpression of three receptors: estrogen receptor alpha (ERα), progesterone 
receptor (PR), and human epidermal growth factor receptor 2 (ErbB-2/HER2) [24]. 
The tumor of a particular patient may overexpress any combination of these factors, 
or the tumor could lack overexpression of all three yielding the highly aggressive 
triple-negative molecular subtype. Other factors such as claudin and Ki67 are emerg-
ing as prognostic indicators [25, 26]. Additionally, more thorough molecular profil-
ing, such as that offered by the PAM50 quantitative RT-PCR array, has potential to 
offer clinicians and researchers a greater breadth of valuable information [27].

The relationship between Notch signaling and breast cancer has been demon-
strated by investigators working with the mouse mammary tumor virus (MMTV) 
[28]. MMTV can induce breast tumor development by integrating into Int3 gene 
locus (mouse Notch4) [28, 29]. The relationship between Notch4 and MMTV has 
been followed up by multiple meta-analyses in order to establish relationships 
between Notch family gene expression and breast cancer in humans. Researchers 
and clinicians often refer to survival statistics with regard to a particular gene or 
treatment modality in order to establish relationships in disease. Survival statistics 
may be presented as overall survival, progression-free survival, and regression/
disease- free survival. Each of these metrics has value in determining characteristics 
of the disease, gene, and treatments being investigated. The Notch pathway is fre-
quently dysregulated in breast cancer as revealed by these statistical techniques. 
Meta-analyses demonstrate a positive correlation between high Notch1 expression 
and poor overall and regression-free survival in all breast cancer subtypes [30, 31]. 
Co-overexpression of Notch1 and its ligand, Jagged1 (Jag1), is a strong indicator of 
poor overall survival in advanced breast cancer [30]. A follow-up of these studies 
underpins a correlation between Jag1 and progression of early-stage breast tumors 
[32]. Conversely, Notch2 tends to correlate with survival [33].

Notch1 is suggested to be sufficient in driving breast oncogenesis [21]. Moreover, 
mounting evidence suggests that Notch can contribute to secondary tumor character-
istics, which make the disease more aggressive and difficult to overcome. Notch has 
been shown to cross talk with the oncogenic Akt [5], NF-κB [34], and MAP kinase 
[35] pathways. The breast oncogene, c-Myc, is a direct target of Notch1 transcrip-
tional activation, and Notch1-mediated c-Myc activation is sufficient to drive breast 
oncogenesis [36]. Furthermore, in vitro studies show that Notch1 and Notch3 augment 
cell proliferation by binding to the promoter region and activating CyclinD1 [37].

The DNA damage response (DDR) is critical for genomic fidelity, and mutations 
in DDR genes are frequently occurring facilitators of breast oncogenesis. Notch is 
known to promote oncogenesis by interacting with DDR genes and proteins. 
Subsequent to γ-secretase cleavage, the Notch1 intracellular domain has been 
shown to interact with ATM, a DDR element that arrests mitosis by stabilizing p53 
[38]. This interaction confers a Notch1-dependent negative regulatory effect to the 
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ATM kinase domain rendering it unable to phosphorylate and stabilize p53 [38]. 
The tumor suppressor p53 is often subject to inactivating mutations, which facili-
tates tumorigenesis. Notch1 inhibits apoptosis by interfering with p53-mediated 
induction of the proapoptotic effectors Puma and Noxa [39]. In addition, p53 feeds 
back into Notch signaling by directly binding to MAML1 thus impeding the forma-
tion of the Notch activation complex [40].

9.3  Notch Signaling in Cancer Stem Cells

The therapeutic strategies currently at our disposal yield a high rate of initial tumor 
regression in some breast cancer patients. However, drug resistance and tumor 
relapse have emerged as major therapeutic hurdles [41]. Recent attention in breast 
cancer research has turned to preventing tumor relapse by targeting the breast can-
cer stem cell (BCSC). The BCSC hypothesis posits the existence of a small popula-
tion of multipotent cells that are capable of giving rise to a heterogeneous tumor 
mass. Cancer stem cells possess a number of phenotypes that make them prone to 
therapeutic resistance.

A number of lines of evidence exist in support of the BCSC hypothesis. Transplant 
studies that date back to the late 1950s demonstrate the ability of certain cells to 
repopulate the mammary fat pad [42]. The technique involves surgically removing 
the mammary epithelium from the fat pad of young mice and subsequently repopu-
lating the fat pad with cells or tissue of choice. These transplant studies were devel-
oped in order to demonstrate the ability of precancerous mammary nodules to give 
rise to tumors [42]. The researchers included a comparison between normal mam-
mary tissue and precancerous nodules. Interestingly, the normal mammary tissue is 
able to repopulate the fat pad with a structurally normal mammary epithelial com-
plex [42].

A subpopulation of tumor cells identified as CD44+/CD24−/low/ALDH1high has 
been shown to bear stem cell characteristics [43]. CD44+/CD24−/low/ALDH1high cells 
are highly efficient at forming mammospheres and tumor xenografts [44]. Notch4 is 
strongly implicated in BCSC activity [45]. Anti-Notch targeted therapies currently 
undergoing clinical trials are mainly focused on inhibiting the survival and differen-
tiation potential of the BCSCs [46].

9.4  Notch Signaling in Metastasis

Metastasis presents one of the most challenging features of breast cancer with 
regard to treatment. The presence and number of metastatic lesions are used clini-
cally to stage breast cancer [47]. The lymph nodes that occupy the chest walls are 
frequently the first organs to experience metastatic invasion. Metastasis to distant 
organs such as the bone, lung, and brain is characteristic of the most advanced stage, 

9 The Role of Notch in Breast Cancer



232

and these patients exhibit the poorest prognosis. The metastatic process involves a 
number of steps wherein cancer cells depart from the primary tumor, enter the blood 
or lymphatic systems, and colonize a distant site. JAG1 has been shown to facilitate 
bone metastasis in mice, a process that can be inhibited by γ-secretase inhibition 
[48]. In addition, γ-secretase inhibition hinders the ability of the metastatic breast 
cancer cell line MDA-MB-231-Br to colonize the brain [49].

Epithelial-mesenchymal transition (EMT) is a key cellular phenomenon that a 
cancer cell must undergo in order for metastasis to occur. Epithelial cells are char-
acteristically polar and dependent on attachment to a basal membrane. Mesenchymal 
cells are devoid of polarity and are resistant to anoikis, a type of cell death associ-
ated with detachment from a basement membrane. A number of salient genes have 
emerged as promoters of EMT. The transcription factors Snail, Slug, and Twist are 
known to promote the EMT process by suppressing epithelial factors such as 
E-cadherin and augmenting expression of mesenchymal factors such as N-cadherin 
[50]. The transforming growth factor-β (TGF-β) signaling pathway is a prominent 
facilitator of EMT. However, other signaling pathways, including Notch, are emerg-
ing as regulators of this process. The JAG1-Notch1 signaling axis has been shown 
to directly promote EMT and anoikis resistance by promoting Slug expression [6, 
51]. Slug in turn suppresses E-cadherin expression while upregulating N-cadherin 
and vimentin expression: hallmarks of EMT [6, 51]. The vacuolar ATPase DMXL2, 
a novel regulator of Notch signaling, has been shown to facilitate EMT via Notch 
activation which further implicates Notch in the EMT process [52].

9.5  Notch Signaling in Different Breast Cancer Subtypes

Histological and immunohistochemical subtyping is an immensely valuable 
method of classifying breast cancer in a clinical setting. However, the research lit-
erature often refers to breast cancers based on molecular subtype. Molecular char-
acterization relies upon the identification of “driver oncogenes.” As such, it is more 
logical to consider interacting molecular pathways with respect to the driver onco-
gene than to structural characteristics. We will proceed by examining Notch signaling 
in the context of different molecular subtypes of breast cancer. One exception will be for 
ductal carcinoma in situ for which molecular subtyping is not usually indicated.

9.6  Ductal Carcinoma In Situ

Ductal carcinoma in situ (DCIS) is a type of mammary lesion that is frequently 
encountered in the clinic. Though DCIS is considered a preinvasive neoplastic lesion, 
the disease can progress to an invasive tumor if left untreated. The standard of care 
typically involves surgical resection followed by radiation or antihormonal therapy if 
the tumor expresses ER/PR.  Histological classification is generally sufficient to 
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diagnose and successfully treat DCIS patients, and molecular subtyping is rarely 
indicated. DCIS usually presents a favorable prognosis with current therapeutic 
modalities.

Breast cancer development is a poorly understood process, and our lack of under-
standing presents a major drawback to diagnosis and treatment of the disease. Active 
research surrounding DCIS provides an avenue for improved understanding of 
breast oncogenesis. Notch signaling has emerged as a potential suspect for the pro-
gression of DCIS to invasive carcinoma [31]. Stem cell activity is implicated in the 
advancement of DCIS to invasive disease, and inhibition of Notch signaling reduces 
DCIS mammosphere formation [53]. Further studies underpin Notch as a promoter 
of stem cell activity in DCIS [54].

9.7  Estrogen/Progesterone Positive Breast Cancer

ERα and PR are ovarian hormone receptors that play a critical role in breast devel-
opment and function [3]. Aberrant overexpression of ERα is sufficient to drive 
oncogenic transformation [55]. The role of PR is debated because many studies 
show protective effects of progesterone and PR in breast cancer. In addition, com-
pared to ER+/PR- patients, ER+/PR+ patients have a more favorable response to 
antihormone therapy [41]. Unlike ERα, no studies exist that single out PR with 
regard to interaction with Notch signaling.

ERα is a nuclear hormone receptor which is overexpressed in about 60% of all 
breast cancers. ERα-targeted therapies are commonly prescribed and are successful at 
inducing tumor regression [41]. Strategies that interfere with estrogen signaling involve 
either targeting ERα directly or inhibiting the aromatase enzyme responsible for syn-
thesizing estrogen. ERα inhibitors fall under two classes, selective estrogen receptor 
modulators (SERMs) and selective estrogen receptor downregulators (SERDs). 
SERMs, including tamoxifen and raloxifene, act on estrogen signaling by binding to 
ER and inhibiting its ability to recruit transcriptional co-activators to its target genes 
[56]. SERDs, such as fulvestrant, inhibit estrogen signaling by promoting proteasomal 
degradation of ERα [57]. Aromatase inhibitors, such as letrozole, anastrozole, and 
exemestane, are effective but are generally indicated in postmenopausal women due to 
gynecological complications that they cause in pre- menopausal patients [58].

Recent evidence suggests a close interdependence between Notch and estrogen 
signaling in ERα+ breast cancer [59]. Estrogen has been shown to upregulate 
Notch1 expression but decrease cleavage of Notch1 in ERα+ breast cancer cell lines 
[59]. Conversely, Notch1 signaling can act cooperatively with other factors such as 
IKK-alpha to activate ERα providing yet another avenue for aberrant cell prolifera-
tion [60].

In contrast with its role on Notch1, ERα activity suppresses the expression of 
Notch4, a phenotype that is reversed by estrogen deprivation or treatment with 
tamoxifen or fulvestrant [61, 62]. Recently, it has been shown that in ERα+ cell line 
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populations and in patient-derived xenografts, ERα expression is significantly lower 
in a subpopulation of cells that express high levels of Notch4 [61]. Tamoxifen and 
fulvestrant are ineffective at killing these cells, an expected outcome due to the lack 
of a molecular target. Thus, the ERαlo/Notch4hi population is suggested to give rise 
to tumors that are inherently hormone therapy-resistant. The estrogen-dependent 
control of Notch4 has come under scrutiny due to its hypothesized role in BCSC 
activity [45]. Studies identifying an ERαlo/Notch4hi population of cells demonstrate 
putative signs of breast cancer stemness such as high ALDH activity and high 
mammosphere- forming efficiency.

Currently, the major goal in improving treatment of ERα+ breast cancer is to 
prevent tumor relapse. Notch is strongly implicated as a BCSC maintenance factor. 
In turn, Notch signaling is hypothesized to promote inherent and acquired drug 
resistance especially through Notch4 activity. Thus, clinical trials combining 
γ-secretase inhibitors (targeting Notch activation) with antihormone therapy are 
being conducted.

9.8  HER2-Positive Breast Cancer

HER2, also known as ErbB2, is a receptor tyrosine kinase that is overexpressed in 
about 20% of all breast cancers. HER2 has no known ligand. Instead, the receptor is 
constitutively active and exerts its effects by dimerizing with other EGF receptor 
family members. As with other receptor tyrosine kinases, HER2 acts as a potent 
mitogenic and pro-survival factor by activating MAP kinase and PI3K/AKT signal-
ing cascades. Two therapies exist which target the HER2 protein directly: Monoclonal 
antibodies such as trastuzumab, pertuzumab, TDM-1, and/or small molecules such 
as lapatinib. Trastuzumab is a humanized, monoclonal antibody that targets the 
extracellular domain of HER2. Trastuzumab and other antibody-based biologics 
trigger a number of cytotoxic events that lead to growth arrest and apoptosis. 
Lapatinib is a small molecule tyrosine kinase inhibitor, which exhibits efficacy 
against both HER2 and HER1. Both drugs are administered as adjuvants to chemo-
therapeutic regimens including doxorubicin, paclitaxel, and 5-fluorouracil.

HER2+ tumors are prone to drug resistance and relapse, and multiple mecha-
nisms of resistance have been proposed and investigated [63]. Notch signaling 
components are upregulated upon anti-HER2 therapy [64, 65]. Studies in mice 
show that when a γ-secretase inhibitor is given in combination with trastuzumab, 
tumors are less prone to acquiring trastuzumab resistance [65, 66]. The 
trastuzumab- dependent increase in Notch1 activity is sufficient to make HER2+ 
cell lines susceptible to the anti-Notch effects of γ-secretase inhibition [65]. Others 
have taken a genetic approach to demonstrating the relationship between Notch 
and HER2 wherein doxycycline-induced ablation of HER2 causes an increase in 
Notch1 expression and activity [66]. Sustainment of Notch1  in the absence of 
HER2 allows dormant breast cancer cells to relapse, and relapse can be inhibited 
by the administration of a γ-secretase inhibitor [66]. One mode of HER2-mediated 
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Notch1 suppression involves cross talk with PKCα [67]. HER2 activates PKCα, 
and PKCα in turn attenuates Jagged-mediated activation of Notch1 [67]. This 
series of interactions is associated with sensitivity to anti-HER2 therapy, which is 
underscored by clinical observations wherein PKCα is a predictor for positive 
response to HER2 therapy [68].

9.9  Triple-Negative Breast Cancer

The triple-negative breast cancer (TNBC) subtype is associated with poor prognosis 
and receives a considerable amount of research attention. TNBC accounts for about 
15% of all breast cancers. Unlike other subtypes, no universal driver oncogene is 
attributed to TNBC, but some typical genetic alterations exist such as BRCA1 [69], 
ATM [70], and PTEN [71]. Mutations in the PEST-negative regulatory region of 
Notch have been identified in a few isolated cases, which are sufficient to drive 
oncogenesis [72]. However, mutations in Notch genes are rare in breast cancer. 
Instead, abnormalities in Notch signaling are usually due to alterations in the overall 
expression or posttranslational regulation of Notch pathway components.

In general, a TNBC diagnosis limits therapeutic options to chemotherapy. It is 
possible to identify certain mutations and to adjust treatment regimens accordingly. 
The feasibility of screening for BRCA1/2 mutations in all TNBC patients has been 
considered, especially with the advent of PARP inhibitors [73]. Nonetheless, TNBC 
remains an extremely heterogeneous disease, and in lieu of large-scale genetic 
screening of each patient, researchers are tasked with searching for a central targe-
table node.

Notch is a commonly upregulated factor in TNBC [74]. Immunohistochemistry 
and microarray database analyses reveal a significant proportion of patients with 
high Notch1 expression profiles [75]. Furthermore, patients with high Notch1 
expression demonstrate poorer overall survival than those with low Notch1 expres-
sion [75]. A more recent study validated the elevated expression of Notch1 and also 
indicated upregulation of Notch4 in a cohort of 29 TNBC cases [74]. One possible 
mechanism for this upregulation of Notch is expression of an Ets transcription fac-
tor, PEA3. PEA3 has been shown to activate Notch1 and Notch4 gene expression in 
MDA-MB-231 cells, a common TNBC cell line [76].

One hallmark of TNBC tumors is the high degree of cellular heterogeneity, which 
makes the disease prone to rapid advancement and evasion of therapeutic interven-
tion. One explanation for this heterogeneity is the particularly active stem cell popula-
tion present in these tumors. Some hypothesize that by targeting BCSCs in this breast 
cancer subtype, the more threatening phenotypes attributed to this disease can be 
halted or reversed. Notch signaling facilitates stemness in TNBC by interacting with 
a number of pathways. NFκB has been shown to promote Jagged1 expression, which 
in turn facilitates stem cell expansion by activating Notch [34, 77]. Inhibition of 
TORC1/2 causes an increase in stemness in TNBC cell lines, but this effect is attenu-
ated by simultaneously treating with γ-secretase inhibitors [78]. Similar results are 
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seen when the VEGF receptor inhibitor sunitinib is administered to the triple-negative 
MDA-MB-468 cells [79]. Sunitinib administration increases the CD44hi/CD24low 
population, and this effect is reversed upon γ-secretase inhibition [79].

9.10  Conclusion

The emergence of resistance to targeted therapies as well as to chemotherapy is a 
major obstacle to achieving a cure for breast cancer. Notch is a druggable signaling 
pathway that is frequently dysregulated in breast cancer. Though Notch can facili-
tate proliferation and pro-survival programs in certain contexts, the main goal of 
anti-Notch therapy is to inhibit stem cell activity. Several clinical trials aim to deter-
mine the efficacy of γ-secretase inhibitors or selective antibodies against Notch and 
its ligands in breast cancer. Additionally, novel classes of Notch inhibitors, particu-
larly in combination with targeted agents, are being developed and may find appli-
cations in breast cancer, most likely in combinations with other targeted agents or 
chemotherapy.
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Chapter 10
Notch in Lung Cancer

Sara L. Sinicropi-Yao, Michael J. Koenig, and David P. Carbone

Abstract Lung cancer is the deadliest malignancy in the world. The Notch signal-
ing pathway plays an important role in both normal lung development and the 
pathobiology of lung cancer. By understanding the function of the Notch pathway 
in normal development, we can begin to appreciate the intricate role that it plays in 
lung cancer. The complexity of Notch signaling includes multiple Notch receptors 
and ligands, posttranslational modifications affecting Notch receptor function, and 
significant cross talk with other signaling pathways. Dysregulation of the Notch 
signaling pathway occurs in every type of lung cancer, but the specific role of the 
Notch pathway in the different subtypes of lung cancer is still unclear. There is evi-
dence that Notch can act in a pro-tumorigenic manner under some circumstances 
and in an anti-tumorigenic manner under others. Notch can facilitate tumor growth 
and proliferation, apoptosis, cell differentiation, survival, immune response, angio-
genesis, cancer stem cell biology, and chemoresistance. Understanding how Notch 
naturally usurps these mechanisms to promote or suppress tumors can provide new 
insights regarding therapeutic intervention while minimizing toxicity.
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10.1  Introduction to the Notch Signaling Pathway in Lung 
Cancer

Notch signaling plays a prominent role in early lung development promoting cell 
fate determination, cell differentiation and the  coordination of alveolar develop-
ment. In humans, there are four Notch receptors (NOTCH1, NOTCH2, NOTCH3, 
and NOTCH4) and five ligands (DLL1, DLL3, DLL4, JAGGED1, and JAGGED2). 
Notch receptors and ligands are membrane bound and act in both a juxtacrine and 
autocrine manner. Notch receptors are first synthesized as precursor polypeptides 
that are cleaved in the Golgi apparatus by a furin-like convertase (S1 cleavage). The 
resulting extracellular domain (ECD) and intracellular domain (ICD) are main-
tained by a non-covalent bond between the N- and C- terminal halves and present at 
the cell surface. The second proteolytic cleavage site, S2, is buried within the nega-
tive regulatory region (NRR). Notch ligands DLL1, DLL4, JAGGED1, and 
JAGGED2 transactivate the Notch receptor and induce a conformational change that 
exposes the NRR and triggers the second cleavage (S2) by ADAM10(Kuz)/17(TACE) 
protease. Cleavage by the γ-secretase complex at a third site (S3) releases the 
ICD, which translocates to the nucleus and regulates gene expression by cooperat-
ing with the DNA binding protein CSL (CBF-1/SU(H)/Lag-1)  and co- activator 
MamL1-3 (Fig. 10.1).

The Notch signaling cascade does not rely on an enzymatic amplification step. 
Instead precise stoichiometry of receptor-ligand complexes is required for Notch 
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activation [3]. This likely allows for the precise regulation of Notch signaling and 
partially explains the sensitivity of Notch signals to small perturbations.

Aberrant Notch signaling has been reported in 20% of all cancers [4]. Likewise, 
25% of small cell lung cancer (SCLC) [5] tumors and 33% of non-small cell lung 
cancer (NSCLC) [6] tumors have altered Notch signaling, and  is correlated with 
poor overall survival [7, 8]. It has become increasingly clear that the outcomes of 
Notch signaling alterations are context dependent and can have opposing roles in 
different subtypes of lung cancer. The divergent impact of Notch receptor or ligand 
expression at the RNA or protein level may be related to its context-dependent role 
as oncogene or tumor suppressor [9–15]. Given the complexity of Notch signaling, 
modulated by the expression of multiple combinations of  Notch receptors and 
ligands and their state of posttranslational modification, numerous target genes and 
crosstalk with other signaling cascades, it is crucial to understand Notch biology to 
predict the outcome of Notch therapies [12]. Pan-inhibition of Notch receptors or 
their ligands may not be optimal, and therapies that target individual receptors or 
ligands may be necessary. Successful development of targeted and combination 
therapies will require a better understanding of the role of each Notch receptor and 
ligand in each tumor and how targeting them affects different aspects of cell 
behavior.

10.2  Modulation of Notch Signaling by Posttranslational 
Modification

Regulation of the Notch receptor and Notch-ICD occurs throughout maturation 
with signaling and turnover affected by a number of posttranslational modifications 
that include glycosylation, ubiquitination, and phosphorylation events [3, 6, 16–30]. 
How these modifications affect Notch activity, signaling, and turnover is not yet 
fully understood.

With the exception of the loss of NUMB, a negative regulator of Notch that pro-
motes ubiquitylation and degradation of NOTCH1, posttranslational modifications 
of Notch have not been extensively studied in the context of lung cancer [6]. One 
study identified manic fringe as a tumor suppressor in lung cancer [30]. Because 
JAGGED1 is often upregulated in lung cancer and manic fringe was found to be 
downregulated, the authors hypothesized that manic fringe expression in lung can-
cer would suppress Notch-Jagged activation. They found that re-expressing manic 
fringe downregulated NOTCH3 signaling through increased protein turnover. More 
studies are needed to better understand the role of modifications in the context of 
lung cancer. Mechanisms such as posttranslational modifications can alter Notch 
signaling activity without affecting Notch expression itself and thus represent 
potential targets for therapeutic modulation.

10 Notch in Lung Cancer



244

10.3  Notch Signaling in Normal Lung Development 
and Homeostasis

Notch plays an integral role in the development of the lung, a stratified structure 
composed of a number of specialized cells each with specific functions (Fig. 10.2).

Notch pathway genes are expressed during tracheobronchial bud formation and 
regulate proximal and distal cell fates. Within the budding epithelium, NOTCH1, 
JAGGED1, and JAGGED2 expressions are localized to distal areas of the bud, 
whereas DLL1 expression occurs proximally [31, 32]. This pattern suggests that 
Notch signaling mediates cell fate determination along the proximodistal axis. In 
mouse embryos, pan-Notch inhibition using a γ-secretase inhibitor has been shown 
to disrupt the proximodistal axis of the budding lung epithelium by causing an 
expansion of distal progenitors and loss of proximal structure formation [31].

Notch signaling regulates the development of undifferentiated precursor popula-
tions into specialized cell types. In basal cells, NOTCH1-mediated lateral inhibition 
appears to regulate the adoption of a club (secretory), ciliated, or pulmonary neuro-
endocrine cell (PNEC) fate [33]. Morimoto et al. found that deletion of the Notch 
effector protein RBPJ (CSL) redirects cells from a club fate to a ciliated fate. They 
also found that NOTCH2 determines club cell fate independently of NOTCH1 and 
NOTCH3 [33, 34]. Moreover, using an injury model, the authors found that CC10-
positive club cells arise from a population of CC10-negative cells that activate the 
Notch signaling pathway and develop into club cells [33].

Fig. 10.2 The tracheobronchial tree
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Similarly, Notch signaling controls the binary cell fate decision of neuroendo-
crine versus non-neuroendocrine cells [34, 35]. Morimoto et al. found that NOTCH1, 
NOTCH2, and NOTCH3 contribute to development of PNECs and observed a 
mutually exclusive relationship between expression of HES1, which is expressed in 
non-neuroendocrine cells, and ASH1, which is expressed in neuroendocrine cells. 
PNECs express DLL1, which activates Notch receptors on adjacent cells to produce 
HES1. HES1 functions as a transcriptional repressor of ASH1, which is required for 
neuroendocrine cell differentiation. Thus pulmonary neuroendocrine cells that 
express the Notch ligand DLL1 suppress adjacent cells from developing into pul-
monary neuroendocrine cells themselves [35, 36]. Morimoto et al. propose that this 
traditional model may be incomplete and suggest that DLL1 expression by pulmo-
nary neuroendocrine cells does not merely inhibit adjacent cells from developing a 
neuroendocrine cell phenotype but rather drives the development of a specialized 
group of cells surrounding the neuroendocrine cells. They call these specialized 
cells stage-specific embryonic antigen-1 (SSEA-1)-positive, peri-neuroepithelial 
body, Notch-active, CC10-negative cells (SPNCs) [34]. Deletion of JAGGED1 in 
non-neuroendocrine cells has also been reported to increase the number of neuroen-
docrine cells [36]. Zhang et al. hypothesize that JAGGED1 may be able to activate 
Notch receptors in neighboring SPNCs and prevent their adoption of a neuroendo-
crine cell fate [36]. Recent studies by Lafkas et al. demonstrate that under normal 
conditions, JAGGED1 prevents differentiated secretory cells from adopting a cili-
ated fate; on the other hand, inhibition of JAGGED1 promotes the conversion of 
secretory cells to a ciliated fate [37]. It appears that DLL3 may act as a negative 
regulator of Notch and DLL1 by redirecting them to internal degradation pathways 
[38, 39]. DLL3 is a direct downstream target of ASCL1, a basic helix-loop-helix 
(bHLH) transcription factor involved in neuronal cell differentiation [40, 41]. 
Saunders et al. suggest that DLL3 is associated with a neuroendocrine cell pheno-
type and contributes to neuroendocrine tumorigenesis [42]. They found that target-
ing DLL3 with an antibody-drug conjugate (ADC) known as SC16LD6.5 (Rova-T) 
suppressed tumor growth in SCLC patient-derived xenograft (PDX)’s [42].

Pulmonary goblet cell fate is also regulated by Notch. In murine airway tracheal 
explant studies, addition of the Notch agonist Dll4 increased the percentage of 
Muc5ac-positive expressing goblet cells [43]. Presumably overexpression of 
Notch1-ICD increased goblet cell numbers in the proximal airways driving a goblet 
cell fate over a ciliated one [43]. Conversely when a diazepine inhibitor of γ-secretase 
(DBZ) was added to mouse tracheal explants, the fraction of ciliated cells increased, 
and the number of mucus-secreting cells decreased [43].

In the distal lung, Notch signaling regulates alveolar development that is neces-
sary for alveoli formation [44]. Constitutive activation of Notch1 in the distal lung 
epithelium stops alveolar development [43]. Distal cysts form and cells within these 
structures stop expressing alveolar markers [43]. Similarly, constitutive expression 
of Notch3-ICD in the distal lung epithelium arrests alveolar epithelium differentia-
tion, stalls maturation of Type II pneumocytes, and prevents the formation of Type 
I pneumocytes in the lungs of transgenic mice [45]. This study suggests that 

10 Notch in Lung Cancer



246

 constitutive expression of the Notch3 receptor is essential for proper microvascula-
ture development in the alveoli of the embryonic lung.

While Notch signaling plays a critical role in cell fate determination, mainte-
nance of adult airways, and tissue architecture, it has also been investigated for its 
role in stem cell maintenance [46–48]. Throughout the lung, specific stem/progeni-
tor cells have been identified that are capable of self-renewal and regeneration into 
specialized cell types [46]. The role of Notch in lung stem cells was recently 
reviewed by Carraro et al. [46]. In cancer, the lung epithelium undergoes pathologi-
cal remodeling with large changes to the proportion of cell types [49–51], recapitu-
lating what happens during development. Notch contributes to the dedifferentiated 
state of tumor cells [52]. A deeper understanding of the mechanisms regulating lung 
maintenance and repair by stem cells is needed for the development of new 
therapies.

10.4  Notch Signaling in Lung Tumorigenesis: Preclinical 
and Clinical Relevance

The contribution of Notch signaling to lung tumorigenesis is poorly understood. 
Notch’s oncogenic role in lung cancer was supported by the discovery of a chromo-
some 15:19 translocation in a case of poorly differentiated lung cancer in 2000 [53]. 
The position of this translocation upstream of the NOTCH3 locus on chromosome 
19 was associated with massive overexpression of NOTCH3 [53]. While 
translocation- mediated oncogene activation is common in leukemia and increas-
ingly recognized in other solid tumor types, this was the first reported case of a 
translocation in a cancer of epithelial origin and the first to implicate NOTCH3 as 
an oncogene in lung cancer.

Notch has been implicated as both an oncogene and a suppressor in lung cancer. 
These contrasting roles may be a result of the complexity of the pathway, interac-
tions with other signaling pathways, lack of specific inhibitors, and the fact that 
Notch signaling is context-dependent. For example, NOTCH1 can play opposing 
roles in different subtypes of lung cancer (Table 10.1). A review of Notch mutation 
rates and copy number alterations is provided in Table  10.2. The tumor 
 microenvironment can also influence Notch’s role in cancer, as Notch exerts oppos-
ing effects in the same tissue type under hypoxic versus normoxic conditions [67].

Table 10.1 Hypothesized role of Notch receptors in specific cancer subtypes

Notch 
receptor Small cell lung cancer Adenocarcinoma Squamous cell carcinoma

NOTCH1 Tumor suppressor [5, 54, 
55]

Oncogene [9–11, 56] Tumor suppressor [57, 
58]

NOTCH2 Tumor suppressor [5, 57] Tumor suppressor [9] Unknown
NOTCH3 Tumor suppressor [59] Oncogene [60, 61] Unknown
NOTCH4 Unknown Oncogene [62] Unknown
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10.4.1  Role of Notch in Small Cell Lung Cancer (SCLC)

SCLC comprises 15% of all lung cancers and typically arises in heavy smokers 
[68]. SCLC is an aggressive neuroendocrine carcinoma that is homogeneously 
poorly differentiated, has a very high mitotic rate, arises in the central airways, and 
infiltrates the bronchial airways. SCLC is distinguished by a rapid growth rate and 
early spread to regional lymph nodes and distant sites. While chemotherapy is often 
temporarily effective, recurrence is nearly universal, with death occurring within 
weeks or months [69].

Notch signaling has a tumor-suppressive role in PNECs [70] including the neu-
roendocrine cells in SCLC and other neuroendocrine tumors [5, 54]. For example, 
overexpression of active NOTCH1 or NOTCH2 caused growth arrest of SCLC cells 
[54]. There are two known mechanisms of Notch-mediated tumor suppression in 
SCLC [71]. The first mechanism occurs through the transcriptional regulatory cas-
cade whereby Notch signaling causes transactivation of HES1, a transcriptional 
repressor of hASH1, which leads to repression of neural determination and differ-
entiation genes. The second mechanism involves a novel pathway of NOTCH1 sig-
naling that enhances hASH1 ubiquitination and targets it for degradation through a 
proteasome-dependent pathway.

Since SCLC is rarely treated surgically, it has been difficult to acquire a large 
number of high-quality surgical resections that are needed for large genomic stud-
ies. In 2012 two independent studies performed comprehensive genomic character-
ization of SCLC tumors [72, 73]. In an analysis of 36 primary human SCLC samples, 
Rudin et  al. found mutations clustering in the Notch (NOTCH1, NOTCH2, and 
NOTCH3) family genes [72]. Scientists at the University of Cologne in Germany 
sequenced the genome of 110 resected SCLCs [5]. Using unsupervised hierarchical 
clustering of tumor transcriptomes, they observed that the majority (53/69) of 

Table 10.2 Frequency of Notch pathway mutations and copy number alterations in lung cancera

Notch receptor
Small cell lung cancer 
(N = 110)b

Adenocarcinoma 
(N = 230)

Squamous cell carcinoma 
(N = 178)

NOTCH1 14.55% 5.22% 8.99%
NOTCH2 4.55% 18.7% 12.92%
NOTCH3 9.09% 1.74% 6.74%
NOTCH4 2.73% 13.48% 2.81%
JAGGED1 1.82% 3.04% 3.93%
JAGGED2 2.73% 2.17% 5.62%
DLL1 1.82% 2.61% 2.25%
DLL3 2.73% 3.48% 7.87%
DLL4 1.82% 2.91% 0.56%

aPercentages represent the prevalence of mutation and copy number alterations obtained from the 
cBioPortal for Cancer Genomics (www.cbioportal.org) [63, 64] using the TCGA provisional data-
sets [65, 66] and from the small cell lung cancer dataset from U Cologne [5]
bPercentages from the small cell lung cancer dataset represent the prevalence of mutations but not 
copy number alterations
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tumors had high expression of neuroendocrine markers and low Notch pathway 
activity as indicated by high levels of DLK1, a noncanonical inhibitor of Notch 
signaling, and ASCL1 whose expression is inhibited by active Notch signaling [5]. 
Damaging mutations were enriched in the extracellular domains of Notch receptors 
suggesting a tumor-suppressive role of Notch in SCLC.  In concordance with the 
earlier study by Rudin et  al., the University of Cologne’s study determined that 
Notch family genes were affected by predicted functional genomic alterations in 
25% of tumors [5]. A review of mutation rates in SCLC from the University of 
Cologne study is provided in Table 10.2 [5]. It is possible that alterations in other 
pathway genes could make the frequency of functional Notch inactivation even 
higher. Notch receptor/ligand mutations were mutually exclusive of mutations in 
other frequently altered pro-tumorigenic genes such as CREBBP, EP300, TP73, 
RBL1, and RBL2. In the University of Cologne dataset, NOTCH1 and JAGGED1 
(p = 0.02) as well as DLL1 and DLL4 (p = 0.04) had a significant association toward 
co-occurrence [63]. Mutations in Notch were not significantly associated with the 
total number of mutations, overall survival, or other clinical parameters.

Lim et al. identified that activation of Notch in SCLC models leads some cells to 
undergo a neuroendocrine to non-neuroendocrine shift [55]. These non- 
neuroendocrine cells are slow growing, chemoresistant and stimulate neuroendo-
crine tumor cell growth [55]. This lineage switch requires the expression of the 
Notch-targeted transcription factor Rest (NRSF), an inhibitor of neuroendocrine 
fate [55].

Activation of Notch1 or Notch2 signaling in murine SCLC models is associated 
with increases in Hes1 expression, suppression of neuroendocrine differentiation, 
and significantly reduced tumor formation [5]. Consistent with earlier studies, 
expression of NOTCH1-ICD inhibited tumor growth, and expression of NOTCH2- 
ICD prolonged overall survival. In a SCLC cell line, inhibition of NOTCH3 pro-
moted tumor growth supporting a tumor-suppressive role [59]. Taken together this 
data supports a tumor-suppressive role for Notch in SCLC that parallels its role as a 
regulator of lineage specification in PNECs during lung development. The finding 
of frequent DLL3 overexpression in SCLC (a suppressive Notch ligand) supports 
this hypothesis [42].

10.4.2  Role of Notch in Non-small Cell Lung Cancer (NSCLC)

10.4.2.1  Altered Expression, Mutations, and SNPs

Many studies have characterized mutations in Notch genes that are involved with 
the pathogenesis of NSCLC [6, 74–76]. A 2015 article by Guo et al. reviewed the 
role of Notch in lung cancer [77]. In a cohort of 49 NSCLC cancers, Westhoff et al. 
found a subset of patients had NOTCH1 gain-of-function mutations [6]. The authors 
reported that 30% of NSCLC tumors lose expression of NUMB, a negative regula-
tor of Notch, whose loss leads to increased NOTCH1 expression and activity [6]. A 
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review of mutation rates in NSCLC from The Cancer Genome Atlas (TCGA)  is 
provided in Table 10.2 [65, 66].

Multiple studies have examined the value of Notch signaling as a prognostic 
indicator in patients with NSCLC [8, 78–80]. Studies show that NSCLCs have 
higher NOTCH1 expression compared to normal lung tissue and that the expression 
of NOTCH1 is positively correlated with disease progression, metastasis, and 
poorer overall survival [78]. Mariscal et al. showed that high NOTCH1 expression 
in circulating tumor cells is a negative prognostic factor for progression-free sur-
vival, suggesting its potential utility in liquid biopsy [81]. Another recent study 
found that patients with lung adenocarcinoma have higher NOTCH2 expression, 
which is positively correlated with recurrence. This study identified high NOTCH1 
and NOTCH3 expression as negative prognostic indicators in adenocarcinoma [82].

A meta-analysis by Yuan et al. examining 3663 patients across 19 studies found 
that high expression of NOTCH1 was associated with higher tumor, lymph node, 
and metastasis (TNM) stage and higher risk of lymph node metastasis [78]. 
NOTCH1 and NOTCH3 overexpression was linked to poor overall survival 
(NOTCH1, HR, 1.29; 95% CI, 1.06–1.57, p = 0.468, and I2 = 0.0%; NOTCH3, HR, 
1.57; 95%CI, 1.04–2.36, p = 0.445, and I2 = 0.0%). The study also identified that 
DLL4 expression and HES1 expression were associated with poor overall survival 
in NSCLC. There was no association found between DLL1 and DLL3 expression 
and overall survival.

The studies reviewed by Yuan [78], Westhoff [6], and Andersen [80] stand out for 
their size and significance. Westhoff et al. identified NOTCH1 expression as a poor 
prognostic marker, and the Andersen et al. study identified NOTCH1 and HIF1α 
co-expression as a poor prognostic marker. Similarly, a 2007 study by Jiang et al. 
showed that JAGGED1 expression was correlated with lymph node metastasis [79]. 
Jiang et al. also found that high NOTCH1 expression in adenocarcinoma samples 
was associated with poorer overall survival and that high co-expression of NOTCH1 
and VEGF-A was associated with poorer overall survival in all types of NSCLC. In 
squamous cell carcinoma, low DLL4 expression was an indicator of poor prognosis 
[7, 8].

According to dbSNP, the single-nucleotide polymorphism (SNP) 
rs2229968(V1671I) occurs in African American ancestry populations with a fre-
quency of approximately 3.4% but not in populations of European ancestry [83]. A 
study by Bollig-Fischer et  al. observed that in 472 patients (137 African 
American  ancestry, 335 European ancestry) with NSCLC, the frequency of 
NOTCH1 V1671I was increased in the African American (9%) versus European 
ancestry (0%) population (p < 0.0001) [84]. These results from Bollig-Fisher asso-
ciate this SNP with a higher risk of cancer. Another study by Lee and colleagues 
suggest that the DTX1 rs1732786A>G promoter region polymorphism may affect 
DTX1 expression and is associated with better overall survival and disease-free 
survival [85]. Results from Quan et al. suggest that the NOTCH1 SNP rs3124599 
may be associated with a predisposition to SCLC in northeast Chinese non-smoking 
women but had no prognostic effect [86].
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10.4.2.2  Notch Signaling in Adenocarcinoma

Several studies have shown that NOTCH1 directly contributes to lung adenocarci-
noma carcinogenesis and is critical for invasion, metastasis, and malignant transfor-
mation [9–11, 56]. Allen et al. demonstrated that continuous expression of activated 
Notch1-ICD in the alveolar epithelium of transgenic mice induced lung adenoma 
formation [56]. After seven  days of induction of Notch1-ICD expression, mice 
began to develop alveolar hyperplasia, which progressed to adenoma after 
eight months. When crossed with mice overexpressing Myc in the alveolar epithe-
lium, adenocarcinoma developed. Further studies by Baumgart et al. demonstrated 
that the loss of Notch1 substantially reduced tumor formation in mouse lung adeno-
carcinoma models driven by KrasG12D mutations [9]. In agreement with these stud-
ies, Licciulli et al. demonstrated Notch1 function is required for tumor initiation 
through suppression of p53-mediated apoptosis [10]. Following knockdown of the 
individual NOTCH1-3 receptors in vitro, Licciulli et al. found a dramatic decrease 
in cell numbers only after NOTCH1 knockdown [10]. In KrasG12D Notch1flox/flox 
mice, six weeks after tumor initiation, KrasG12D mice with the conditional Notch1 
knocked out had two lung lesions versus 13 lesions in the KrasG12D control animals. 
Additionally, substantially lower tumor-to-lung ratios were observed in mice with-
out Notch1 function. These combined findings demonstrate the role of NOTCH1 in 
tumor initiation and promotion of lung adenocarcinoma.

In contrast NOTCH2 has been demonstrated to mediate differentiation and func-
tion as a tumor suppressor in lung adenocarcinoma. Conditional ablation of Notch2 
in vivo led to upregulation of β-catenin and development of a higher number of 
tumors in a shorter period of time [9]. Furthermore, Notch2 has been shown to regu-
late E-cadherin levels, cell migration, and invasiveness.

Evidence for an  oncogenic role of NOTCH3 is provided by experiments that 
demonstrated in vitro and in  vivo suppression of NOTCH3 results in loss of the 
malignant phenotype [60]. NOTCH3 is elevated in 30–40% of primary lung tumors 
and frequently co-expressed with EGFR [61, 87]. In cells co-expressing NOTCH3 
and EGFR, NOTCH3 suppression sensitizes cells to EGFR inhibitors. Studies by 
Haruki et al. showed that expression of dominant-negative (DN) NOTCH3 receptor, 
with a nonfunctional intracellular domain, antagonized NOTCH3 signaling, slowed 
growth, and induced apoptosis [61]. While all four Notch receptors are present in 
tumor propagating cells, studies by Zheng et al. showed that only NOTCH3 played 
a functionally non-redundant role in tumor cell propagation in Kras-driven NSCLC 
[88]. A study by Arasada et al. showed that NOTCH3 is tyrosine phosphorylated in 
an EGFR-dependent manner, the functional consequences of which still need to be 
determined [89]. The authors also demonstrated that erlotinib-mediated EGFR inhi-
bition increased the cancer stemlike cell population and was dependent on activa-
tion of NOTCH3 [89]. Knocking down NOTCH3, but not NOTCH1, was shown to 
eliminate the erlotinib-induced ALDH+ stemlike population, which also suggests a 
non-redundant role for NOTCH3 in this process [89].

Likewise, NOTCH4 expression has been linked to cancer stem cells in adenocar-
cinoma models [90]. The frequency of NOTCH4 alterations in white non-Hispanics 
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in adenocarcinoma is approximately 5.5% but approximately 20% in the Hispanic/
Latino cohort. Moreover, 7/12 (58.4%) of amino acid substitutions occurred in the 
NRR of Notch [62]. Expression of one of these NRR domain mutations (P1663Q) 
by Gordian et al. in the lung adenocarcinoma, A549 cell line model, suggests 
NOTCH4 may have an oncogenic role in lung adenocarcinoma [62].

10.4.2.3  Notch Signaling in Squamous Cell Carcinoma

To date, the role for Notch receptors in lung squamous cell carcinoma has focused 
on NOTCH1 signaling but very little on other Notch receptors. Downregulation of 
NOTCH1 is often associated with dysfunctional (or aberrant) squamous cell dif-
ferentiation and the development of squamous cell carcinoma [91]. However, early 
studies demonstrated that Notch signaling drove cell cycle arrest and differentiation 
in keratinocytes and that loss of NOTCH1  in epidermal keratinocytes promoted 
tumorigenesis [92, 93]. Subsequent studies by Nicolas et al. demonstrated that con-
ditional ablation of Notch1 in the mouse epidermis resulted in epidermal hyperpla-
sia, skin carcinoma, and basal and squamous carcinomas, thus implying a 
tumor-suppressive role for NOTCH1 [14]. While the tumor-suppressive role for 
NOTCH1 has been primarily studied in skin cancer, Li et al. reported that an increase 
in NOTCH1 signaling in lung squamous cell carcinoma was associated with squa-
mous lung cell differentiation and corresponded with a lengthened survival, low 
grade, and low stage [94]. Interestingly, studies have shown inhibition of Notch1 in 
a Kras-driven mouse model of lung cancer strongly decreased adenocarcinoma for-
mation but promoted squamous hyperplasia in the alveoli [11].

The TCGA dataset for lung squamous cell carcinoma identified alterations in 
Notch receptors in 39% (69/178) of cases [74–76]. Additionally a comparative 
genomic analysis by Kim et al. of 104 squamous cell carcinoma tumors from East 
Asia with 178 tumors from mostly white patients from the United States suggests 
that the frequency of Notch mutations in squamous cell carcinoma may vary by 
ethnic group [57]. Although the frequency of mutations in NOTCH1 (7% and 9%) 
was similar between the two cohorts, NOTCH2 mutations occurred in 4% of East 
Asian versus 13% of tumors from the Unites States and found that 10% East Asian 
tumors versus 7% of tumors from the United States had mutations in NOTCH3 [57, 
66]. Although these results were not statistically significant, a larger study in lung 
squamous cell carcinoma may be able to identify the frequency of Notch alterations 
among ethnic groups. Furthermore Kim et al. found that eight of the 17 samples 
with NOTCH1 mutations had truncating mutations suggesting loss of function [57]. 
Moreover, NOTCH1 mutations have been reported in cutaneous squamous cell car-
cinoma and head and neck squamous cell carcinoma [74–76]. Experiments by 
Brooks et al. show that ER-ß is a direct positive regulator of NOTCH1 expression in 
lung keratinocyte-derived squamous cell carcinoma cells [58]. The authors demon-
strate that in vitro and in vivo overexpression of ER-ß induces NOTCH1 expression 
and suppresses proliferation in lung squamous cell carcinoma [58]. This finding is 
consistent with clinical epidemiological studies that have shown in postmenopausal 
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women that estrogen exposure is associated with reduced risk of NSCLC and that 
nuclear ER-ß expression is a positive prognostic marker for male NSCLC patients 
[95–97].

10.4.3  Conflicting Roles of Notch in Cancer Subtypes

Despite ample experimental evidence for an oncogenic role for NOTCH1  in 
NSCLC, conflicting data exist [58, 77, 98, 99]. A study by Zheng et  al. demon-
strated Notch signaling inhibited growth of A549 lung adenocarcinoma cells sug-
gesting a tumor suppressive rather than oncogenic role for Notch in lung 
adenocarcinoma [100]. Other studies support an oncogenic role of NOTCH1  in 
squamous lung cancer [101]. Wael et al. used siRNAs to knockdown NOTCH1 in 
the adenocarcinoma (A549) and lung squamous cell carcinoma (H2170) cell line 
and reported that knockdown of NOTCH1 had a tumor-suppressive function in the 
lung adenocarcinoma (A549) cells and no effect on biological functions in the 
H2170 squamous cell carcinoma line [99]. One possible explanation for these 
apparently conflicting data is that the Notch output is highly context and cell of 
origin dependent. The precise underlying mechanisms of this difference remain to 
be unraveled.

Hallmarks of cancer such as the tumor microenvironment and interaction with 
the immune system may be involved in mechanisms that favor an oncogenic versus 
tumor-suppressive role for Notch in different cellular contexts.

10.4.4  Notch and the Tumor Microenvironment

The tumor microenvironment, including oxygen levels, angiogenesis, paracrine sig-
naling, and immune cells, may contribute to the apparent discrepancies in experi-
mental findings associated with the role of Notch in NSCLC.  Maintenance of 
normal oxygen concentrations is important for normal lung physiology, and tissue 
hypoxia is common in many tumors including NSCLC [102–104].

Regulation of mitochondrial metabolism may also depend on the interaction 
between tumor cells and the microenvironment. Hypoxia has an important role in 
lung cancer progression and been shown to decrease therapeutic efficacy of some 
forms of radiotherapy and chemotherapy [102, 105–107]. Notch signaling in lung 
tumor cell lines is dramatically elevated under hypoxic conditions [108], and Notch 
signaling is necessary to maintain tumor cells in an undifferentiated state and allow 
them to survive in these hypoxic microenvironments [109]. Under normoxic condi-
tions, NOTCH1 expression promotes apoptosis, but in hypoxic conditions, NOTCH1 
signaling stimulates cell survival by inhibiting PTEN and activating the IGF-1R 
pathway [110]. Lung adenocarcinoma studies have shown that inhibition of the 
mitochondrial electron transport chain induced cell cycle arrest and triggered apop-
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tosis [111]. In contrast, a recent comparison of the metabolic phenotype of lung 
adenocarcinoma and squamous cell carcinoma identified elevated expression of the 
GLUT1 glucose transporter selectively in lung squamous cell carcinoma [112]. 
While squamous cells were sensitive to glucose deprivation, adenocarcinoma cells 
exhibited glucose intolerance [112]. Different phenotypes such as hypoxic versus 
normoxic have different metabolic requirements. Researchers speculate that differ-
ences in signaling pathways mediated in part by Notch may drive divergent meta-
bolic phenotypes [113]. Studies such as these underscore the complexity of the 
pathway and the importance of the controlling the tumor microenvironment for 
studies focused on Notch signaling therapeutics.

Studies in mammary epithelial cells indicate that the phenotypic response to 
Notch is determined by the degree of pathway activation [114]. It is likely that the 
amount of Notch signaling in lung cancer similarly affects the balance between 
growth-stimulating and growth-suppressing effects [114]. In squamous cell carci-
noma keratinocytes, high levels of Notch1 cause growth arrest but at low levels 
cause transformation [115]. It is likely that mechanisms have evolved for cells with 
excessive Notch expression to undergo programmed cell death [108]. A study by 
Chen et al. suggested that under hypoxic conditions, which potentiate the strength 
of Notch signaling, total Notch1 protein levels increase, but active Notch1 levels 
remain relatively unchanged. The low levels of active Notch1-ICD may be a reflec-
tion of rapid activation-degradation to prevent pathway hyperactivation and main-
tain Notch signaling homeostasis [108]. These studies suggest that this pathway, 
like most other crucial pathways, is self-regulating/negatively regulating and under-
scores the fragile nature and context dependency of Notch signaling.

10.5  Notch and the Immune Response to Lung Cancer

The immune system plays a critical role in the suppression of tumors, and immune 
evasion is a hallmark of malignancy [116–118]. Notch signaling has been found to 
play a critical role in normal immune system activation and T cell differentiation 
(Fig. 10.3). Proliferating helper T cells develop into two major subtypes known as 
TH1 and TH2 cells. TH1 helpers are host immunity effectors against bacterial and 
protozoa, while TH2 helpers are host immunity effectors against extracellular para-
sites. A new lineage of T cells has been designated as TH18 cells that produce pro-
inflammatory cytokines and are thought to play an essential role in host defense 
against extracellular bacteria and fungi and be involved in autoimmune disease.

Notch has been implicated as a general coactivator of T cells [119] and a path-
way that favors polarization of activated macrophages toward the M1 state [120, 
121], both of which could augment the host immune response against cancer in the 
local microenvironment. This signaling is often ligand-specific, as specific ligands 
can elicit the development of different immune cells. DLL4 expressed by antigen- 
presenting cells specifically directs the differentiation and activation of CD8+ T cells 
[122, 123]. On the other hand, expression of JAGGED1 by antigen-presenting cells 
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induces a T regulatory phenotype and subsequent immune suppression [124]. 
Expression of DLL1 or DLL4 leads to induction of T cell development and suppres-
sion of B cell development [125, 126]. Moreover, DLL4 is the essential and non- 
redundant ligand for NOTCH1 in T cell development [127]. Reduction in DLL1 and 
DLL4 in the hematopoietic microenvironment allows tumors to escape T cell immu-
nity by elevating circulating VEGF [128]. This tumor-mediated suppression of T 
cell activity can be reversed by activation of Notch signaling using multivalent 
Dll1  in mouse xenograft models [129]. This activation is specific to the DLL1 
ligand. For example, since DLL3 does not activate Notch signaling, it is not pre-
sumed to have an effect on T cell maturation [130]. JAGGED1 and JAGGED2 
expression is thought to induce a Th2 fate [131]. NOTCH1 activation also directs T 
cells to a Th17 fate, although the specific ligand interaction mediating this fate is not 
known [132].

Notch1 and Notch2 are the receptors that mediate this signaling axis. It has been 
shown that Notch1 and Notch2 are necessary for the proliferation of activated CD8+ 
T cells and tumor-infiltrating T cells [133]. T cell differentiation is primarily medi-
ated through Notch1. Eliminating Notch1 signaling results in impaired T cell devel-
opment and increased B cell development [134]. Conversely, inducing constitutive 
Notch1 signaling promotes T cell development and reduces B cell development 
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Fig. 10.3 Schema of Notch’s role directing T cell fate. (Figure illustrated by Mikhail Dikov, 
Translational Therapeutics, The Ohio State University)
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[135]. Furthermore, myeloid-derived suppressor cells, another immune-suppressing 
cell, block Notch1 and Notch2 expression in T cells, and this suppression can be 
circumvented by exogenously expressing Notch1-ICD in transgenic mouse models 
[133].

DLL1 plays a critical role in immunotherapy. DLL1 stimulation increases the 
number of infiltrating T cells and decreases the number of immune-suppressing 
regulatory T cells [129]. Combination of multivalent DLL1 and bortezomib, which 
sensitizes tumors to death signals, has been shown to restore the ability of the 
immune system to attack lung cancer cells [129]. Treatment with DLL1 has also 
been shown to improve progression-free survival in mice when combined with erlo-
tinib by inducing T cell immunity [129, 136]. Importantly, DLL1 therapy does not 
have a proliferative or clonogenic effect on lung cancer cells, which suggests that 
Notch pathways can be targeted in the immune compartment without promoting 
tumor growth or aggressiveness.

In contrast to these studies, it has been shown that continued activation of the 
Notch signaling pathway in CD8+ T cells results in an increase in PD-1 expression 
and suppression of T cell activation [137]. Notch1-ICD specifically occupies the 
Pdcd1 promoter and can thus downregulate T cell activation [137]. Moreover, com-
bination dosing of PD-1 and anti-DLL4  in a syngeneic CT26 model resulted in 
enhanced long-term memory, reduced suppressive functions of MDSC and Tregs, 
increased CD8 T cells, IL2 and IFN-γ levels [138].

Because of the complexity of these roles and the difficulty of measuring Notch 
activation and downstream effects in tumors, there remains uncertainty about the 
contribution of Notch signaling in stromal cells to cancer biology. Nonetheless, 
some intriguing preclinical data have emerged that suggest that modulation of host 
responses with selective Notch pathway inhibitors holds therapeutic promise. For 
example, short-term treatment with Dll4- or Notch1-blocking antibodies in the 
immediate posttransplant setting abrogates graft-versus-host disease without any 
measurable deleterious effect on graft-versus-leukemia activity [139], possibly 
because of a role for Dll4 expressed on lymph node stromal cells in the priming of 
Notch-expressing T cells [140]. Further investigation of Notch effects on host 
immunity in various disease settings clearly appears to be merited.

10.6  Notch as a Therapeutic Target

Many features unique to the Notch pathway must be considered when developing 
cancer therapies targeting Notch. The first key feature is that the Notch signaling 
cascade does not rely on an enzymatic amplification step by a phospholipase, nucle-
otide cyclase, or protein kinase [115, 141]. Instead, the Notch signaling cascade is 
triggered by receptor-ligand interaction and regulated by a series of proteolytic 
cleavages, protein stability, and cellular compartment changes. The “strength” of 
the Notch signal is proportional to the nuclear accumulation of cleaved intracellular 
“active” Notch [115]. As a consequence, Notch signaling is dose-dependent and can 
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be regulated by factors that control the expression of ligands, expression of recep-
tors, export of ligands and receptors to the membrane, receptor-ligand interaction, 
proteolytic cleavage, and endocytosis. Thus, complete shutdown of the pathway 
may be neither necessary nor ideal to achieve therapeutic effect [115]. A second key 
feature is that the intracellular half-life of cleaved intracellular “active” Notch is 
very short, resulting in a pulse of gene regulation and implying that intermittent 
inhibition may be sufficient to disrupt Notch signaling [52, 141]. The third key fea-
ture is that Notch signaling in the lung is context-dependent. While Notch signaling 
has an oncogenic role in adenocarcinoma, it is a tumor suppressor in SCLC and 
squamous cell carcinoma.

Additionally, the outcome of aberrant Notch activity is dependent on the spatial 
and temporal context of Notch activation. During the initial stages of tumor initia-
tion, Notch signaling can prevent tumor formation, while in later stages of tumor 
development, Notch activation is required for maintenance of the tumor [142]. 
Furthermore, Notch activity can exert opposing effects in the same tissue under dif-
ferent microenvironmental conditions such as hypoxia.

The most established method of therapeutically targeting Notch signaling has 
been through inhibition of γ-secretase in tumors with Notch gain-of-function muta-
tions. However, this approach needs to be carefully considered for use in cancers 
such as SCLC and squamous cell carcinoma, where NOTCH1 has been identified as 
a tumor suppressor. When designing therapies for the Notch pathway, it is important 
to consider the broad implications and multiple effects that Notch may have in dif-
ferent cell types. Clearly, having well-defined patient-stratification biomarkers is 
required for the development of effective Notch inhibitors.

A multitude of therapeutic approaches have been explored that include γ-secretase 
inhibitors (GSIs), antibodies against Notch ligands, therapies targeting the Notch 
receptor negative regulatory region (NRR), and antibodies against Notch receptors. 
Table 10.3 summarizes drugs in development, and Table 10.4 summarizes clinical 
trials targeting the Notch signaling pathway.

10.6.1  γ-Secretase Inhibitors (GSIs)

To date, the most widely studied inhibitors of the Notch pathway are γ-secretase 
inhibitors. γ-secretase inhibitors were originally developed to treat Alzheimer’s dis-
ease. γ-secretase inhibitors target all four Notch receptors, ligands including 
DLL1  and JAGGED2, as well as many other proteins involved in Notch signal 
transduction, transcriptional regulation, and differentiation [149–152]. A number of 
small molecules that inhibit the γ-secretase complex with variable specificity and 
selectivity have been developed. These γ-secretase inhibitors inhibit Notch signal-
ing by preventing presenilin-1 substrate binding and S3 proteolytic cleavage of 
Notch receptors. Early studies with γ-secretase inhibitors suggested that these 
agents might be useful as Notch-targeted therapies.
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Table 10.3 Preclinical lung cancer studies targeting the Notch signaling pathway

Compound Target
Drug 
type Tumor model Conclusion Authors

MRK-003 Notch 
(γ-secretase)

Small 
molecule

Human cell 
lines

Inhibition of γ-secretase 
activity caused apoptosis in 
lung adenocarcinomas 
Reintroduction of 
NOTCH1-ICD reduced cell 
death

Chen 
et al. 
[108]

MRK-003 Notch 
(γ-secretase)

Small 
molecule

Human cell 
lines

Inhibition of γ-secretase 
activity prevents NOTCH3 
activation, causes apoptosis, 
and decreases proliferation

Konishi 
et al. [60]

DAPT/
MRK-003

Notch 
(γ-secretase)

Small 
molecule

Human cell 
lines

Inhibition of γ-secretase 
activity caused apoptosis in 
cell lines with NOTCH1 
gain-of-function mutations

Westoff 
et al. [6]

DAPT Notch 
(γ-secretase)

Small 
molecule

Xenograft 
mouse models

γ-Secretase inhibitors 
caused dose-dependent 
inhibition of proliferation 
and differentiation in 
human lung 
adenocarcinoma tumors 
xenotransplanted into nude 
mice

Paris et al. 
[143]

LSN- 
4111575

Notch 
(γ-secretase)

Small 
molecule

GEMM 
models

In vivo therapeutic potential 
of γ-secretase in 
NSCLC. Treatment with 
γ-secretase decreased HES1 
which directly represses 
DUSP1

Maraver 
et al. 
[144]

A5226A Nicastrin; 
Notch 
(γ-secretase)

Antibody Human cell 
lines

A5226A inhibits 
γ-secretase activity and 
reduced cell viability

Hayashi 
et al. 
[145]

YW152F DLL4/
Notch1

Antibody Human cell 
lines/in vivo

Blocking DLL4/Notch 
alters neovascularization 
and results in inhibited 
tumor growth in a lung 
adenocarcinoma xenograft. 
However chronic inhibition 
of DLL4 poses the risk of 
inducing vascular 
neoplasms

Ridgway 
et al. 
[146] and 
Yan et al. 
[147]

TBD- 
Genentech

NRR1/NRR2 Antibody Human cell 
lines

Antitumor efficacy and 
decreased tumor 
angiogenesis in Calu-6 
xenografts

Wu et al. 
[148]

JAG1.b70 
and JAG2.
b33

Jagged1/
Jagged2

Antibody Normal 
mouse and 
human 
models

Anti-Jag1.b70 alone or in 
combination with anti-Jag2.
b33 reversed goblet cell 
metaplasia in vivo

Lafkas 
et al. [37]
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Table 10.4 Ongoing and completed clinical trials targeting the Notch signaling pathway

Molecular 
target Therapy

Study 
identifier Phase Status

Pan-Notch
(γ-secretase)

RO-4929097 plus erlotinib 
hydrochloride in metastatic or  
recurrent NSCLC

NCT01193881 Phase 1 Terminated

RO-4929097 in recurrent or refractory 
NSCLC

NCT01070927 Phase 2 Completed

BMS-906024 plus weekly paclitaxel, 
5FU + irinotecan, or 
carboplatin+paclitaxel in metastatic/
advanced solid tumors

NCT01653470 Phase 1 Completed

PF-03084014 in desmoid/aggressive 
fibromatosis

NCT01981551 Phase 2 Active, not 
recruiting

NOTCH1 OMP-52M51 in solid tumors NCT01778439 Phase 1 Completed
OMP-52M51 in lymphoid  
malignancies

NCT01703572 Phase 1 Completed

OMP-52M51 plus chemotherapy in 
previously treated metastatic  
colorectal cancer

NCT03031691 Phase 1 Completed

NOTCH2/
NOTCH3

OMP-59R5 in solid tumors NCT01277146 Phase 1 Completed
OMP-59R5 plus etoposide and 
platinum therapy in untreated stage IV 
SCLC

NCT01859741 Phase 
1/2

Completed

OMP-59R5 plus nab-paclitaxel and 
gemcitabine in untreated stage IV 
pancreatic cancer

NCT01647828 Phase 
1/2

Completed

DLL3 SC15LD6.5 (Rova-T) in recurrent 
 SCLC

NCT01901653 Phase 
1/2

Completed

SC15LD6.5 (Rova-T) in combination 
with nivolumab with or without 
ipilimumab in extensive stage SCLC

NCT03026166 Phase 
1/2

Active, not 
recruiting

SC16LD6.5 (Rova-T) in the frontline 
treatment of patients with DLL3- 
expressing extensive stage SCLC

NCT02819999 Phase 1 Recruiting

Rova-T as maintenance therapy 
following first-line platinum-based 
chemotherapy in participants with 
extensive stage SCLC

NCT03033511 Phase 3 Recruiting

DLL4 REGN421 in advanced solid 
malignancies

NCT00871559 Phase 1 Completed

OMP-21M18 plus pembrolizumab 
in locally advanced or metastatic  
solid tumors

NCT02722954 Phase 1 Completed

OMP-21M18 plus paclitaxel in 
platinum-resistant ovarian

NCT01952249 Phase 
1/2

Completed

OMP-21M18 plus carboplatin and 
pemetrexed in non-squamous  
NSCLC

NCT01189968 Phase 1 Completed
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In vitro, γ-secretase inhibitors induce apoptosis in human lung cancer lines. For 
example, under hypoxia, which potentiates the strength of Notch signaling in ade-
nocarcinoma, Chen et al. demonstrated that treatment with the γ-secretase inhibitor 
MRK-003 caused a potent apoptotic response as early as 48 h after treatment [108]. 
Reintroduction of active NOTCH1 led to a twofold reduction in cell death despite 
MRK-003 treatment [108], supporting an essential role for NOTCH1 in survival of 
adenocarcinoma cells. Similarly, Westhoff et al. demonstrated that primary cell cul-
tures with NOTCH1 gain-of-function mutations were selectively killed by treatment 
with γ-secretase inhibitor’s DAPT and MRK-003 [6]. Additionally, Konoshi et al. 
investigated the in vitro and in vivo properties of MRK-003 in NSCLC and showed 
that MRK-003 inhibited NOTCH3 signaling, reduced tumor cell proliferation, and 
induced apoptosis [60]. Loss of NOTCH3 rendered the γ-secretase inhibitor ineffec-
tive, suggesting that the antitumor effect was NOTCH3 dependent [60]. 
Downregulation of pMAPK following MRK-003 treatment suggested that NOTCH3 
may regulate apoptosis by modulating pERK and the pro-survival BCL-2 proteins 
[153]. A study by Kaur and colleagues demonstrated that SCLC cell lines are not 
responsive to γ-secretase inhibitors alone or in combination with etoposide or car-
boplatin [154].

In vivo studies have demonstrated that γ-secretase inhibitors slow the growth of 
subcutaneous lung cancer xenografts. In an adenocarcinoma xenograft model, Paris 
and colleagues demonstrated that treatment with the γ-secretase inhibitor DAPT 
resulted in dose-dependent inhibition of proliferation and differentiation [143]. 
Using a transgenic lung GEMM, Maraver et al. also demonstrated the efficacy of 
γ-secretase inhibitors [144]. Likewise, the γ-secretase inhibitor, LSN- 4111575, 
exhibited antitumor efficacy in a KRASG12V-driven NSCLC mouse model [144]. 
Treatment with the γ-secretase inhibitor correlated with decreased expression of 
HES1, a Notch target gene and a negative regulator of DUSP1, a phosphatase that 
acts on the MAPKs [144]. The researchers demonstrated that increased expression 
of DUSP1 led to a decrease in pERK without changes in phosphorylated MEK 
[144]. In human lung tumor samples, high HES1 and low DUSP1 are associated 
with a poor outcome. Ambrogio et al. found that in KRAS-driven lung adenocarci-
noma, inhibition of DDR1 in combination with Notch (using either LY-411575 or 
demcizumab) showed a survival benefit in patient-derived xenografts [155]. The 
authors hypothesized that this synergy was due to Notch and DDR1s combined role 
maintaining MAPK activity in KRAS-driven lung adenocarcinoma. Interestingly, 
the γ-secretase inhibitor JLK-6, a mechanism-based inhibitor of serine proteases, 
does not affect the Notch pathway and was shown to have a dose-dependent antitu-
mor effect in lung adenocarcinoma xenografts [143]. Additionally JLK-6 inhibited 
the growth and vascularization of the human lung adenocarcinoma xenografts [143].

γ-secretase inhibitors have been evaluated in Phase I clinical trials in lung cancer. 
A Phase I clinical trial (NCT01193881) involving 16 patients with Stage IV or 
recurrent NSCLC was carried out to evaluate Roche’s γ-secretase inhibitor 
R04929097 [156, 157] in combination with erlotinib. The study showed improved 
median progression-free survival (PFS) for patients with a prior history of progres-
sion on erlotinib alone (64 versus 42 days) and four patients had stable disease at 
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six weeks. While the combination was considered safe and feasible [156], adverse 
events included hypophosphatemia, rash, neuropathic pain and nausea. The manu-
facturer discontinued the development of R04929097 following completion of the 
Phase I cohort. The Bristol-Myers Squibb pan-Notch/γ-secretase inhibitor, BMS- 
906024, is currently in Phase I clinical trial (NCT01653470) alone and in combina-
tion with paclitaxel, FOLFIRI, or carboplatin plus paclitaxel to determine safe and 
tolerable dose in patients with solid tumors including lung cancer.

γ-secretase inhibitors have many advantages including ease of administration, 
oral bioavailability and low cost. Two main challenges facing the development of 
γ-secretase inhibitors include (a) substrate specificity since  γ-secretase cleaves 
more than 60 substrates in addition to Notch [158] and (b) toxicity since pan-Notch 
inhibition has been linked with severe GI toxicity. These problems could be circum-
vented by developing substrate-specific γ-secretase inhibitors. Recent efforts have 
targeted Nicastrin, one of the subunits of γ-secretase that appears to be a main dis-
criminator in γ-secretase substrate selectivity. Nicastrin is the target of the novel 
monoclonal antibody A5226A, developed by Hayashi et  al. at the University of 
Tokyo. Hayashi et al. have demonstrated A5226A reduced cell viability of A549 
cells [145]. Intriguingly, A5226A treatment further reduced the viability of DAPT- 
treated A549 cells [145].

10.6.2  Notch Antibodies

A number of biologics have been approved for the treatment of lung cancer. 
Moreover, a number of antibodies targeting Notch ligands, Notch receptors, and the 
NRR of Notch receptors are in clinical development. Some of these drugs have 
shown promising results in early clinical trials.

10.6.2.1  Ligand-Targeted Antibodies

Inhibitory antibodies directed against Notch ligands DLL3, DLL4, JAGGED1, and 
JAGGED2 have been developed. Preclinical studies by Genentech using an anti- 
DLL4 antibody, YW152F, demonstrated targeting DLL4/NOTCH1 signaling could 
have a profound impact by suppressing tumor angiogenesis and growth [146, 159]. 
Unfortunately, these studies also identified a number of significant safety concerns 
associated with this approach. In vitro studies with the anti-DLL4 antibody showed 
dysregulation of endothelium-specific genes as well as genes critical for prolifera-
tion and cell cycle regulation, while in  vivo mice developed histopathological 
changes in the liver, sinusoidal dilation, and centrilobular hepatocyte atrophy. These 
preclinical findings suggest an essential role of DLL4 for maintaining the structural 
and functional integrity of the liver sinusoidal epithelium and hepatocyte homeosta-
sis [159]. Genentech has also generated synthetic therapeutic antibodies targeting 
JAGGED1 and JAGGED2 [37]. JAGGED1 is overexpressed in many cancer types 
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and has been implicated as a target for antitumor therapy [160]. Future studies will 
need to assess the clinical implications of using these antibodies in the context of 
lung cancer.

More recently, clinical trials of Regeneron’s anti-DLL4 antibody enoticumab 
(REGN421) and OncoMed Pharmaceutical’s antibody demcizumab (OMP-21M18) 
have shown dose-limiting adverse toxicity (nausea, abdominal pain, hypertension, 
fatigue and headache) [161] in clinical trials despite promising antitumor activity in 
the preclinical setting. No clinical benefit was seen in the Phase I clinical trial of 
enoticumab (NCT00871559). However, partial response was observed in a NSCLC 
bronchioloalveolar carcinoma patient with a β-catenin mutation [162]. Because 
tumor angiogenesis involves both VEGF and Notch, future studies may want to 
target both the VEGF and Notch pathway to increase efficacy or specifically inves-
tigate use of the DLL4 inhibitor in specific subtypes of cancers such as lung cancer 
patients with dysregulated Notch/β-catenin signaling. Anti-DLL4 treatment (OMP- 
21M18 targeting human and 21R30 targeting mouse) combination with chemother-
apy inhibited tumor growth and appeared to decrease the frequency of tumor-initiating 
cells in a series of NSCLC PDX models [163]. Phase Ib clinical trials (NCT01189968) 
of demcizumab in combination with carboplatin and pemetrexed (Alimta) in 
patients with non-squamous NSCLC demonstrated promising results (RECIST 
response rate of 50%) and benefit for patient survival (overall clinical benefit rate of 
88%). These results are being confirmed in an ongoing Phase II trial known as 
DENALI (NCT02259582) of demcizumab with carboplatin and pemetrexed in first- 
line non-squamous NSCLC patients [164].

Antibody-drug conjugates (ADCs) are therapies that combine the precision of an 
antibody linked with the cytotoxic power of a payload. DLL3 is a promising target 
for the treatment of SCLC, since DLL3 is expressed by both SCLC and large cell 
neuroendocrine carcinoma (LCNEC) tumors and tumor-initiating cells but is not 
expressed by normal cells [42]. AbbVie Stemcentrx is evaluating SC15LD6.5 that 
consists of an anti-DLL3 monoclonal antibody conjugated to a potent DNA- 
damaging pyrrolobenzodiazepine (PBD) dimer toxin. SC15LD6.5 dosed at one  mg/
kg, intravenous (iv), once a week for a total of four weeks (qwX4) demonstrated 
durable complete regression for up to 144 days of observation in preclinical mouse 
xenograft models [42]. Mechanism-of-action studies suggest that the rapid tumor 
debulking is a result of DLL3 expression on most tumor cells and suggest that the 
durability in response to SC16LD6.5 is due to eradication of DLL3-expressing 
tumor-initiating cells (TICs). Moreover, SC16LD6.5 is efficacious in relapsed and 
refractory SCLC PDX models and is thus a potentially promising option for patients 
in the setting of second and third-line treatment. The safety and efficacy of 
SC16LD6.5 have been evaluated in an ongoing Phase 1 clinical trial (NCT01901653) 
in recurrent or refractory high-grade pulmonary and/or neuroendocrine cancer 
patients [165]. Rova-T demonstrated an acceptable safety profile in this trial and 
showed a confirmed objective response in 10/26 patients with elevated tumor DLL3 
expression. Phase 1/2/3 trials with Rova-T are active (NCT03026166, NCT02819999, 
NCT03033511).
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10.6.2.2  Targeted Antibodies Against the Negative Regulatory Region 
(NRR) of the Notch Receptor

The NRR domain plays a critical role in preventing activation of the receptors in the 
absence of ligand. The three cysteine-rich Lin12 Notch repeats (LNR) and heterodi-
merization (HD) domain of the NRR interact to keep the S2 cleavage site buried and 
prevent cleavage. During canonical Notch signaling, ligand binding to the receptor 
at the extracellular domain triggers a conformational change in the NRR exposing 
the S2 site for cleavage by ADAM proteases [166]. Li et al. demonstrated the poten-
tial of antibodies to target and stabilize the NRR domain in an “inactive” conforma-
tion where the S2 cleavage site remains buried within the NRR [167]. The inhibitory 
antibodies they identified by functional screening reverted the phenotypes of 293T 
cells induced by NOTCH3 signaling [167]. Scientists at Genentech have also devel-
oped antibodies to the NRR domain of NOTCH1 (NRR1) and NOTCH2 (NRR2). 
Antibodies targeted to the NRR1 demonstrated antitumor efficacy and decreased 
tumor angiogenesis in a Calu-6 lung adenocarcinoma mouse xenograft model [148]. 
Using ligand-competitive assays, researchers at Merck demonstrated that NRR- 
specific antibodies blocked JAGGED2-stimulated NOTCH1 activity, presumably 
by stabilizing the NRR domain in an auto-inhibited conformation [168]. While the 
NRR antibodies maximally inhibited NOTCH1 signaling, they did not significantly 
inhibit ligand-stimulated NOTCH2 or NOTCH3 [168]. Moreover, the NRR anti-
bodies developed by Merck had variable efficacy in colorectal carcinoma and 
T-ALL cell lines, suggesting binding of the NRR is complex and that epitope mask-
ing by glycosylation or other posttranslational modifications of NOTCH1 may be 
cell type specific [168].

10.6.2.3  Receptor-Targeted Antibodies

The extracellular domains (ECD) of the four Notch receptors are composed of EGF- 
like repeats, which are of variable length. For example, NOTCH1 and NOTCH2 
each contain 36 EGF-like repeats, whereas NOTCH3 contains 34, and NOTCH4 
contains 29 EGF-like repeats in the extracellular domain. Antibodies that target the 
ligand-binding domain and compete with the endogenous ligand represent a prom-
ising novel therapeutic approach.

Tarextumab (OMP-59R5) which targets the ligand-binding domain of NOTCH2 
and NOTCH3 has recently completed Phase IIb trials (NCT01859741) in SCLC 
[169]. It demonstrated dose-dependent antitumor efficacy and corresponding 
biomarker- driven activity in a Phase I trial. However the randomized 145 Phase 2 
PINNACLE clinical trial in combination with chemotherapy (etoposide plus cispla-
tin or carboplatin) in previously untreated SCLC patients with extensive disease 
showed no benefit over placebo [170]. The median progression-free survival for 
tarextumab plus chemotherapy was 5.6 months versus 5.5 months for the placebo 
plus chemotherapy group. Median overall survival was 9.4 months in the treated 
versus 10.3 months (HR = 1.01) in the placebo group. The overall response rates 
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were 68.5% in the treated and 70.8% in the placebo group. The Notch biomarkers 
that were evaluated in the study (HES1, HES6, HEY1, HEY2, and NOTCH3) failed 
to identify a subset of patients with treatment effect on progression-free or overall 
survival [170]. Furthermore, increased diarrhea and thrombocytopenia were 
observed in the placebo arm.

There is some early evidence that Notch overexpression may predict response to 
tarextumab, a NOTCH2/3 inhibitor, in SCLC. This comes from a Phase Ib dose 
escalation trial of tarextumab in SCLC [171]. In this study, patients were treated 
with etoposide, platinum, and tarextumab. NOTCH3 expression was determined by 
RT-PCR.  Extensive disease patients with high NOTCH3 expression fared better 
with tarextumab than patients with low NOTCH3 expression. Although this trend 
was striking, it was not significant due to small patient numbers. Further analysis of 
NOTCH3 as a predictive marker of tarextumab response will take place when the 
Phase II trial of the drug is completed.

Another human monoclonal antibody brontictuzumab (OMP-52M51) targets the 
ligand-binding domain of NOTCH1 and demonstrated antitumor efficacy in early 
studies [172]. One potential concern was that chronic reduction of Notch1 signaling 
in mice promoted widespread vascular tumor formation in preclinical studies [173]. 
Additionally enrollment for Phase 1B clinical trials in combination with trifluridine/
tipiracil in third-line colorectal patients was abruptly ended and was not tolerated in 
that patient population [170]. A clinical trial for brontictuzumab in relapsed or 
refractory solid tumors (including SCLC) with activated NOTCH1 has been com-
pleted (OncoMed Pharmaceuticals, NCT01778439). Preliminary findings demon-
strated general tolerability at 1.5  mg/kg Q3W.  The main toxicity was off-target 
diarrhea, but patients also exhibited fatigue, nausea and vomiting. In patients with 
high NOTCH1, there were a few patients with stable disease 42.9% (6/14), and one 
(7.1%; 1/14) patient had partial response [174]. Patients with low NOTCH1 did not 
respond and had stable 9.1% (1/11) or progressive disease 90.9% (10/11) [174]. 
Oncomed has halted clinical trials with brontictuzumab.

The Notch receptor is also an ideal target for antibody-drug conjugates. Pfizer is 
currently evaluating the safety and efficacy of their non-inhibitory anti-NOTCH3 
antibody-drug conjugate PF-06650808 in a Phase I clinical trial (NCT02129205) 
for patients with solid tumors that have a history of metastatic triple-negative breast 
cancer [175].

Monoclonal antibodies provide a number of advantages including improved 
half-life, immune-mediated efficacy through antibody-dependent cell-mediated 
cytotoxicity and complement-dependent cytotoxicity, as well as specificity allowing 
members of the Notch signaling pathway to be targeted with high affinity. While 
antibodies are generally well tolerated, it is critical to identify the right combination 
of tumor and drug to derive maximal therapeutic benefit. Additional challenges with 
antibody-targeted therapies are their complex dose-response curves in vivo and long 
half-lives. While small molecules are typically excreted in hours, most antibodies 
remain in circulation for days. This may pose a problem, as the consequences of 
sustained inhibition of the Notch signaling pathway are not fully understood. For 
example, studies with anti-Dll4 antibodies in rat models have shown that prolonged 
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blockade of the ligand resulted in severe disruption of normal tissue homeostasis, 
activation of endothelial cells and led to development of vascular/endothelial-based 
tumors resembling hemangioblastoma in the heart and lung [147]. These studies 
raise significant concern that chronic blockade of Notch signaling pathways may 
disrupt normal organ homeostasis and potentially produce disease in multiple 
organs. In that case, single-chain antibodies with short half-lives may be 
preferable.

10.6.3  Radiotherapy

Although radiation has been reported to induce Notch activation, very little is known 
about the relationship between radiation and the Notch pathway. Studies have pro-
posed a synergistic effect of Notch-targeted therapy following radiation therapy of 
lung cancer in vitro and in vivo. Mizugaki et al. combined γ-secretase inhibitor and 
radiation in escalating doses in three Notch-expressing NSCLC cell lines (H460, 
A549, and H1395) [176]. γ-secretase inhibitor treatment following radiation sup-
pressed growth most effectively in vitro and in vivo. The combination induced apop-
tosis via MAPK and Bcl2 family proteins. They found that blocking activation of 
Notch by using γ-secretase inhibitors after radiation treatment prevents Notch- 
induced radiation resistance. Ikezawa et  al. determined that the induction of 
NOTCH3 following radiotherapy is caused by HIF-1α and found that co-treatment 
with HIF inhibitor YC-1 improved radiosensitivity of tumors in conjunction with 
a γ-secretase inhibitor [177].

10.6.4  Summary of Therapeutic Approaches

Each of the therapeutic approaches described above has potential advantages and 
disadvantages. While γ-secretase inhibitors have demonstrated preclinical activity, 
their clinical utility for lung cancer remains to be demonstrated. Targeted and selec-
tive biologics including antibody-drug conjugates (ADCs) are likely to be the treat-
ment of choice with fewer side effects. Alternatively, bispecific antibodies may offer 
a useful strategy for Notch-targeted drug development in the future, for example, 
combining a Notch antibody with a T cell antibody to direct the immune response 
to Notch-expressing tumor cells. It will be critical to have a strong companion bio-
marker package in place to select patients and optimize clinical benefit. A better 
understanding of the transcriptional, translational, and posttranslational regulation 
of the Notch signaling pathway is needed to understand the implications that these 
specific therapies may have for lung cancer patients. The cellular context of the 
cancer will be very important, as roles of Notch in adenocarcinoma will be very 
different than in squamous cell carcinoma. The ability to identify subgroups of can-
cer patients that will benefit from Notch-targeted therapies will be essential if they 
are to be of clinical utility.
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10.7  Targeting Notch in Cancer Stem Cells and Rational 
Combinations of Therapies with Notch Inhibitors

As discussed in Section 10.3, the Notch signaling pathway has been shown to have 
a role in the survival and maintenance of stem cell populations in the lung [46–48, 
185]. Cancer stemlike cells are undifferentiated cancer cells that share properties of 
normal stem cells such as self-renewal, asymmetric cell division, clonogenicity, and 
resistance to chemotherapies. Cancer stemlike cells are thought to exist in small 
numbers as a distinct population of cells within tumors. Their quiescent nature 
allows them to escape standard therapies and even after periods of apparent com-
plete remission cause recurrence or metastasis. Targeted therapeutics to eradicate 
cancer stemlike cells should theoretically result in more durable responses and 
improve survival outcomes.

Cancer stemlike cells can be isolated on the basis of the expression of cancer 
stemlike cell markers, but the accuracy and relevance of these markers remains 
controversial [186, 187]. Research has identified CD44 [188], CD133 [189–191] 
and aldehyde dehydrogenase (ALDH) [192–194] as potential markers of lung can-
cer stemlike cells [195]. Sullivan et al. compared the expression of three putative 
lung cancer stemlike cell markers (ALDH1A1, ALDH3A1 and CD133) and found 
that the markers identified distinct tumor subpopulations [194]. Elevated expression 
of NOTCH1, NOTCH2, NOTCH3, HES1, and HEY1  in ALDH+ cells versus 
ALDH− cells, indicated Notch pathway activation  in the  ALDH+ subpopula-
tion  [194]. NOTCH3 had the strongest correlation with ALDH+ expression in 
NSCLC and suppression of NOTCH3  expression reduced the ALDH positive popu-
lation and reduced tumor cell proliferation [194]. Other studies have supported a 
role of ALDH as a marker for stemlike lung cancer cells. Studies by Li et al. isolated 
ALDH+ lung cancer cells and demonstrated the population was capable of colony 
formation, proliferation, growth, migration and resulted in tumors in mice that rep-
resented characteristics of the parental lung cancer cells [193]. Futhermore, 
γ-secretase inhibitor therapy reduced the ADLH+ population, supporting a role of 
Notch signaling in maintenance  of the  cancer stemlike cell population [194]. In 
addition to NSCLC, Notch drives stemlike properties in esophageal adenocarci-
noma [196]. Another research group has identified that MAP17-mediated sequestra-
tion of Numb promotes Notch signaling and cancer stemlike cell phenotypes [197].

Experimental studies have found that pretreatment of H460 and H661 lung can-
cer cell lines with low-dose cisplatin resulted in enrichment of CD133+cells and 
appeared to be mediated through Notch signaling [198]. Pretreatment with the 
γ-secretase inhibitor, DAPT, or a NOTCH1-targeted shRNA reduced enrichment of 
CD133+cells and increased sensitivity to doxorubicin and paclitaxel. Additionally, 
re-expression of NOTCH1-ICD was shown to reverse the action of DAPT on drug 
sensitivity. Immunohistochemistry of relapsed NSCLC lung tumors that had been 
treated with cisplatin showed a significant increase in CD133+ expression in three 
out of six patients. In vivo studies demonstrated cisplatin treatment increased 
NOTCH1 cleavage and suggested that cisplatin-induced enrichment of CD133+ 
cells was mediated through activation of Notch signaling.
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It has also been shown that treating lung cancer cells with erlotinib enriches 
ALDH+ stemlike cells through activation of Notch3 [89]. Similarly, a study by 
Rosell et al. identified that gefitinib treatment in EGFR-mutant cell lines induced 
YAP1-Notch signaling in a compensatory manner [199]. These studies may shed 
light on the perplexing observation that the addition of EGFR TKIs to curative- 
intent therapies (chemoradiation [200] or surgery [201]) actually results in an 
increased risk of death. Clinical benefit in these situations may depend on the elimi-
nation of cancer stemlike cells as well as the primary tumor. Together, these studies-
suggest that dual targeting of the stem cells using Notch therapies together with 
targeted TKI’s or standard chemotherapies may result in more durable responses in 
lung cancer patients.

10.8  Conclusion

Notch plays essential role in early lung development, maintenance of adult airways, 
and cancer. Genome sequencing studies have identified Notch mutations in a small 
percentage of lung cancers. Recent literature has highlighted the significant role that 
Notch signaling plays in lung tumorigenesis even in the absence of mutational evi-
dence. Despite the low number of mutations, dysregulation of the Notch signaling 
pathway is associated with 25% of SCLC and 33% of NSCLCs. This makes Notch 
an attractive target for therapy since it plays critical roles in the regulation of tumor 
growth and proliferation, apoptosis, cell differentiation, survival, immune response, 
angiogenesis, cancer stem cell biology, and chemoresistance. Unfortunately, efforts 
to target Notch therapeutically still face a number of hurdles. Successful develop-
ment of targeted therapies that can be used in combination with other approaches 
will require a deeper understanding of the mechanisms that enable different cell- 
type specific responses of Notch in lung cancer. 
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Chapter 11
Notch Signaling in Pediatric Soft Tissue 
Sarcoma

Cristina Cossetti, Alberto Gualtieri, Silvia Pomella, Elena Carcarino, 
and Rossella Rota

Abstract Etiology, biology, response to treatment, and outcome greatly differ 
between adult and childhood cancers. Soft tissue sarcoma encompasses a hetero-
geneous group of pediatric sarcomas characterized by a high capacity to invade 
neighboring tissues. Although in the last years the overall survival in childhood 
cancers has improved to over 70% for the nonmetastatic forms, subgroups of 
young patients with metastatic and aggressive disease still show a poor outcome. 
Moreover, survivors often suffer from long-term morbidity due to the effects of 
therapy. It is widely accepted that soft tissue sarcomas of childhood develop from 
mesenchymal progenitor cells affected by chromosomal aberrations and muta-
tions in genetic and epigenetic pathways during development. Therefore, path-
ways driving tissue differentiation are particularly relevant. Among these, the 
Notch signaling pathway plays one of the major roles. Notch signaling is evolu-
tionarily conserved among species, working as a cell-to-cell communication sys-
tem strictly defining cell fate, stem cell renewal, and tissue homeostasis during 
embryo development and in postnatal life. In the present chapter, we describe 
recent insights on Notch deregulation in the most prominent pediatric soft tissue 
sarcomas: rhabdomyosarcomas, Ewing sarcomas, and synovial sarcomas. We also 
summarize the challenges and opportunities in inhibiting Notch signaling for the 
treatment of this group of tumors.
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Abbreviations

DLL1, 3, 4 Delta-like 1, 3, 4
ES Ewing sarcoma
GEMM Genetically engineered mice models
GSI Gamma secretase inhibitors
MAML1 Mastermind-like 1
NEC Notch extracellular domain
NEXT Notch extracellular truncation
NICD Notch intracellular domain
NTM Notch transmembrane domain
RMS Rhabdomyosarcoma
SS Synovial sarcoma

11.1  Introduction

11.1.1  Childhood Versus Adult Cancers

Conversely to adult tumors, whose pathogenesis is related to environment-/age- 
dependent genetic and epigenetic alterations, pediatric cancers originate from pro-
genitor cells in which developmental pathways governing embryonic life are 
deregulated. In line with this, tumors of childhood often contain a clonal population 
of presumably tumor-initiating cells expressing fusion products of genes that guide 
tissue development.

Increasing knowledge of the landscape of molecular networks involving genetic 
and epigenetic mechanisms acting in childhood cancers have opened the way to the 
discovery of novel potential approaches to treat the disease.

Crucial developmental pathways involved in pediatric tumor biology are Sonic 
Hedgehog (SHH), Wingless (WNT), and Notch signaling. These pathways are fun-
damental for proper cell differentiation and tissue lineage commitment of progeni-
tor cells and, more importantly, cooperate and cross talk each other (reviewed in 
[1–6]). Considering the crucial role of Notch signaling in developmental processes, 
it is not surprising that it has been found affected in several diseases ([7–15] and 
reviewed in [16]).

An oncogenic role of Notch signaling has been highlighted for the first time in pedi-
atric acute T-cell leukemia (T-ALL). Indeed, two groups demonstrated that (i) mutations 
of the Notch1 receptor resulted in the constitutive production of an activated form of 
Notch1, i.e., the Notch1 intracellular domain, in patients with T-ALL [17], and that (ii) 
this Notch1 constitutive activation is sufficient for tumorigenesis [18]: an observation 
confirmed later also in adult cancers [19]. In the last few years, the deregulation of Notch 
signaling has been shown to be involved in several types of pediatric solid tumors. 
Recently, we and others have shown Notch signaling abnormalities are pathogenetic 
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events in pediatric soft tissue sarcomas, a heterogeneous group of solid tumors affecting 
mainly soft tissue and bone of young patients.

As for adult cancers, where several clinical trials with Notch signaling inhibitors 
are being evaluated, the modulation of the Notch signaling is under preclinical study 
as an anticancer strategy in this type of pediatric tumors.

11.1.2  Pediatric Soft Tissue Sarcomas

Pediatric soft tissue sarcomas include a group of tumors derived from the mesen-
chymal compartment that are highly heterogeneous in terms of clinical behavior 
and genomic alterations [20].

Collectively, they represent about 8–10% of all childhood tumors and about 15% 
of tumors outside the central nervous system [21]. Multimodal approach with che-
motherapy and surgery is the usual treatment of pediatric soft tissue sarcoma, while 
radiation is rarely used in young children due to its side effects on a growing organ-
ism [22]. Advances in treatments have improved the overall survival in all childhood 
cancers to over 70% today. However, although the prognosis of soft tissue sarcoma 
has improved considerably, a group of patients still shows a dismal prognosis. 
Indeed, metastatic forms and subsets of tumors harboring specific oncogenic muta-
tions/chromosomal translocations are often incurable. Additionally, young survi-
vors often suffer from long-term side effects linked to therapy. An additional clinical 
challenge to eradicate soft tissue sarcomas is due to the high ability of tumor cells 
to invade the neighboring tissues [22].

Therefore, the scientific community is focusing on finding a therapy that is more 
specific and less toxic for these young patients. This can be achieved only through 
the knowledge of the molecular pathogenetic mechanisms responsible for the devel-
opment and maintenance of these tumors.

The three major groups of pediatric soft tissue sarcomas include rhabdomyosar-
coma (RMS), Ewing sarcoma (ES), and synovial sarcoma (SS). Although they have 
different and peculiar characteristics, experimental evidences clearly indicate that 
all can develop from mesenchymal progenitor cells affected by chromosomal aber-
rations and/or gene mutations. It is widely accepted that the dysregulation of the 
major embryonic developmental molecular pathways plays a fundamental role in 
the pathogenesis of pediatric soft tissue sarcomas. In agreement, small populations 
of cells that remain undifferentiated and maintain self-renewal capacity seem to 
represent the tumor ancestor cells unresponsive to therapy [23, 24].

Therefore, the modulation of developmental pathways regulating stem cell 
properties, such as the Notch pathway, might be a potential strategy to improve the 
clinical response of this type of tumors affecting young patients.

In the last several years, we and others have reported preclinical experimental 
proofs of principle indicating Notch signaling modulation as a potential approach to 
reduce the tumorigenesis of pediatric soft tissue sarcomas.
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11.1.3  Structure of Notch Receptors and Ligands

The Notch pathway is one of the fundamental signaling pathways strictly defining 
developmental processes regulating cell fate and tissue differentiation and homeo-
stasis in embryo and in the postnatal life. The pathway signals through cell-to-cell 
interaction between a signal-sending cell (expressing Notch ligands) and a signal- 
receiving cell (expressing Notch receptors) (Fig. 11.1) [25, 26]. This type of cell 
communication relies on the particular structure of ligands and receptors.

Notch receptors While in the fruit fly Drosophila melanogaster only a single Notch 
gene exists (reviewed in [27]), in mammals four Notch receptors have been iden-
tified, i.e., Notch 1–4 [28]. They are encoded by four different gene loci on chro-

Fig. 11.1 After proteolytic processing maturation, Notch receptors are expressed on the cell mem-
brane as an extracellular domain (NECD) non-covalently associated with a transmembrane portion 
and an intracellular domain (NICD). Notch signaling is initiated by a Notch receptor-Delta/
Jagged-type (DLL/JAG) ligand interaction between two neighboring cells in trans, which induces 
two successive proteolytic cleavages. The first one is operated on the S2 site by “a disintegrin and 
metalloprotease” 10 (ADAM10) or ADAM17, which is followed by an S3 cleavage by a presenilin 
complex (γ-secretase). The S3 cleavage gives rise to the NICD fragment that translocates into the 
nucleus, where it binds to a protein complex containing recombination signal-binding protein Jk 
(RBP-Jk) relieving the repressor complex (CoRep). This event modulates chromatin activity 
recruiting activators such as MAML1 and converts RBP-Jk from a transcriptional repressor to an 
activator, leading to the transcription of hairy/enhancer of split (Hes) and Hey family genes, which 
work as transcriptional repressors. Several stages of the Notch signaling pathway are prone to 
pharmacological intervention. Decoys, anti-ligand antibodies, anti-receptor-antibodies, γ-secretase 
inhibitors, and peptide inhibitors are labeled in the red boxes
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mosome (Chr) 9, Chr 1, Chr 19, and Chr 6, respectively, and are about 60% 
homologous to each other. Each Notch paralog is translated as a single-pass trans-
membrane protein that is subjected to posttranslational modifications before being 
expressed on the surface of the cells: a single-chain precursor is cleaved by furin- 
like proteases in the Golgi compartment (S1 cleavage), resulting in an N-terminal 
extracellular domain (NECD) and a C-terminal portion encompassing both a Notch 
transmembrane (NTM) and intracellular domain (NICD). The two fragments are 
non-covalently reassembled on the Golgi membranes and, then, expressed on the 
surface of the plasma membrane ([29] and reviewed in [30]).

The NECD is formed by a number of epidermal growth factor (EGF)-like 
repeats responsible for the binding of ligands [31]. Important under a functional 
point of view, a specific number of EGF repeats characterize each Notch receptor, 
Notch1 containing 36 EGF repeats [32], whereas Notch2 presenting 35 EGF 
repeats [33], Notch3 34 EGF repeats [34], and Notch4, the shorter Notch receptor, 
only 29 EGF repeats [35]. A negative regulatory region (NRR), composed of three 
cysteine-rich Lin12/Notch repeats (LNR) [36, 37], followed by a juxtamembrane 
hydrophobic region, is responsible for the heterodimerization of the NECD and 
the NTM-NICD portions of the receptor. The LNR regulates the auto-inhibition of 
the Notch receptor preventing the receptor for being cleaved without binding to 
the ligand [37, 38].

The intracellular region NICD contains a module, named RAM, which recog-
nizes the recombination signal-binding protein Jk (RBP-Jk) supporting the tran-
scriptional role for the NICD that can interact with the transcriptional coactivator 
RBP-jK in the CSL complex (RBP-jK/CBF-1/KBF2 in mammals) [39]. The RAM 
region is followed by seven ankyrin (ANK) repeats important for the interaction 
with CSL and other transcriptional regulators [40, 41], two nuclear localization sig-
nals (NLS) [42], a transactivation domain (TAD) [43], and a C-terminal PEST 
sequence (rich in proline, glutamic acid, serine, and threonine) [44]. The PEST 
sequence is highly important since it can be phosphorylated, thus regulating the 
ubiquitination of the NICD and, consequently, its stability and signaling ability 
[44]. Notably, the strength of the TAD sequence in transactivating gene transcrip-
tion is different among the paralogs being strong for Notch1, weak for Notch2, and 
strong but highly specific for Notch3, while Notch4 does not have a TAD [43, 45]. 
These differences in the structure and activity explain the diverse and somewhat 
divergent functions of the Notch receptor family.

Notch ligands Only two canonical ligands of the Delta-Serrate family are expressed 
in Drosophila, while mammalian cells express three ligands of the Delta family, 
Delta-like 1 (DLL1), DLL3, and DLL4 [46–48], and two of the Serrate family, JAG1 
and JAG2 [49, 50]. All the five mammalian ligands are type I transmembrane proteins 
containing an N-terminal region and a cysteine-rich domain (DSL for Delta, Serrate, 
and LAG-2), followed by a number of EGF-like repeats. In particular, the N-terminal 
region with DSL and the first two EGF-repeats are responsible for the interaction with 
the EGF-like repeats of Notch receptors ([51, 52] and reviewed in [25]). The structure 
of the intracellular region of the canonical ligands is not conserved among species and 
regulates ligand interactions with the cellular cytoskeleton.
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Additional noncanonical ligands can interact with and activate Notch receptors, 
either transmembrane or soluble proteins, such as DLK1, DLK2, DNER, the EGF- 
like protein7 (EGFL7), or the F3/contactin ([53, 54] and reviewed in [25, 55, 56]). 
They do not contain a DSL domain but are all characterized by the presence of 
EGF-like repeats.

Another level of complexity is added by the posttranslational modifications of 
Notch receptors, operated in the cytoplasmic compartment, which strictly regulate 
their half-life, selectivity, and activity [25, 57]. Among those are the glycosylation, 
ubiquitylation, phosphorylation, and acetylation.

Fringe glycosyltransferases, firstly identified in Drosophila, glycosylate specific 
EGF-like repeats of the Notch heterodimer in the Golgi compartment [58–60]: a 
modification that affects the affinity of the receptor for the ligands, specifically pre-
venting Jagged-dependent activation [61, 62]. Three mammalian fringe enzymes 
are known, i.e., lunatic fringe (LFNG), manic fringe (MFNG), and radical fringe 
(RFNG) [63]. It is arguable that dysregulation of these enzymes can lead to imbal-
ance in the expression/activity of Notch components since it can induce the Notch 
receptors to be cleaved with higher rate than in normal tissue (reviewed in [64]), as 
demonstrated for breast cancer cells [65].

The lysosomal degradation or, conversely, the recycling to the plasma membrane 
of the cleaved Notch is regulated by polyubiquitylation, a process governed by sev-
eral E3 ubiquitin ligases such as Deltex, β-arrestin/Kurtz, Itch, NEDD4 (neural pre-
cursor cell expressed developmentally downregulated 4), Cbl (casitas B-lineage 
lymphoma), and Fbw7/Sel-10 ([66–69] and reviewed in [70]). The inclusion of 
Notch in the early endosomes can be regulated by Numb, a cytoplasmic negative 
regulator of the pathway [71], and it is followed by proteasome-mediated degrada-
tion [72]. The phosphorylation of NICD to the ANK and/or PEST domain along 
with acetylation modulates the stability and the activity of the cleaved receptor 
[73–77]. Further, NICD can interact in the cytoplasm with several molecules among 
which Nemo-like kinase NLK, which suppresses Notch signaling [78], or Pin1, 
which conversely amplifies Notch activation [79–82].

11.1.4  Notch Signaling Pathway

The Notch signaling is critical in embryos during the differentiation of stem cells 
when a ligand-expressing cell interacts with a Notch-expressing cell and, then, the 
former undergoes differentiation while the latter remains in an undifferentiated state 
[30]. However, the results of this cell-to-cell communication highly depend on the 
molecular, cellular, and environmental contexts, making a simple mechanism 
extremely versatile [83–85].

When a canonical ligand on a cell binds to the specific EGF-like repeats of a 
Notch receptor on a neighboring cell (in trans), the resulting mechanical stretch favors 
the cleavage (at site S2) of the heterodimeric portion just outside the plasma mem-
brane by the a disintegrin and metalloprotease 10 (ADAM10) or 17 (ADAM17) [86]. 
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A requirement for this process is the ubiquitination and subsequent endocytosis of 
the ligand (reviewed by [87]). Then, the remaining membrane-tethered intermedi-
ate, named NEXT (Notch extracellular truncation), is subsequently cleaved in an 
intracellular region (at sites S3 and S4) by a γ-secretase complex formed by four 
subunits [88–93]. This last cleavage results in an intracellular activated form, NICD, 
which translocates to the nucleus, binds the CSL complex (RBP-Jk/CBF-1/KBF2 in 
mammals) and activates the transcription of canonical Notch target genes [94]. To 
do so, the CSL/Notch complex recruits several transcriptional coactivators such as 
Mastermind-like 1 (MAML1) and the acetyltransferases CBP/p300 or PCAF/GCN5 
([41, 95–97] and reviewed in [98]). The canonical target genes belong to the basic 
helix-loop-helix (bHLH) families of hairy/enhancer of split (Hes) and Hey (subfam-
ily of Hes, related with YRPW motif) repressors [25]. The result is the transcrip-
tional repression of multiple differentiation genes. Interestingly, conversely to the 
classical view based on the recruitment of NICD by RBP-jK already bound to the 
DNA in a repressor state [83, 99], more recently the group of Tajbakhsh demon-
strates that in mammalian myoblasts (i) NICD recruits free RBP-jK to the chroma-
tin on specific enhancers, while (ii) the amount of RBP-jK constitutively bound to 
the DNA is unaffected by Notch activation [100]. This finding further highlights the 
importance of the cellular and molecular context for the regulation and effects of 
Notch signaling pathway. In addition to the Hes and Hey genes, Notch signaling can 
activate in a context-/tissue-dependent manner the transcription of, among others, 
Deltex or members of NF-kB family, the cyclin-dependent kinase inhibitor p21Cip1, 
cyclin D1 or MYC [101–106]. Notch signaling can be also activated in a noncanoni-
cal way that can be (i) independent from CSL, (ii) independent from the S3 cleav-
age, or (iii) in the absence of Notch cleavage and NICD formation (reviewed in [55, 
107, 108]). Finally, ligand-receptor interactions on the same cell can be also in cis 
and results in inhibition of the signaling [109–112]. Importantly, the structural 
molecular features of Notch components that allow several types of modifications 
concurring to the diverse mechanisms of signalization represent a platform for ther-
apeutical interventions with modulators of the pathway (Fig. 11.1). Notably, being 
Notch signaling tissue- and context-specific and paralogs similar but not identical, 
the signal triggered by different Notch receptors in different tissues is somewhat 
specific and can be even opposite (reviewed in [25]).

11.2  Notch Signaling Deregulation in Pediatric Soft Tissue 
Sarcomas

11.2.1  Notch Signaling in Rhabdomyosarcoma

Rhabdomyosarcoma (RMS) is the most common soft tissue tumor of childhood of 
myogenic origins accounting for about 8% of all pediatric tumors [113]. Despite the 
expression of the master regulators of skeletal muscle differentiation such as MYOD 
and myogenin, also used for diagnostic purposes to exclude other small round blue 
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cell tumors, RMS cells do not differentiate in multifiber structures and proliferate 
indefinitely ([114, 115] reviewed in [116]). To date, we and others have shown that 
the modulation of differentiation represents a potential approach to restore the cell 
cycle checkpoints inhibiting tumor cell proliferation [117, 118]. However, as shown 
in genetically modified mice models (GEMM) of spontaneous RMS, this sarcoma 
could originate from a heterogeneous group of mesenchymal-derived cells, even if 
mesenchymal precursors with different degrees of skeletal muscle commitment 
have been implicated as the major tumor-prone subset [119–124]. Two major histo-
logical subtypes are included in pediatric RMS: the embryonal (ERMS) and the 
alveolar (ARMS) variants. ERMS represents about 70–75% of all cases of pediatric 
RMS and primarily affects young children arising in the head and neck and retro-
peritoneum and showing, when nonmetastatic, a good prognosis with an overall 
survival of about 80% [125, 126]. ERMS is characterized by somatic gene muta-
tions in the RAS gene family, TP53, FGFR4, PIK3CA, CTNNB1, FBXW7, and 
BCOR, associated with genomic instability including loss of imprinting and loss of 
heterozygosity of specific chromosomal regions, among which the Chr. 11p.15 
region, and gain of regions of chromosomes 2, 7, 8, 11, 12, 13, and 20 [127–129]. 
Moreover, ERMS pathogenesis has been related to mutation/dysfunction of compo-
nents of one of the major developmental pathways, i.e., Hedgehog [130–133]. 
Interestingly, the MYOD gene has been shown to be mutated in a group of older 
adolescent with an aggressive form of ERMS [134]. The p.Leu122Arg substitution 
leads to a MYOD protein capable to activate gene transcription in a “MYC-like” 
manner, once more highlighting the strong involvement of malfunction of myogenic 
factors in RMS. Collectively, these findings emphasize the heterogeneous molecu-
lar features of the ERMS variant. An about 20% of ARMS behave clinically and 
show molecular alterations similar to the ERMS subtype [127, 135], whereas the 
majority of ARMS is characterized by clonal cell populations with specific chromo-
somal translocations, defining a subset of RMS clinically and molecularly different 
from fusion-negative RMS [127, 135].

The most frequent chromosomal translocations in ARMS are t(2;13) (q35;q14) 
or t(1;13) (q36;q14), which result in the expression of the two oncogenic proteins 
PAX3-FOXO1 and PAX7-FOXO1, respectively [136, 137]. Both are transcription 
factors formed by the DNA-binding domain of PAX3/7 and the transactivation 
domain of FOXO1. The result is a constitutive activation of a PAX3/7 transcrip-
tional gene profile. In addition, PAX3-FOXO1 acquires transcriptional ability that 
is absent in PAX3 alone (reviewed in [138]). Fusion-positive ARMS affects mainly 
older children and adolescents arising in legs and trunk. The expression of the fusion 
proteins is a negative prognostic factor per se independent from histology, identify-
ing a subset of patients at high risk frequently with metastatic disease at diagnosis. 
Fusion-positive ARMS but also metastatic fusion-negative RMS represent a chal-
lenge for clinicians since they are often unresponsive to treatments with a high 
chance to recur. The demonstration of the expression of the fusion products is enter-
ing the clinical practice to help in the risk stratification of patients, and, more 
recently, the Shipley group demonstrated that those patients characterized by a 
PAX3-FOXO1 protein expression are at ultrahigh risk showing a 5-year overall 
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survival (OS) less than 15% [139]. Taken together, these clinical data indicate that 
to halt the disease, it is imperative to hamper PAX3-FOXO1 activity. Despite 
improvements in the therapeutic strategies, the outcome of high-risk patients 
remains poor. Therefore, the need of a deeper knowledge of the mechanisms under-
lying the development and progression/recurrence of RMS is urgent. However, tran-
scription factors such as PAX3-FOXO1 are difficult to target. Therefore, targeting 
PAX3- FOXO1 downstream molecules could be an acceptable approach to block its 
signaling. The developmental networks appear to be good targets due to their 
involvement in the differentiation of mesenchymal cells in addition to the PAX3 
program. In particular, Notch signaling plays one of the major roles among the cru-
cial regulators of skeletal muscle differentiation, maintenance, and homeostasis, 
both in embryo and in the postnatal life [140].

To date, several recent experimental findings by our group and other laboratories 
demonstrate that Notch signaling pathway is deregulated in RMS (Table 11.1). The 
first evidence of an implication of a Notch component in RMS stems from the work 
of Sang et al. [151] showing that the Notch target gene HES1, encoding for a tran-
scriptional repressor, was able to halt the muscle-like differentiation when expressed 
in fibroblasts engineered with a plasmid encoding MYOD. This effect was reversed 
by treatment with a γ-secretase inhibitor (GSI), which blocks the cleavage of Notch 
receptors, or by silencing a corepressor working with HES1, i.e., TLE1/groucho. 
HES1 transcripts were then shown to be overexpressed in RMS tumors and cell 
lines compared to normal skeletal muscle tissue. Then, the authors elegantly dem-
onstrated that inhibition of the HES1 function using either a mutant HES1, defective 

Table 11.1 Notch signaling in STS

Tumor Notch deregulated component Functions Ref.

Synovial sarcoma Notch1, JAG1, and TLEs Oncogenic [141]
TLE1 Oncogenic [142, 143]
TLE1 Oncogenic [144]

Ewing sarcoma MFNG [145]
MNFG and Notch1 Regulator of differentiation [146]
JAG1 and HEY1 Onco-suppressor [147]
Notch1 and Notch3 Onco-suppressor [148]
HEY1 and Notch1 Onco-suppressor [149]
DLL1, Notch1, and Notch3 Oncogenic [150]

Rhabdomyosarcoma HES1 Oncogenic [151]
Notch2 and HEY1 Oncogenic [152]
Notch1 and HEY1 Oncogenic [153]
Notch3 and HES1 Oncogenic [154]
RBP-jK Oncogenic [155]
DLL1, JAG1, Notch3 Oncogenic [156]
JAG1 Oncogenic [157]
Dll1 Oncogenic [123]
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in the DNA binding, or a dominant-negative HES1 form, lacking the domain that 
mediates the interaction between HES1 and its corepressors, halted cell prolifera-
tion and facilitated muscle-like differentiation of fusion-positive ARMS cell lines 
[151]. Similar results, associated to a diminution of the levels of HES1, were 
obtained inhibiting Notch signaling with a GSI, establishing that the effects seen 
were, at least in part, dependent from the Notch signaling activation.

Subsequently, the group of Gallego published a report showing a general deregu-
lation in transcripts of the Notch pathway in 37 primary RMS samples, irrespective 
of the fusion status [152]. The authors showed significant upregulation of Notch2 
and HEY1 compared to normal muscles. No overt difference in the levels of Notch4 
and Notch1 transcripts in RMS compared to control tissues was seen, while HES1 
transcripts resulted modestly overexpressed in ERMS. However, the expression of 
the HES1 protein by immunohistochemistry was more elevated in RMS either 
fusion-negative or fusion-positive compared to muscle tissues. Interestingly, HES1 
expression levels well correlated with the invasive capabilities of RMS cells with 
the lowest expression in low-invasive ERMS cell lines, and highest expression in 
PAX3-FOXO1 cells, which are the most invasive subtype [152]. The importance of 
Notch signaling in the invasive features of RMS cells was then confirmed either (i) 
inhibiting the γ-secretase-dependent cleavage of Notch receptors with several GSIs 
or (ii) transfecting RMS cells with a dominant-negative form of MAML1 
(dnMAML1), which forms inactive RBP-jK/NICD/MAML1 complexes on DNA 
[158]. In both cases, HES1 transcript and protein levels were negatively affected by 
each of the two approaches, supporting the view of a Notch-dependent direct or 
indirect mechanism for HES1 overexpression. In a more recent work, Belyea et al. 
[153], interrogating previously published gene expression datasets [135], showed a 
marked upregulation of HEY1 transcripts in ERMS compared not only to muscle 
tissues but also to ARMS samples. The results were confirmed in ERMS cell lines 
with respect to fusion-positive ARMS cells. The authors investigated the protein 
levels of HEY1 along with those of nuclear Notch1 in primary samples by immuno-
histochemistry and found that both were remarkably higher in ERMS compared to 
ARMS or to normal muscle tissue. HEY1 or Notch1 genetic depletion through shR-
NAs led to impaired ERMS cell proliferation in vitro and enhanced expression of 
the differentiation gene myogenin, particularly when cells were cultured in differen-
tiation medium (low serum). However, despite the  upregulation of myogenin and 
the phenotypic changes from round- to spindle-shaped cells, only a few myofiber-
like structures were formed in these experimental conditions. Since Notch1 down-
regulation induced HEY1 decrease, suggesting that HEY1 was directly or indirectly 
targeted by Notch1 signaling in ERMS cells, the Notch1- HEY1 axis seems to be a 
regulator of cell cycle rather than of terminal differentiation in the ERMS context 
[153]. These effects were phenocopied by two GSIs and, more importantly, rescued 
in GSI-treated cells by vector-induced N1ICD forced expression, supporting the 
hypothesis of a Notch1-specific effect. Moreover, these approaches worked also in 
in vivo models of ERMS xenografts, which showed reduced tumor growth for those 
formed by cells depleted of Notch1 or in animals treated with a GSI [153]. This last 
treatment resulted in the reduction of Notch1 levels in tumor samples, confirming 
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the involvement of the Notch paralog signaling in the development of tumor masses 
[153]. Recently, the RBP-jK transcription factor has been shown to indicate a trend 
for a bad prognosis in RMS patients [135], and its modulation in ERMS cells clari-
fied that Notch signaling aberrant functions in ERMS relies partly on a canonical 
signaling [155]. In fact, RBP-jK knockdown in ERMS cells downregulated HES1 
expression and reduced colony formation in soft agar, while its overexpression 
behaved in the opposite manner [155]. ERMS cells depleted of RBP-jK formed 
smaller tumors in  vivo and showed downregulation of pro-proliferative markers 
associated with upregulation of the cyclin- dependent inhibitor p21Cip1 [155].

The metastatic behavior is recognized as extremely important for the response to 
therapy and outcome of RMS patients, and metastasis formation has been related to 
Notch activation in cancer [159–161]. Therefore, starting from the findings of a cor-
relation of HES1 or HEY1 levels with cell invasion in vitro in RMS cell lines, the 
Rome group further clarified the role of Notch1 and HES1  in the invasiveness of 
RMS cells [162]. Pharmacological treatment with a GSI of one fusion-negative- and 
one PAX7-FOXO1- and one PAX3-FOXO1-positive cell line led to a marked 
decrease of cell adhesion on two different substrates and negatively modulated 
N-cadherin and α9-integrin transcriptional expression, together with those of the 
Notch target gene HES1, resulting in the lowering of protein levels [162]. These find-
ings were in agreement with the observation that Notch1 and Notch3 upregulate 
N-cadherin in melanoma cells [163, 164]. In patients with RMS, a positive correla-
tion between N-cadherin and α9-integrin with HES1 was seen. In line with the 
hypothesis of an involvement of Notch signaling in this phenomenon, RMS cells 
transfected with a plasmid expressing a dominant-negative form of MAML1 [152] 
showed a response similar to that of cells treated with a GSI. Conversely, RMS cells 
in which an exogenous DLL1 was forcedly overexpressed, thus leading to Notch 
signaling over-activation, enhanced the expression of all the three genes. These 
effects appeared quite specific since the level of the usual partner of α9-integrin, i.e., 
β1-integrin, was unaffected. Interestingly from a translational point of view, the 
authors showed that cell adhesion on fibronectin and the invasive capabilities of the 
cells in vitro were markedly reduced using an anti-N-cadherin-blocking antibody, 
whereas anti-α9-integrin- blocking antibody was able to impair only the tumor cell 
adhesive properties. Chromatin-immunoprecipitation assays demonstrated a possi-
ble direct regulation of Notch1 on the two gene promoters. However, HES1 seemed 
also to bind those promoters, but its role in regulating these genes should be clarified 
in future studies. This pro-invasive role of Notch signaling in RMS seems to be coun-
teracted by the restoration of the expression of miR-203, a microRNA often down-
regulated epigenetically by promoter hypermethylation in RMS primary samples and 
cell lines and re-expressed after treatment with the DNA methyltransferase 1 inhibi-
tor 5-AZA [157]. When miR-203 was re-expressed in vitro in one ERMS and one 
PAX3-FOXO1 ARMS cell line, it inhibited cell proliferation inducing the myogenic 
conversion of the tumor cells, decreasing the levels of the transcription factor p63, an 
inducer of JAG1 and of HES1. Similar results were obtained silencing p63. These 
findings suggest that the promyogenic role of miR-203 relies, at least in part, on its 
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ability to down-modulate p63. Moreover, miR-203 forced expression blocked both 
cell migration and invasion. Tumor growth in vivo was also hampered in RMS cells 
overexpressing miR-203 or in ERMS-xenografted mice treated with 5-AZA. It could 
be interesting to evaluate whether the re-expression of miR-203 could have similar 
effects in  vivo also in PAX3-FOXO1 ARMS cells, which are less prone to 
differentiate.

Previously, our findings unveiled a role for Notch3 in RMS [154]. Genetic down-
regulation of Notch3 by silencing in fusion-negative and fusion-positive RMS cell 
lines overexpressing nuclear Notch1–3-activated forms compared to myoblasts 
resulted in a blockade of cell cycle in the G1 phase and formation of myofiber-like 
structures even when the cells were cultured in medium containing serum. In agree-
ment with this phenotype, p21 was upregulated together with members of the dif-
ferentiation machinery such as myogenin, MHC, and troponin. Moreover, 
p38MAPK, AKT, and mTOR were activated as  during myogenesis. In parallel, 
HES1 levels were decreased suggesting that Notch3 can have a direct or indirect 
effect on its expression.  Concordantly, HES1 depletion mimicked, as already 
reported by Sang et al. [151], as well as reinforced the effects of Notch3 silencing, 
while, conversely, its forced overexpression partially overcame them. Moreover, 
silencing Notch3 even in a fraction of cells inhibited tumor growth in  vivo. 
Interestingly, (i) the depletion of Notch1, which was also hyperactivated in RMS 
cell lines, reduced the proliferation of the cells and, only in fusion-negative cells, 
favored the formation of some myotube-like structures, but was ineffective in 
fusion-positive cells; and (ii) the knockdown of Notch2, whose levels were higher 
in myoblasts, reduced the expression of myogenin and led to HES1 levels 
upregulation.

Consistent with a role of Notch3 in RMS, tumor cells forcedly expressing an 
exogenous N3ICD form proliferated faster in vitro and formed more colonies in soft 
agar irrespective of their fusion status [156]. Notably, the antiproliferative effects of 
a GSI were counteracted by N3ICD overexpression. We also confirmed that N3ICD 
influences tumor growth in vivo showing that PAX3-FOXO1/N3ICD xenografted 
cells produced bigger masses with a higher expression of Ki67 and HES1 [156]. Of 
note, we also showed that HES1 and Notch3 protein levels correlated with those of 
Ki67 in samples from RMS patients [156].

Since a very low number of mutations of Notch paralogs have been found in 
RMS primary samples [128, 129, 165], it is arguable that the hyperactivation of 
Notch receptors in tumor cells could be due to other reasons such as to the binding 
to the Notch ligands. As a matter of fact, downregulating DLL1 and JAG1, whose 
transcripts were found expressed in RMS cell lines [153] and primary specimens 
[135, 155], led to the inhibition of cell proliferation of ERMS and PAX3-FOXO1 
ARMS cells associated with the lowering of N3ICD and HES1 levels [154, 156]. 
Summarizing all these results, it appears clear that a general dysregulation of the 
Notch signaling characterizes the RMS setting opening the way to potential targeted 
therapy for this sarcoma.

One of the characteristics of Notch signaling is the capacity to cross talk with 
several key pathways that regulate stem cell fate and are involved in cancer pathogen-
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esis and maintenance. The Hedgehog pathway is one of the major regulators of the 
myogenesis in vertebrates, by maintaining the expression of the myogenic regulatory 
factors (MRFs) such as MYF5 and modulating survival and proliferation of develop-
ing myoblasts [166]. In particular, it supports the proliferation of myogenic precur-
sors repressing terminal differentiation and apoptosis [167–169]. A dysregulation of 
Hedgehog seems to be one of the drivers of ERMS development, as highlighted by 
studies in humans and GEMM [170–173]. Recently, alterations of Hedgehog signal-
ing have been recently shown to be interconnected to that of Notch in the pathogen-
esis of ERMS [132]. In this work the authors demonstrated that in mice heterozygous 
for the negative regulator of Hedgehog signaling ptch1, which spontaneously develop 
ERMS, the cells of origin of the tumor are derived from those expressing the Notch 
ligand Dll1 and concomitantly negative for Myf5, myogenin, and Pax3 expression 
[132]. This type of cells is prone to undergo myogenic differentiation but is not yet 
stably committed. These results, on one hand, imply that Hedgehog and Notch cross 
talk to define the fate of some cells during myogenesis, and on another hand highlight 
the importance of the molecular degree of differentiation and commitment for sub-
sets of cells to behave as tumor- initiating RMS cells, as already demonstrated by the 
group of Keller [122, 174]. Importantly under a translational point of view, Hedgehog 
signaling activation is able to induce HES1 expression in both mesodermal and neu-
ral cells independently from Notch, suggesting combinatorial inhibition of the two 
pathways [175].

Several points on the impact of Notch signaling deregulation in RMS remain to 
be investigated among which the expression of protein levels of Notch ligands in 
RMS patients, its role in the invasiveness and metastasis in in vivo models, and its 
effects in GEMM of RMS. However, it appears evident that this signaling pathway 
could be activated in both ARMS and ERMS thus representing a potential target for 
therapy in both RMS variants.

11.2.2  Notch Signaling in Ewing Sarcoma

Ewing sarcoma (ES) is the second most common bone and soft tissue sarcoma of 
childhood. It arises most commonly in adolescents showing a median age of 
15 years, even if cases of ES in neonates and infants have been reported [176, 177]. 
The most frequently affected sites are the lower extremities and pelvis for bone and 
the trunk and extremities for soft tissue disease. It is an aggressive malignancy, met-
astatic at diagnosis in about 25% of young patients [176]. Improvements in therapy 
have enhanced the survival rates for localized forms, but the outcome and disease- 
free survival of patients with metastatic disease remain poor [178–180]. ES often 
shows gains of chromosomes 8, 12, 20, and 1q, losses of 1p36 and 16q, and homo-
zygous deletion of CDKN2A, but the mutation rate is low and mostly involves 
STAG2 or TP53 (5–20% of cases), making finding actionable therapeutic targets 
difficult ([181–183] and reviewed in [180]). In about 90% of cases, ES is character-
ized by typical chromosomal translocations t(11;22)(q24;q12) resulting in the fusion 
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of the amino-terminal-encoding portion of EWSR1 to the carboxyl-terminal DNA-
binding domain of the FLI1 gene of the ETS family genes, generating the EWS-
FLI1 fusion product with transcriptional regulatory functions ([184, 185] and 
reviewed in [186]). The translocation can involve several different portions of the 
genes, due to different breakpoints in each of the sequences, but without effects on 
the prognosis [187, 188]. Variants of fusion products involving or not EWS have 
also been observed in a number of cases (reviewed in [186]). When expressed in a 
“permissive” cell of origin context, i.e., mesenchymal- and neural crest-derived pro-
genitors, EWS-FLI1 shows transforming capacity [185, 189–192]. EWS-FLI1 is a 
transcription factor with higher potency compared to FLI1 that binds to ETS consen-
sus sequences across the genome [185, 193] and whose mechanism of action has 
been recently unraveled. It binds several types of chromatin regions, from promoters 
to intra- and intergenic regions, repressing but also inducing a high number of genes 
[194–197] with a function that can be context-dependent [198]. When exogenously 
expressed in murine fibroblasts, EWS-FLI1 induced the transcription of the Notch 
signaling enzymatic component Mfng [145], a result in agreement with transcript 
MNFG upregulation found in ES patients (Table 11.1) [146], even if in human ES 
cells, the transcriptional effect on MNFG is weaker [199]. Recently, the group of 
Kovar unveiled the mechanism through which EWS-FLI1 was able to overcome cell 
cycle arrest in a context of wild-type TP53 [147]. The authors demonstrated that, by 
repressing the expression of the Notch ligand JAG1, EWS-FLI1 reduced the activa-
tion of Notch3 necessary for the induction of the Notch target gene HEY1 that, in 
turn, stabilized and activated p53 [147]. Indeed, in TP53 wild-type ES cell lines, (i) 
EWS-FLI1 silencing promoted p53 and p21Cip1 expression followed by cell cycle 
arrest; (ii) this effect was associated with the induction of JAG1 and HEY1, often 
barely expressed in ES primary samples; (iii) Notch2 and Notch3 were expressed in 
both ES cell lines and primary samples, and Notch3 resulted activated only in TP53 
wild-type cells by JAG1; and (iv) in EWS-FLI1-depleted cells, JAG1 or HEY1 
silencing, treatment with a GSI, or expression of the negative regulator of Notch, 
NUMB, prevented p53 and p21Cip1 induction, while forced expression of either 
exogenous JAG1, HEY1, or N3ICD reversed the effects. Therefore, in ES cells with 
wild-type TP53, Notch signaling seems to act as an onco-suppressor stabilizing p53 
with an unknown mechanism involving HEY1. Interestingly, when Notch signaling 
was inhibited in the presence of EWS-FLI1, no HEY1 expression was observed, 
suggesting that the pathway could be inactive under these cell conditions [147]. This 
was consistent with the observation of a lack of nuclear expression of NICD and 
HES1 in ES tumors, despite the mRNA upregulation of the latter [148]. Moreover, 
the transcriptional overexpression of HES1 was independent from Notch activation 
and also from EWS-FLI1 expression.

ES pathogenesis implies an aberrant chromatin remodeling due to the influence of 
the fusion proteins on epigenetic machinery (reviewed in [186]). Accordingly, phar-
macological inhibition of the lysine demethylase LSD1 (or KDM1A), upregulated in 
a large cohort of sarcomas including ES, led to p53 expression in ES cell lines 
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through the methylation of Lys 4 on histone H3 (H3K4) followed by cell cycle arrest 
[200]. In other cell systems, LSD1 is able, as a component of a corepressor complex 
with the deacetylase SIRT1, to inhibit Notch signaling by recruiting the RBP-jK 
complexes and repressing the expression of Notch target genes, including HEY1 
[201–203]. Starting from this observation, the same group sheds light on the mecha-
nism of p53 induction after EWS-FLI1 depletion showing that ectopically expressed 
HEY1 prevented the expression of the deacetylase SIRT1, which in turn was respon-
sible for the posttranslational modification that leads to p53 destabilization and deac-
tivation [149]. This effect was obtained also by ectopic expression of NICD, 
demonstrating that it is Notch-dependent, and also demonstrated in other cell con-
texts in which Notch signaling can act similarly, such as B-cell tumors and primary 
human keratinocytes lacking HEY1 expression. Consistently, genetic and pharmaco-
logic inhibition of SIRT1 was sufficient to increase p53 acetylation and target genes 
activation, in ES cells in the presence of EWS-FLI1, resulting in tumor cell death, 
while its overexpression reverted the phenotype [149]. An antitumorigenic effect 
was also seen in vivo after pharmacological treatment of xenografted zebrafish mod-
els. Finally, the screening of about 400 ES human tumor samples by immunohisto-
chemistry showed that SIRT1 expression could be correlated to disseminated disease 
due to the highest levels of staining in metastatic patients. Thus, on one hand, this 
work unveils a novel epigenetic Notch-dependent mechanism to regulate cell cycle 
and on the other hand points to SIRT1 as a pharmacologically targetable factor in 
ES. Although EWS-FLI1 is necessary for tumorigenesis, it requires a “permissive” 
cellular background for transformation. Among the involved adjuvant molecules is 
CD99 [204], a cell surface protein involved in cell migration, proliferation, and dif-
ferentiation [205, 206]. As a matter of fact, EWS-FLI1 is able to upregulate CD99 
that, in turn, facilitates the oncogenic function of the fusion protein [204, 207, 208]. 
However, although CD99 contributes to the oncogenic phenotype defined by the 
fusion gene, EWS-FLI1 is able to induce a neuroblastic phenotype while CD99 
counteracts this effect [204]. Since ES cells are unable to completely differentiate, a 
recent work demonstrates that a network CD99-miR-34a-Notch-NF-kB underpins 
the mechanism underlying the anti-differentiative phenotype and suggests novel 
avenues for intervention [150].

The work showed that CD99, by inducing the expression of the Notch ligand DLL1, 
resulted in Notch1 and Notch3 activation paralleled by a concomitant activation of 
NF-kB, all effects prevented by CD99 depletion or GSI treatment. In turn, the CD99-
dependent activity of NF-kB, or NF-kBp65 forced overexpression in a CD99 knock-
down context, affected the neural phenotype due to the presence of EWS-FLI1, whereas, 
conversely, its silencing enhanced the proneural differentiation [150]. Elegantly, the 
authors then demonstrate that all the molecular and phenotypic effects of CD99 deple-
tion, including Notch components regulation, can be phenocopied by a microRNA pre-
viously involved in ES and able to regulate Notch signaling, i.e., miR-34a [209–212], 
which was induced by CD99 knockdown. Thus, the presence of CD99 prevented miR-
34a expression thus allowing Notch and NF-kB activation [150]. Interestingly, Notch 
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and NF-kB pathways cross talk in several systems mainly in a noncanonical way 
(reviewed in [213]), which is in agreement with the inactivation of canonical Notch 
signaling found in ES, despite the expression of Notch receptors [147]. Strikingly, the 
effects of CD99 expression spread to neighboring cells through exosomes bearing 
CD99 from ES cells, and, consequently, when CD99 was depleted, exosomes lacking 
CD99 and containing high levels of the induced miR-34a carried a proneural signal to 
the target cells. These important results are in agreement with a previous report showing 
that Notch signaling inhibition induced neuroectodermal differentiation of tumor xeno-
grafts in ES with low impact on tumor cell proliferation [146]. Taken together, the 
reported findings further complicate the scenario of an role of Notch signaling in ES, 
showing an antiproliferative but also anti-differentiative role for this pathway. The pre-
dominance of a canonical versus noncanonical Notch signaling activation depends on 
the molecular context of the cells and deserves further investigations.

11.2.3  Notch Signaling in Synovial Sarcoma

Synovial sarcoma (SS) is a soft tissue sarcoma developing most commonly in the 
lower limbs of adolescents and young adults and showing a high metastatic potential 
([214]; and reviewed in [215, 216]). It accounts for about 10–20% of all soft tissue 
sarcomas in young patients [217]. SS includes three histological subtypes: monopha-
sic (only spindle cells), biphasic (both spindle and epithelial cells), and poorly differ-
entiated. In addition to the soft tissue adjacent to the joints (i.e., synovial), it can 
develop in extra-synovial tissues. Localized disease can be treated by surgical inter-
vention followed by adjuvant radiotherapy, but it often shows early and even late 
recurrences with 50% 10-year disease-free survival [218]. Molecularly, SS is charac-
terized by the chromosomal translocation t(X,18; p11,q11) involving SS18 (previ-
ously SYT) on chromosome 18q11 and either SSX1, SSX2, or very rarely SSX4 on 
chromosome Xp11. The results are fusion proteins formed by almost all the SS18 
sequence with the C-terminal portion of the SSX paralogs. That SS18-SSX proteins 
are the oncogenic drivers of the malignancy was demonstrated by the observations 
that their expression in vitro is sufficient to transform the cells, while their silencing 
reverts the malignant phenotype [219, 220]. SS is considered to be derived from mes-
enchymal stem cells in which the fusion proteins behave as oncogenes [221, 222]. In 
agreement with the importance of a specific cell of origin for tumorigenesis, the SS1-
SSX oncoproduct induces spontaneous SS in transgenic mice in vivo with 100% pen-
etrance when expressed in mesenchymal-derived progenitors expressing Myf5 [223]. 
However, conversely to myogenic sarcomas, no expression of myogenic markers has 
been unveiled in SS murine models or in SS patients. The evidence of the presence of 
the fusion both in primary and metastatic lesions and the apoptotic effects linked to its 
depletion concur to suggest a master role for SS18- SSX in the development of SS 
[220, 224]. Although SS18 is a transcriptional activator and SSX functions as a repres-
sor and both bind several partners, SS18-SSX does not contain a DNA-binding domain 
making difficult the identification of direct target genes [219]. However, it acts as a 
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transcriptional regulator controlling gene expression by chromatin remodeling 
(reviewed in [225]). Indeed, both SS18 and SS18-SSX associate with the SWI/SNF 
chromatin remodeling complex, which in normal cells/tissues facilitates gene tran-
scriptional programs creating nucleosome- depleted regions at core promoters and 
regulatory regions [226–229]. The inclusion of SS18-SSX fusion products in the SWI/
SNF complex dysregulates the function of the complex [229]. This is due to the 
repressor intrinsic properties of the SSX portion that can interact with gene repressor 
complexes, thus behaving in an opposite manner compared to SS18 itself [230]. SS 
shows no additional chromosomal imbalance in young patients; however it is charac-
terized by a high expression of components of molecular pathways strictly involved in 
early embryogenesis. Among these are WNT, Hedgehog, BMP, and Notch pathways. 
Studies aimed at unveiling binding partners for the SS18-SSX factor demonstrated an 
interaction of the SSX portion with the corepressor TLE1 (Table 11.1) [144]. TLE 
genes encode for TLE1–4 proteins that are corepressors and, in particular TLE1, com-
ponents of the Notch signaling the regulate stemness of embryonic progenitors during 
development. As a matter of fact, TLE1 is recruited by the Notch target HES1 on 
promoters to prevent gene expression [231]. SS18-SSX/TLE1 complex was found 
linked to ATF2, a transcriptional activator and DNA-binding protein, and was able to 
turn the ATF2 activator program in a repressor program [144]. The ultimate result is 
the repression of apoptotic/cell cycle blocker genes EGR1, p21Cip1, and ATF3 and 
the promotion of tumor cell survival, which was impaired by SS18-SSX silencing. 
The intrinsic mechanism of this effect on ATF2 was related to the interaction of SS18- 
SSX with the polycomb repressor complexes PRC2 and PRC1 [232], whose repressor 
activity was further enhanced by the presence of TLE1 in the complex. A deregulated 
transcript expression of TLE1 has been found by expression profiling experiments in 
primary SS [141] and the nuclear expression of the protein confirmed by immunohis-
tochemistry [142, 233]. To date, the evidence of an overexpression of TLE1 has cur-
rently entered the clinical use to discriminate among other soft tissue sarcomas [143]. 
In addition to TLE1, also other Notch-related factors have been shown to be upregu-
lated in SS, such as Notch1 and JAG1 [141], although no evidence for functional roles 
for these proteins in SS pathogenesis has been described so far. However, results from 
a randomized Phase I/II clinical trial using the GSI RO4229097 in association with the 
Hedgehog inhibitor vismodegib for adult and adolescent patients with advanced and 
metastatic sarcomas, among which SS (Table 11.2), will give some information about 
the potentiality of Notch signaling inhibition in SS.

11.3  Approaches to Inhibit Notch Signaling

Considering the structure, regulation, and function of Notch components, several 
steps of the signaling pathway can be targeted for inhibition.
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11.3.1  γ-Secretase Inhibitors (GSI)

The most widely used approach to hamper Notch signaling is based on the inhibi-
tion of γ-secretase activity resulting in Notch cleavage blockade. GSI showed anti-
tumorigenic activities in various cancer cells in preclinical models, and some of 
them are currently in clinical trials for oncologic diseases, mostly for adult patients. 
However, over the last years, several Phase I/II studies have been started involving 
also pediatric and adolescent oncologic patients (Table 11.2).

MK-0752 is a clinical GSI that was evaluated in several Phase I clinical trials for 
treatment in pediatric and adult malignancies (Table 11.2) [234–236]. Another GSI, 
RO4929097 [237], was evaluated in several NCI-sponsored Phase I/II clinical trials 
for treatment of solid tumors and T-ALL (Table 11.2). RO4929097 has been used in 
combinatorial adjuvant regimens with other anticancer drugs, and it is recently in 
Phase I/II associated with vismodegib, an inhibitor of Hedgehog signaling, for treat-
ment of advanced and metastatic sarcomas for adults and pediatric patients 
(Table 11.2).

The Phase II clinical trial with the GSI PF-03084014 for pediatric patients is 
ongoing for desmoid tumors and aggressive fibromatosis and is progressing to a 
Phase II for T-ALL and solid tumors (Table 11.2) [238]. In preclinical models, GSIs 
have shown also anti-angiogenic effects that could contribute to their efficacy 
in vivo. However, (i) GSI are unable to discriminate among Notch receptors and (ii) 
γ-secretase have a plethora of targets, and, thus, these chemicals can have off- target 
effects in vivo [239]. Among these, the most evident is the goblet cell metaplasia of 
the small intestine due to Notch2 inhibition in the intestinal epithelial stem cells 
compartment. Even if this effect can be partly prevented by coadministration of 
glucocorticoids, often the treatment with GSI) requires a lowering in the doses and 
intermittent administration. Moreover, the evidence of Notch target inhibition in 
tumor tissue, to decide the dose escalation, is often difficult since the modulated 
clinical targets not always are the Notch targets found in preclinical studies but can 
depend on the tissue-context of the patient.

11.3.2  Antibodies Against Notch Signaling Components

Although all Notch paralogs have similar mechanisms of signalization, paralog- 
specific and even opposite downstream effects have been reported [154, 240–246]. 
Therefore, specific monoclonal antibodies against individual receptors or ligands 
have been developed so far. Although no Notch monoclonal antibody has been evalu-
ated in pediatric tumors, some of them are being evaluated in clinical trials for adult 
tumors. The binding of the Notch component by the antibody results in the blockade 
of interaction between the receptor and the ligand and hampers the activation of the 
signaling. Among the antibodies against DLL4, the ligands responsible for the sprout-
ing of endothelial cells and formation of new vessels that have been evaluated in 
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Table 11.2 Completed and ongoing clinical trials with γ-secretase inhibitors in pediatric/young 
adult oncologic patients

Compound Combined
Clinical trials.
Gov Identifier

Clinical 
studies Cancer type

Patients 
age

MK0752 NCT00106145 Phase I Breast and 
advanced solid 
tumors

18 years 
and older

MK0752 NCT00100152 Phase I T-ALL 12 monthsa 
and older

PF- 
03084014

NCT01981551 Phase II Desmoid tumors/
aggressive 
fibromatosis

18 yearsa 
and older

PF- 
03084014

NCT00878189 Phase I Advanced solid 
tumors
T-ALL

16 years 
and older

RO4929097 NCT01269411 Phase I Gliomas 18 years 
and older

RO4929097 WBRT SRS NCT01217411 Phase I/
II

Breast cancer, 
lung cancer, 
melanoma

18 years 
and older

RO4929097 Dexamethasone NCT01088763 Phase I Leukemia, solid 
tumors, 
lymphoma

1 year toa 
21 years

RO4929097 Vismodegib NCT01154452 Phase I/
II

Advanced or 
metastatic 
sarcoma

18 years 
and older

RO4929097 Carboplatin/paclitaxel NCT01238133 Phase I Breast cancer 18 years 
and older

RO4929097 Cisplatin, vinblastine, 
and temozolomide

NCT01196416 Phase I/
II

Recurrent or 
metastatic 
melanoma

18 years 
and older

RO4929097 Cediranib maleate NCT01131234 Phase I Advanced solid 
tumors

18 years 
and older

RO4929097 NCT01232829 Phase II Metastatic 
pancreas cancer

18 years 
and older

RO4929097 Gemcitabine 
hydrochloride

NCT01145456 Phase I Advanced solid 
tumors

18 years 
and older

RO4929097 Temozolomide and 
radiation therapy

NCT01119599 Phase 1 Malignant 
glioma

19 years 
and older

RO4929097 Ketoconazole, rifampin 
midazolam, 
hydrochloride, 
omeprazole, 
tolbutamide, 
dextromethorphan, 
hydrobromide

NCT01218620 Phase I Adult solid 
neoplasm

18 years 
and older

RO4929097 Bicalutamide NCT01200810 Phase II Prostate cancer 18 years 
and older

(continued)
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Table 11.2 (continued)

Compound Combined
Clinical trials.
Gov Identifier

Clinical 
studies Cancer type

Patients 
age

RO4929097 NCT01141569 Phase II Renal cell 
carcinoma

18 years 
and older

RO4929097 NCT01192763 Phase I Pancreatic 
cancer

18 years 
and older

RO4929097 Letrozole NCT01208441 Phase I Breast cancer 18 years 
and older

RO4929097 Exemestane, goserelin 
acetate

NCT01149356 Phase I Metastatic breast 
cancer

18 years 
and older

RO4929097 NCT01175343 Phase II Metastatic 
epithelial ovarian 
cancer, fallopian 
tube cancer, and 
primary 
peritoneal cancer

18 years 
and older

RO4929097 Capecitabine NCT01158274 Phase I Solid tumors 18 years 
and older

RO4929097 NCT01116687 Phase II Colon cancer, 
rectal cancer

18 years 
and older

RO4929097 Cetuximab NCT01198535 Phase I Metastatic 
colorectal cancer

18 years 
and older

RO4929097 NCT01070927 Phase II Non-squamous 
non-small cell 
lung cancer

18 years 
and older

RO4929097 Bevacizumab NCT01189240 Phase I/
II

Glioma 18 years 
and older

RO4929097 Erlotinib hydrochloride NCT01193881 Phase I Lung cancer 18 years 
and older

RO4929097 Vismodegib NCT01071564 Phase I Breast cancer 18 years 
and older

RO4929097 NCT01193868 Phase II Advanced 
non-small cell 
lung cancer

18 years 
and older

RO4929097 Temsirolimus NCT01198184 Phase I Advanced solid 
tumors

18 years 
and older

RO4929097 NCT01096355 Phase I Solid 
malignancies

18 years 
and older

http://clinicaltrials.gov
T-ALL T-cell acute lymphoblastic leukemia/lymphoma
aEnrollment of children

clinical trials for adult malignancies are MEDI0639 (NCT01577745, recruiting Phase 
I), OMP-21M18 (NCT01189929; NCT01952249; NCT01189942; NCT01189968 
Phase I and Ib), and REGN421 (Phase I completed, showing good tolerability and 
two partial responses [247]). The specific antibody OMP-52M51 against Notch1 is in 
clinical trial Phase I, NCT01778439; NCT01703572) and the antibody OMP- 59R5 
against Notch2/3 in Phase I/II trials (NCT01647828; NCT01859741).
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11.3.3  Blocking Peptides

Preclinical studies demonstrated that it is possible to interfere with the transcriptional 
machinery of Notch signaling with inhibitory peptides. This is the case of a dnMAML1 
used to block the RBP-jK-dependent transcription due to Notch activation. Stapled 
peptides competing with MAML are able to prevent gene transcription in murine 
models of T-ALL [248, 249]. One characteristic of this stapled peptide is the ability to 
bind also to preassembled Notch1–CSL complexes to inhibit the binding of the endog-
enous MAML1 [249]. These peptides have relatively small size and are highly cell-
permeable. However, if they target only the transcriptional activity of Notch signaling, 
they can be ineffective in cancers in which the Notch pathway works in a noncanoni-
cal way. Nonetheless, dnMAML peptides could act also sequestering NICD in the 
cytoplasm, thus hampering also noncanonical roles of the cleaved protein.

11.3.4  Decoys

Soluble forms of the extracellular domains of Notch receptors and their ligands 
have been studied as decoys to inhibit the signaling. Decoys function by binding to 
endogenous ligands or receptors preventing the endogenous counterpart to be 
bound, and, since it lacks intracellular domains, the signaling of the pathway is 
completely abrogated [250–252]. Interestingly, endogenous soluble Notch ligands 
can be produced by metalloproteases, but their physiologic role still needs to be 
clarified [253, 254].

11.4  Conclusions

In conclusion, we summarized the role of Notch signaling in pediatric soft tissue 
sarcomas, giving an overview of the potentiality in targeting the pathway. Notch 
signaling plays a major role in the determination and homeostasis of tissues of mes-
enchymal origin in the embryo and postnatal life. Here we highlighted a role of 
Notch signaling deregulation in pediatric soft tissue sarcomas in the preclinical set-
ting, reporting evidence that Notch modulation regulates cell proliferation, differen-
tiation, and motility/invasion of tumor cells. To date, the majority of approaches 
against Notch signaling activation rely on the use of GSI even if promising mono-
clonal antibodies and cell-permeable small molecules are being developed for adult 
cancers. It is arguable that the pharmacokinetics properties and the biodistribution 
of decoys and antibodies are the limiting factors for their therapeutic application. 
Interestingly, for those patients with tumors in which Notch pathway works as a 
tumor suppressor, such as in EWS, agents stimulating its activity or downstream 
effects should be considered. In summary, potentially a Notch-based therapy might 
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represent one of the future personalized strategies for young patients with soft tissue 
sarcomas.
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Chapter 12
Notch Ligands in Hematopoietic Stem Cell 
Production

Anna Bigas, Cristina Ruiz-Herguido, Rosa Aligué, and Lluís Espinosa

Abstract Hematopoietic transplantation has been a therapeutic option for leuke-
mia patients for more than 50  years. Its possible applications have expanded in 
recent years with the success of gene therapy and gene-editing approaches that can 
now offer promising treatments for monogenic incurable diseases. Nowadays, the 
main limitation to apply this therapy is the availability of compatible donor stem 
cells and the complications of hematopoietic recovery, which could be attenuated 
by the recent breakthrough discoveries on the field of reprogramming. However, our 
knowledge how to produce hematopoietic stem cells is still limited to safely use this 
technology. In this review, we covered the key elements that should be considered 
for a better understanding of hematopoietic cell production in the embryo proper or 
from in vitro protocols and how Notch participates in this process.

Keywords Embryonic hematopoiesis · HSC · AGM · Fetal liver · Bone marrow · 
ES cells

12.1  Hematopoietic Stem Cells

12.1.1  Overview of Hematopoietic Stem Cell Production

Hematopoiesis is the process that generates the different types of blood cells and 
takes place during the whole life of an organism. Blood cells derive from a common 
ancestor or hematopoietic stem cell (HSC). HSCs are somatic, tissue-specific stem 
cells with multipotency and self-renewal capacity [4]. A single HSC is able to 
reconstitute the whole hematopoietic system of an immunodeficient receptor, and 
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this unique trait is used to define a bona fide functional stem cell [27]. Thus, HSCs 
are the most robust source of blood cells, being the base of the hematopoietic trans-
plantation therapies, which are common practice for leukemia treatments and other 
blood-related diseases. The main limitation for these treatments is the source of 
HLA-matched immune cells, which usually relies on family members or rare unre-
lated altruistic donors. Obtaining an unlimited source of compatible blood cells 
in vitro that could be used for transplantation would provide an alternative option 
for many patients. The understanding of the process that regulates HSC mainte-
nance and differentiation is crucial for this purpose.

In the recent years, the stem cell scientific community has turned the focus of the 
investigations onto reprogramming and generation of newly formed HSC from 
embryonic cells. This is a promising and exciting field not only for hematopoietic 
production but also for other somatic stem cell types that could provide different 
sources of cell replacement. The demonstration that a combination of transcription 
factors can reprogram differentiated cells into pluripotent stem (PS) cells [82] led to 
a change of the paradigm and laid high expectations about the possibility of generat-
ing HSCs from autologous induced PS (iPS) or to directly reprogram cells into 
HSCs (iHSC). Investigations on this area have revealed striking parallelisms 
between the molecular mechanisms for HSC generation in vitro and the develop-
mental processes that lead to HSC specification in the embryo. Thus, there is a clear 
need for a better understanding of this embryonic process.

Studies focused on the regulation of de novo formation or the expansion of HSCs 
in the embryo have identified candidate signals that will be relevant for this 
process.

For example, and after many years of discussion, Notch signaling is slowly set-
tling in the field as a promising tool to amplify or generate HSC in vitro. However, 
many questions still remain related to the physiological Notch function in the hema-
topoietic system, likely associated with its complex and context-dependent effects. 
In this review, we will discuss the physiological involvement of Notch in the forma-
tion and maintenance of the hematopoietic system and how this signal can be 
manipulated to our benefit.

12.1.1.1  Overview of Embryonic and Adult Hematopoietic Development

Hematopoietic development in the vertebrate embryo occurs in waves (reviewed in 
[22]), adapted to fulfill the embryo necessities likely as a result of an evolutionary 
process. In the mammalian embryo, the first wave of hematopoietic cells takes place 
in the yolk sac, and it is known as primitive hematopoiesis. In the yolk sac, 
endothelial- like cells organize in vessel structures called blood islands where the 
first erythrocytes and macrophages are found. Next, the yolk sac will produce pro-
genitors with definitive characteristics and erythroid/myeloid potential (EMPs) but 
without or with limited capacity to self-renew [17]. After the organization of the 
embryonic vascular tubes and alongside with artery specification, the next wave of 
hematopoiesis takes place closely associated with the endothelium of the aorta, the 
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umbilical and vitelline arteries, and the placenta [22] restricted to a very limited 
temporal window (E10–E12 in the mouse and week 4–5 in human). The aorta sur-
rounded by the gonad and mesonephros (AGM) structures is the best characterized 
hemogenic tissue, both in mouse and human, with the capacity for HSC production 
[39, 57]. Cells with endothelial characteristics transit into a hematopoietic (EHT) 
phenotype and form cell clusters that emerge into the lumen of the aorta. It is within 
these clusters that a few cells are specified as definitive HSCs. Hematopoietic cells 
formed in the different embryonic sites (including the HSCs) and migrate then to 
the fetal liver, which becomes the main hematopoietic organ after E12 and until 
birth. Close to birth, hematopoiesis moves to the bone marrow of the long and flat 
bones, where it will reside through life (see scheme in Fig. 12.1).

12.1.1.2  Development of the Hematopoietic System In Vitro

Following the establishment of murine and human embryonic stem cell (ESC) lines 
[25, 83], important progress has been made to induce the differentiation into hema-
topoietic products and, ideally, use them as a source of HSCs [60]. Unfortunately, 
engraftment of ESC-derived hematopoietic cells has reproducibly failed. More 
recently, the implementation of induced pluripotent stem (iPS) cell techniques and 
the generation of personalized HSCs for clinical applications are viewed as realistic 
goals. Since in vitro HSC production is still a big limitation, a diversity of cytokine 
cocktails and differentiation protocols have been developed to mimic the normal 
differentiation of embryonic cells into hemogenic endothelium or hematopoietic 
stem cells. Most of these protocols can successfully reproduce the EHT process that 
occurs in embryonic sites, but cannot reproducibly generate HSCs. Thus, in vitro 
differentiation of PS cells is likely reproducing the first embryonic hematopoietic 

Fig. 12.1 Timing of hematopoietic development waves in the mouse and human embryo (upper) 
and in vitro human pluripotent (hPS) differentiation protocol for definitive hematopoiesis (lower) 
adapted from [80] (YS, yolk sac; Lb, limb buds; NK, natural killer; V, vitellin; U, umbilical)
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waves that do not produce HSCs. With these results, scientists have turned the atten-
tion to the stromal signals and the AGM niche and obtained a successful long-term 
repopulating HSC activity using different stromal-incubation strategies [37]. Within 
this scenario, the role of Notch ligands and Notch signals will be further developed 
in this review.

12.1.2  The Niche for HSC Specification and Generation: AGM

As mentioned, HSC generation is spatially and temporarily restricted during embry-
onic development. The AGM region, which corresponds to the caudal part of the 
dorsal aorta, shelters the endothelial-like precursors that will undergo endothelial to 
hematopoietic transition. Only few of these cells, which constitute the also called 
hemogenic endothelium, will become HSCs. However, to date there are no specific 
markers that single out HSC precursors from the rest of the hemogenic endothe-
lium. This fact has greatly postponed defining the signals that affect HSC and HSC 
precursors directly from those affecting other cells in the AGM niche that can also 
influence HSC formation. Some of the identified cellular elements that are impor-
tant in this process are endothelial/arterial cells, macrophages, mesenchyme, and 
neuronal/adrenal gland cells.

12.1.2.1  Endothelial/Arterial Cells in the AGM

Endothelial cells are important elements in the process of HSC formation for sev-
eral reasons. First of all, there is a common ancestor of both lineages that, based on 
recent investigations, could be previous to the commitment of hemogenic endothe-
lium and arterial specification [21, 30]. Secondly, hemogenic endothelium is 
immersed in the endothelial layer of the dorsal aorta at the time of HSC commit-
ment. Third, the endothelial cell layers deliver signals that can activate Notch and 
Wnt pathways, which are essential for HSC commitment but also arterial specifica-
tion [72, 76]. Moreover, arterial and HSC specification in the embryonic dorsal 
aorta occurs simultaneously or at least in the same time frame (for more details, see 
Sect. 12.2.1).

12.1.2.2  Subaortic Cells

The aorta is surrounded by mesenchymal cells originated from the splanchnic 
lateral plate and is later replaced by the sclerotomal-derived mesenchyme [68, 
69, 92, 96]. Detection of cells expressing Gata2 and Gata3 mRNA or CD41 
within the mesenchymal layer supported the idea that HSC precursors are located 
in the subaortic patches [8]. However, other structures also stain for these genes 
being difficult to interpret this result. For example, the adrenal gland precursors 
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also express and depend on Gata3. Alternative attempts to demonstrate the puta-
tive mesenchymal origin of HSCs have also failed [68, 104]. It is likely that 
mesenchymal cells may serve as signal-sending cells required for hematopoietic 
development as was recently shown for BMP regulatory molecules [55]. In fact, 
stromal cell lines that have been obtained from AGM and support HSC develop-
ment display mesenchymal features [16, 62]. However, the composition of this 
mesenchymal layer is not resolved, and cells with hemogenic characteristics with 
capability to become HSCs have been described (Rybtsov, Medvinsky). It is then 
conceivable that pre-HSC cells are intermingled in the mesenchyme in the sub-
luminal layer of the aorta or that cells from the committed pre-HSC cells from 
the endothelial layer migrate to the subaortic layers.

12.1.2.3  Sympathetic Nervous System

A connection between the AGM niche and the nervous system was found by 
analyzing the Gata3 mutant embryos, which lack functional HSCs. Neuronal pre-
cursors for the adrenal gland are Gata3-expressing cells, reside in the subaortic 
mesenchyme, and are not found in the absence of Gata3. Thus, defective HSC 
formation in the GATA3-null mice was due to the absence of a catecholamine, 
which is normally synthesized by these neuronal precursors and required for the 
survival of nascent HSC. As a proof of concept, addition of exogenous catechol-
amines partially rescued the production of transplantable Gata3-deficient HSCs 
[28]. Interestingly, the production of adrenal gland derivatives and components 
of the nervous system are also critical in the migration and homing of adult HSCs 
to the bone marrow niche [40].

12.1.2.4  Macrophages

Macrophages are key cellular elements for the remodeling of developing tissues 
and during adulthood (rev. [97]). Studies with CSFop/op mice lacking macrophages 
due to a mutation in the colony-stimulating factor-1 gene (CSF-1 or M-CSF) 
were crucial to understand the role in osteogenesis, remodeling of bone marrow 
cavities, and the hematopoietic system [5]. More recently, macrophages were 
found to play an essential function in HSC emergence in zebrafish [85]. In this 
study, it was elegantly demonstrated that primitive macrophages are responsible 
for extracellular matrix degradation that permits the migration of HSPC through 
the AGM stroma to the posterior cardinal vein. Although one could argue that 
migration of the newly formed HSPC through the AGM stroma is a unique trait 
of the zebrafish system, the fact that CD68+ macrophages are also detected 
among the CD34+ human aortic clusters supports the possibility that this is a 
more general HSC regulatory mechanism.
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12.1.3  The Niche for HSC Expansion: Fetal Liver 
and Placenta

HSCs are first detected in the AGM, but soon after, the placenta contains much 
higher HSC activity (about 15-fold compared to the AGM) [31, 63]. This observa-
tion revealed that the placenta was an important site for HSC amplification, before 
or simultaneous to the fetal liver [31]. Since circulation from the placenta to the 
embryo occurs through the umbilical artery, just upstream of the fetal liver, and 
HSC number in the placenta decreases concomitant to the increase in the fetal liver 
HSC potential, it was suggested that placenta-derived HSCs (and not the AGM- 
produced HSCs) colonize the fetal liver. Moreover, mutant embryos with heartbeat 
and circulation defects (ncx mutants) can produce lymphoid and myeloid cells, thus 
suggesting that HSCs may not only be generated in the AGM [71]. Moreover, some 
pre-HSCs present in the AGM require a maturation step in the fetal liver to become 
functional HSCs [10], but it is possible that the placenta can serve as a maturation 
niche similar to the fetal liver. In any case, the fetal liver is unequivocally a HSC 
expansion organ, as shown by detailed limiting dilution transplantation assays [11]. 
In these assays, fetal liver HSCs displayed a higher transplantation capacity than 
adult bone marrow cells that was directly linked to differences in their expression 
profile [41].

In the human embryo, the site of origin of the HSCs is uniquely associated with 
the AGM region as early as 32–33 days postfertilization [38], but it is not until week 
9 of gestation that HSCs are robustly detected [75].

12.1.4  Bone Marrow Niche: Maintenance of HSC

Close to birth, HSCs migrate to the bone marrow where they reside all through 
adulthood. A tightly controlled balance between self-renewal and differentiation is 
required to avoid life-threatening hematopoietic malignancies. For this reason, the 
detailed characterization of the elements that compose the bone marrow niche and 
the signals that control hematopoietic homeostasis is still an important topic of 
investigation.

Inside the long and flat bones, there is soft tissue formed by an endosteal layer 
that recovers the osteoblast tissue. This endosteal tissue and the endothelium of the 
small vessels contain the cells that more closely associate with the HSCs and regu-
late their functions [15, 42, 100]. Discussion on the nature of the bona fide HSC 
niche is still ongoing although imaging technology is rapidly developing and its 
application to bone marrow imaging is already happening [52]. For example, it was 
recently shown that different types of capillary structures affect HSC activity [1]. 
Current and future studies using this technology should be able to uncover most of 
these questions.
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Other elements of the bone marrow niche include the arterioles, which are sur-
rounded by sympathetic nerves, smooth muscle cells, and matrix components and 
differ from other venule sinusoids. They express specific markers such as sca1 and 
NG2+ and localize adjacent to the HSCs. Other stromal cell types that are also 
important in the maintenance of HSCs are mesenchymal stem cells characterized by 
nestin expression [58].

The bone marrow contains not only the HSC population but also most of the dif-
ferentiating hematopoietic cell types that originate from them. Importantly, HSC, 
progenitors, and differentiated cells were shown to send signals to the HSCs, thus 
regulating its self-renewal capacity and differentiation [12, 103]. Recently, the iden-
tification of dormant HSC (in comparison to the active HSCs) has provided valuable 
data in relation with stromal specific cells that may regulate particular HSC stages. 
Dormant HSCs divide about five to six times in the whole life of a mouse in homeo-
static conditions; however, they become crucial in stress conditions such as bone 
marrow transplantation or hematopoietic recovery after insults (infections or che-
motherapy). Arterioles have been shown to be essential to maintain HSC quies-
cence, in the dormant population [47].

12.1.5  Ex Vivo Production of HSC

Since the discovery of ES cells (mouse and human), many efforts have concentrated 
on using them as a source of HSC. Although ES cells can produce many types of 
hematopoietic cells and progenitors, no reliable protocols are currently available to 
generate cells with engraftment capacity or HSC activity. In fact, hematopoietic 
production from ES cells closely resembles the primitive hematopoietic wave that 
occurs in the yolk sac. This observation strongly suggests that signals required for 
HSC specification are different from that required for hematopoietic production and 
highlights the need for their identification. Recently, different reprogramming strat-
egies have been more successful in obtaining cells with hematopoietic transplanta-
tion capacity. For example, some HSPC activity has been obtained from fibroblasts 
reprogrammed with the transcription factors Gata2, Gfi1b, cFos, and Etv1 [67] or 
Erg, Lmo2, Runx1, Gata2, and SCL [3]. However, only in one study in which 
murine B cells were reprogrammed using Runt1t1, Hlf, Lmo2, Pbx1, and Zfp37 has 
reported long-term repopulation capacity [91]. Another recent report has been able 
to induce ESC differentiation into HSC by using a combination of another seven 
transcription factors (erg, HoxA5, HoxA9, HoxA10, LCOR, Runx1, and Spi1) [81]. 
Lastly, a very promising strategy has come from direct conversion of human adult 
endothelial cells into long-term engrafting HSCs, which was achieved by Rafii’s 
group. By exploring combinations of transcription factors, they found that Fosb, 
Gfi1, Runx1, and Spi1 (FGRS) can reprogram endothelial cells, generating HSCs 
with engraftment potential [77] and T-cell immunity potential [49].

Together these studies show that de novo generation of HSCs in vitro is feasible, 
but the translation into clinical application resides in activating and controlling the 
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expression of endogenous transcription factors without genetic manipulation. In 
this sense, the control of developmental pathways (Notch, Wnt, HH, or FGF) that 
respond to extracellular cues should be crucial to achieve this regulation.

12.2  Notch and Notch Ligands in Hematopoietic Stem Cell 
Niches

From development to adulthood, each hematopoietic wave and process has a differ-
ent requirement for Notch activity. Since Notch activation is governed by cell-cell 
interaction and ligand-receptor availability, the specific Notch activity is delivered 
and controlled by the niche.

12.2.1  Notch Ligands in HSC Specification

Work from different groups unequivocally shows that Notch is required for the 
proper development of the hematopoietic system. Although this is still a matter of 
investigation, data in mouse and zebrafish embryos demonstrated that Notch is 
essential to specify the hemogenic endothelium and/or HSCs [14, 46, 74]. Notch is 
however dispensable for the generation of primitive and definitive blood cells in the 
yolk sac [7, 36, 73]. The pioneer study from Hirai’s lab in 2003 analyzed Notch1- 
and Notch2-deficient embryos and observed a profound hematopoietic defect with 
lack of HSC activity specifically in the Notch1-deficient embryos. Other studies in 
mouse and zebrafish models confirmed that definitive hematopoiesis was impaired 
in Notch mutants [14]. The fact that Notch loss-of-function embryos also lacked 
arterial identity, which disturbs the niche for nascent HSCs, was not appropriately 
considered by most of these studies. However, in the zebrafish embryo, the ectopic 
activation of Notch in the vein resulted in hematopoietic production, which suggests 
that the preexistence of arterial identity was not required [14]. In 2008, we found 
that Jag1 mutant embryos preserved the arterial identity but lacked definitive hema-
topoiesis in the AGM [74]. This observation was crucial in the understanding of 
Notch signaling in HSC determination, allowed uncoupling the role of Notch in 
arterial and HSC specification, and demonstrated that a productive Notch signal was 
required for both processes. The latter was confirmed by analyzing Notch target 
genes that are important for the correct specification of HSC [34, 35]. However, 
Notch signals are not just on and off but rather defined by levels of activity. Using 
Notch activity reporters with different sensitivities, we have recently confirmed that 
HSC precursors in the AGM do not experience high Notch activity as opposed to the 
arterial cells, but they descend from cells that experienced low Notch activity [30]. 
The right Notch activity level is achieved by the interplay of Jag1- and Dll4- 
delivered signals, being Jag1 required to maintain low Notch active levels and 
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prevent arterial specification in the hemogenic precursors. Recently, other mecha-
nisms involved in maintaining lower levels of Notch activity have been described in 
EHT. For example, inhibition of sox17 is required to downregulate Notch1 tran-
scriptionally [51], while G-protein-coupled receptor (gpr) 183 contributes to Notch 
degradation [101]. These results can be reconciled in a model in which hemogenic 
endothelial precursors refrain from turning on the arterial program by partially 
inhibiting the Notch pathway. Afterward, they will require Notch activation (at a 
lower level) to activate HSC-specific Notch-dependent target genes such as Gata2 
[35]. Finally, hematopoietic development will become Notch independent at the end 
of HSC maturation [79].

12.2.2  Notch Signaling in the Fetal Liver

As mentioned, the fetal liver is the main site for HSC amplification during embry-
onic development. The understanding of this process is crucial for improving proto-
cols for HSC expansion. Until recently, the role of Notch in this process has 
remained unknown. Evidence that Notch is not only involved in HSC determination 
but also in HSC amplification comes from the analysis of a Notch1 hypomorphic 
mutant, carrying a deletion of the transcriptional activation domain (TAD) [32]. In 
this model, the amount of Notch1 signal is enough to allow the generation of the 
HSC in the AGM, but it is not enough for proper expansion of the HSC pool in the 
liver. This activity has not been associated with any specific ligand yet although 
early studies did show the presence of Jag1 and Delta1 expression in the E12–E17 
murine fetal liver by in situ hybridization [90], while Delta4 and Jag2 were not 
determined. Different ligands seem to signal similarly downstream of Notch recep-
tor; however, they exhibit different efficiencies in activating Notch, which results in 
different Notch signal strengths [86]. Taking into account results from other cell 
types, the strength of Notch activity delivered by Dll4 is higher than that delivered 
by Dll1, which is also higher than that induced by Jagged ligands. We speculate that 
Dll1 ligand is a good candidate for regulating Notch-mediated fetal liver HSC 
amplification. In fact, most of the in vitro amplification studies have been performed 
with Dll1 (see Sect. 12.3).

Furthermore, several tissues simultaneously express two or more Notch ligands, 
and it is the activity of fringe glycosyltransferases that modulate the ability of the 
Notch receptor to interact with each individual ligand [98]. For example, it was first 
described in the Drosophila wing margin formation that glycosylated Notch has 
higher affinity to bind to Delta but lower affinity to bind to Serrate (orthologue for 
Jagged) [29]. This observation has been reproduced in vertebrates, not only involv-
ing trans-activation but also cis-inhibition of Notch signals, which result in several 
Notch-sending and Notch-receiving cellular states [48]. In mammals, four Notch 
receptors, five Notch ligands, and three different fringes can produce a whole range 
of Notch states that can explain several contradictory observations for Notch 
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 phenotypes. Further research in this direction should help to elucidate the appropri-
ate Notch state that is compatible with HSC formation and HSC expansion.

12.2.3  Notch Ligands in the Bone Marrow

The bone marrow niche is involved in maintaining the HSC fitness during the lifes-
pan of an organism. As described above, different cellular components residing in 
the bone marrow are involved in this function through both cell-cell interactions and 
secreted molecules. As example, the Notch ligand Jag1 that is present in the surface 
of the endosteal cells has indirectly been associated with the maintenance of the 
quiescent state of LT-HSC [15]. However, other studies using loss-of-function 
mouse models did not confirm the requirement for Notch in the adult HSC compart-
ment. These studies include the Notch1- [70] and Jagged1 [54]-deficient mice, the 
dominant-negative of mastermind transgenic (blocks Notch signaling), and the 
RBPj-deficient mice [53]. Interestingly, detailed analysis of Notch2 mutant mice 
revealed a role for Notch2 in the proliferation and myeloid differentiation of short- 
term HSC that affected regeneration of the bone marrow after 5-FU treatment [88]. 
In contrast, the best characterized effect of Notch1 activity disruption is the impair-
ment of T-cell development, which is also observed after specific Notch pathway 
abrogation in the hematopoietic system [70].

Analysis of other Notch pathway mutants uncovers the presence of myeloid pro-
liferative defects, which are both cell autonomous and non-cell autonomous. This is 
the case of hematopoietic deletion of Nicastrin; compound Notch1, Notch2, and 
Notch3; RBPj [44]; presenilin [78]; and pofut [99]. Thus, although interpretation of 
all these data remains controversial, it highlights the importance of Notch in the 
regulation of hematopoietic homeostasis.

12.2.4  Notch in Hematopoietic Differentiation and Leukemia

Notch1 and Notch3 are required to control T-cell development, and their constitu-
tive activation in hematopoietic progenitors unequivocally results in T-cell leukemia 
[6, 65]. During normal T-cell differentiation, cells need to activate Notch at the 
double-negative (DN) 1 stage and turn it off after the DN3 stage. This is a tightly 
regulated process that involves essential transcriptional Notch targets such as hes1, 
il7r, and deltex.

Following the initial cloning of Notch1 as a rare translocation present in T-ALL 
patients [23], its pathological relevance was confirmed by the identification of 
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Notch1 mutations in more than 60% of all T-ALL patient samples [94]. This finding 
has been extensively confirmed, and it is now evidenced that most T-cell transfor-
mation requires Notch activity to occur. However, which are the mechanisms and 
the downstream effectors of Notch in this disease is not totally understood. Many 
Notch target genes have been identified in T-ALL models including Myc [95], 
CCR7 [13], IL7 receptor alpha [33], Hes1 [93], and Notch3 itself [66], among oth-
ers. The relevance of these targets in T-ALL has been confirmed in different experi-
mental models, and each one has a specific impact on the leukemic process. For 
example, CCR7 is responsible for the infiltration of tumor cells in the central ner-
vous system (CNS). Hes1 is involved in repressing important tumor suppressor 
genes such as PTEN [64] and CYLD [24], which directly impinge on the PI3K/Akt 
and NF-κB pathways, respectively. Surprisingly, several years after the identifica-
tion of Notch as a tumor driver in T-ALL, it is now clear that Notch mutations confer 
good prognosis in response to current chemotherapy treatment protocols [26].

In addition to its role in T-ALL, Notch has also some effect on myeloid differen-
tiation and can affect early erythropoiesis and/or megakaryopoiesis [59, 61], as it 
has been mentioned. Also, recent data suggests that Notch is essential for hemato-
poietic regeneration after immunodepletion [43, 88].

12.3  Manipulation of Notch Signal Ex Vivo

12.3.1  Notch Ligands in the Expansion of HSC 
and Progenitors

Notch activity associates with stem cell self-renewal and inhibition of cell differen-
tiation in many different tissues (reviewed in [9]. More recently, endosomal segre-
gation of Notch components has been found to regulate stem cell fate in the 
drosophila CNS and the gut but also in the neural precursors of the spinal cord in 
zebrafish [18, 45]. These observations have led to nominate Notch as a good candi-
date to promote HSC self-renewal and amplification, although the experimental evi-
dences for this assumption are still weak. Among them, early studies showed that 
constitutive activation of Notch in the murine hematopoietic precursors (lin- 
sca1 + kit+ cells) resulted in a self-renewal multipotent cell line capable of lym-
phoid and myeloid reconstitution [89]. This result was a proof of concept that Notch 
could be used to amplify HSPC.  In this line, the Bernstein group has pioneered 
studies demonstrating the possibility to expand hematopoietic progenitors, and to 
improve their engraftment capacity, by culturing them on recombinant ligands such 
as Delta1 (the most used in these studies) [87]. Of special interest is the expansion 
of cord blood (CB) progenitors on Delta1 ligand as described below [20].
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12.3.2  Notch Ligands in Hematopoietic Transplantation

The number of putative clinical application for recombinant Notch ligands is rap-
idly increasing, and in fact, there is an ongoing clinical trial for CB expansion and 
transplantation. Among the advantages of CB as a potential source of hematopoietic 
progenitor cells for transplantation are the availability and the easy access to HLA- 
compatible units worldwide. However, the limited number of transplantable cells 
that are provided from each cord blood unit is still a problem that can lead to engraft-
ment failure. One approach to circumvent this problem has been the transplantation 
of double CB (dCB) units, which has greatly improved the donor engraftment but 
not neutrophil recovery. Thus, dCB transplantation is becoming a fantastic model to 
functionally test expansion protocols. Based on promising preclinical studies, 
Bernstein and colleagues have now designed a phase 1 clinical trial for patients 
undergoing CB transplantation. In this trial, one non-manipulated CB unit is trans-
planted along with a second CB unit (CD34+ cells) that has undergone ex  vivo 
expansion on Delta1. This trial is still ongoing, but some early conclusions have 
already been reported from the first ten patients such as the short-term engraftment 
and the faster recovery of absolute neutrophil count [19].

In addition to HSC expansion, Notch signaling could be modified to prevent 
graft-versus-host disease (GVHD) in transplantation procedures. In this sense, dif-
ferent biochemical and genetic approaches in several models showed that Notch 
depletion in the T cells efficiently protects from acute GVHD in allo-HCT recipi-
ents [102]. Mechanistically, Notch inhibition blocked the production of multiple 
inflammatory cytokines by alloreactive T cells. In addition, Notch-depleted T cells 
retained potent cytotoxic effects against allogeneic targets and were able to elimi-
nate host-type leukemic cells, leading to long-term disease-free survival while pre-
venting GVHD. More recently, Maillard and colleagues have identified Dll4 as the 
ligand responsible for alloreactivity in T cells. This is therapeutically relevant since 
blockage of Dll4 with antibodies at early time points after transplantation of allo- 
HCT in murine models decreased GVHD incidence and severity without causing 
global immunosuppression [84].

12.3.3  Notch Ligands in HSC Generation

Notch is essential for the first steps of HSC development in  vivo, although the 
mechanistic base is not completely understood (see Sect. 12.1.2.1). The lack of 
knowledge and the complexity of HSC specification have delayed the success of 
reproducing this process in vitro from ESC or iPS. To gain light into the HSC speci-
fication process, Daley and colleagues have compared the transcriptome of different 
embryo-derived subpopulations of cells with HSC potential and ES-derived cells 
with HSC phenotype (CD41+, CD45+, CD34+) [56]. One of the conclusions of this 
study was that ESC-derived HSC lacked the activation of the Notch pathway when 
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compared with their embryo-derived counterparts. This pioneer study was per-
formed before the general implementation of RNA-Seq, and the authors needed 
more than 2,500 embryos to perform the analysis. Thus, although the reported 
observation highlighted the importance of Notch signaling in the generation of 
actual HSCs, improvement of current genomic techniques should provide more 
accurate information on this process, especially at a single-cell level. In a more 
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comprehensive characterization of cells arising in the ESC-derived cultures, 
Menendez and colleagues observed that embryo body-derived cells with endothelial 
or hematopoietic potential can be separated by the levels of the Dll4 protein [2].

On the other hand, studies from the Keller lab have been essential to improve the 
current protocols for ESC-HSC development. By using activin/nodal/TGFb and 
Wnt-b-catenin activation, they distinguished between primitive and definitive hema-
topoieses [80] and found that definitive hematopoiesis with lymphoid capacity was 
Wnt-dependent specifically at the hemogenic endothelium specification stage. More 
recently, this precursor was shown to be different from the one undergoing arterial/
venous fate decision. Moreover, the definitive hemogenic precursor was shown to 
be Notch dependent [21]. These observations are in agreement with our results 
obtained with the Notch activation reporters N1::CRE [50], which can differentially 
report Notch activity levels. Our conclusions from the analysis of these embryos 
were that arteries require high Notch activity levels, whereas in hematopoietic pre-
cursors, Notch levels are kept low (only reported with the more sensitive mouse, 
N1::CreHI) to induce/preserve the hematopoietic commitment while preventing arte-
rial specification [30] (see model in Fig. 12.2).
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Chapter 13
Notch Signaling in the Normal Intestine 
and Intestinal Cancer

Lluís Espinosa, Erika López-Arribillaga, Oriol Bachs, and Anna Bigas

Abstract The intestinal epithelium is a highly proliferative tissue whose integrity 
depends on the function of intestinal stem cells residing at the bottom of the crypts. 
The Notch pathway is essential for ISC maintenance and normal tissue differentia-
tion, and it is activated by Delta-like ligands present in the Paneth cells. In intestinal 
cancer Notch activity is also essential, with Notch signal inhibition leading to a 
reduction on tumor growth and/or tumor formation associated with enforced dif-
ferentiation toward the postmitotic secretory lineage. However, general Notch 
inhibitors are highly toxic, which precludes using them for anticancer therapy. 
Several strategies are now being tested to reduce Notch inhibitor toxicity such as 
glucocorticoid co-treatment or intermittent dosing. The use of blocking antibodies 
against particular ligands or receptors that specifically function in CRC, or in par-
ticular CRC subtypes, would represent a novel low-toxicity therapeutic strategy for 
anticancer treatment. This possibility requires a better understanding of the mecha-
nisms regulating Notch/Notch ligand selectivity in CRC. All these issues are ana-
lyzed and discussed in the current chapter.
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13.1  The Gastrointestinal Tissue

13.1.1  Overview of the Gastrointestinal System

13.1.1.1  Structure and Function of the Intestine

The digestive system is a broad term that refers to the gastrointestinal (GI) tract and 
their accessories such as the liver, gallbladder, and pancreas. The main function of 
the GI tract is to digest and absorb nutrients from the diet, but it also plays a major 
role in immunity and as a defensive barrier. Anatomically, the GI tract is divided in 
the upper GI tract including the esophagus and the stomach and the lower tract that 
consists of the small and large intestines.

The small intestine is subdivided in the duodenum, jejunum, and ileum (from 
proximal to distal) and plays a principal function in absorbing the products of 
digestion.

The large intestine is primarily responsible for absorbing water and electrolytes, 
and it includes the cecum, colon, rectum, and anal canal.

Transversally, the GI tract is formed by a series of concentric layers that sur-
round the lumen. The mucosa is the innermost layer of the gut that is in contact with 
the food and other elements such as mucosa-associated microorganisms. It is further 
divided in the epithelium, the lamina propria, and a thin layer of smooth muscle. In 
the stomach and the intestine, the epithelial layer is simple and columnar and vastly 
protected by a cover of mucus that is secreted by specialized epithelial cells. Other 
GI tract layers are the submucosa, muscularis externa, a single layer of mesothelial 
cells, and several strata of connective tissue.

13.1.1.2  The Intestinal Epithelium

The epithelial component of the small and large intestine is highly similar, and the 
cellular components are essentially the same. However, it exhibits some particulari-
ties associated with its function: the most characteristic is the presence of a succes-
sion of fingerlike structures (villus) and adjacent invaginations (crypts of Lieberkühn) 
in the small intestine, which are not present in the colon. In contrast, the colonic 
epithelium is arranged in deeper invaginations that represent a compressed version 
of this architecture.

In general, the intestinal epithelial cells belong to two principal functional 
categories:

The absorptive epithelial cells (enterocytes and colonocytes) represent the majority 
of the epithelial component in the intestinal mucosa and are responsible for the 
absorption and transport of nutrients. They are polarized cells with membranous 
protrusions in their apical surface called microvilli, which increase the absorp-
tive area. Microvilli are also covered by a glycocalyx, which is a layer of glyco-
proteins enriched in digestive enzymes.
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The secretory cells include a collection of cell lineages that are further classified 
according to the molecules that they secrete. The goblet cells are localized and 
scattered among the enterocytes with a frequency that increases along the 
anterior- posterior axis of the gut [1]. They produce a protective mucus layer that 
allows for the smooth passage of the intestinal contents and acts as a protective 
barrier for bacteria [2, 3]. The enteroendocrine cells produce peptidic hormones 
and digestive enzymes and are characterized by the presence of secretory vesi-
cles. They localize along the GI tract, but some subtypes are intestine-specific 
(reviewed in [4]). The tuft cells [5] are characterized by their long and blunt 
microvilli and a well-developed tubulovesicular system. They produce and 
secrete opioids such as β-endorphin and display absorptive and chemoreception 
functions (reviewed in [6]). The Paneth cells reside at the bottom of the intestinal 
crypts and are characterized by the presence of large apical granules with antimi-
crobial peptides such as lysozyme [7] and α-defensins [8], which are secreted to 
the intestinal lumen as part of the innate immune response [9]. These cells are 
now emerging as functional constituents of the stem cell niche in the small intes-
tine (reviewed in [10]). Interestingly, Paneth cells are aberrantly found in the 
colon [11] and the esophagus [12] in conditions of chronic inflammation.

13.1.2  Intestinal Stem Cells

13.1.2.1  Diverse Intestinal Stem Cell Populations

The intestinal epithelium is a highly self-renewing tissue that in the mouse turns 
over entirely within 3–5 days [13]. Intestinal stem cells (ISCs), residing at the bot-
tom of the crypts, are the source of a highly proliferative transit-amplifying (TA) 
cell compartment responsible to replenish all mature epithelial lineages. Intestinal 
epithelial cell differentiation and maturation are associated with the upward migra-
tion of TA descendants with the exception of Paneth cells that migrate downward, 
thus accumulating at the bottom of the crypt compartment [14].

The crypt base columnar (CBC) cells, located at the bottom of the crypts inter-
mingled with the Paneth cells, were identified as the first ISC compartment [14]. 
These same cells were later rediscovered as long-lived, multipotent, actively prolif-
erating ISCs, which express the Lgr5 marker [15] and are capable of generating 
self-renewing structures that recapitulate the intestinal architecture (called organ-
oids or miniguts) [16] (see 1.2.4). However, organoid formation is more efficient 
when Lgr5+ cells are co-cultured with Paneth cells, indicating that the latter repre-
sent a putative ISC niche [17]. In the colon, where Paneth cells are very infrequent, 
cells expressing CD24 [17] and c-Kit [18] may represent their functional equiva-
lents. Later on, a second population of label-retaining ISCs that gave rise to all 
epithelial lineages was identified located at the +4 position above the crypt base 
[19]. These cells express the Bmi1 marker [20] and can replenish the Lgr5+ pool in 
response to damage [21], indicating a role in the maintenance of tissue homeostasis 
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under stress conditions [22]. However, Bmi1 expression is not restricted to the +4 
cells, but it spreads throughout the crypt compartment of the small intestine and the 
colon [23, 24]. Other markers for quiescent ISCs are mTert [25], Lrig1 [26], and 
Hopx [27], while Olfm4 [28] and Ascl2 [29] are preferentially expressed in actively 
cycling ISCs, although individual crypt cells can simultaneously express several of 
these markers [30]. Interestingly enough, most of these stem cell genes are under 
the transcriptional control of Wnt and Notch pathways (see Sect. 13.2.2).

13.1.2.2  Functional Contribution of Particular ISC Markers

Understanding how particular markers contribute to the ISC function is a relevant 
issue. The Lgr5 protein is a leucine-rich repeat-containing G protein-coupled recep-
tor [31] that negatively acts on Wnt signaling. However, inhibition of Wnt by Lgr5 
is reverted in the presence of the Lgr5 ligands R-spondins (RSPO) [32–35]. 
Activation of Wnt by Lgr5 depends on the interaction RSPO with the ZNRF3/
RNF43 complex in the ISC compartment [36, 37]. Ascl2 also modulates Wnt/β-
catenin-dependent transcription in the Lgr5+ ISC compartment [29, 38]. The murine 
telomerase reverse transcriptase, mTert, is required for telomere integrity mainte-
nance, which directly impacts on the self-renewal capacity of the stem cells. Lrig1 
is a negative-feedback regulator of the ErbB receptor family that controls the size of 
the intestinal stem cell niche [39]. Bmi1 is a member of the polycomb group (PcG) 
of transcriptional repressors that promotes specific gene silencing through histone 
H2A ubiquitination [40–43]. Bmi1 plays an essential function in different stem cell 
compartments, and Bmi1-null mice die around 2–3 months of age, displaying pro-
gressive hematopoietic and neurological abnormalities [44]. We previously found 
that Bmi1 is downstream of Notch in the ISCs and its depletion results in reduced 
proliferation and impaired DNA-damage repair in this compartment [24].

13.1.2.3  Ex Vivo ISC Production

In 2009, two different groups established the in vitro conditions to reproducibly 
grow ISCs while maintaining their self-renewal and multi-lineage differentiation 
capacity [16, 45, 46]. As mentioned, ISC-derived structures were called organoids 
and can be generated from isolated Lgr5+ cells, although this capacity was improved 
in the Paneth cell co-cultures. Recently, several combinations of factors such as 
IL22 have been found to enhance Lgr5+-derived organoid formation in the absence 
of Paneth cells. Similar culture conditions support the growing of mouse and human 
intestinal adenoma or carcinoma cells, which then generate spherical structures 
(spheroids) [47], mostly composed of highly proliferative and undifferentiated 
Bmi1-positive cells [24]. As intestinal organoids and spheroids can be passaged 
indefinitely, they are powerful tools for testing pharmacologic and genetic interven-
tions against normal or tumor stem cells [48–51].
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13.2  Notch Signaling in the Normal Intestine

The Notch pathway is crucial in the delivery of signals from neighboring cells, 
which directly impact on embryonic development and the maintenance of tissue and 
stem cell homeostasis. Notch receptors comprise a family of transmembrane pro-
teins that contain an extracellular N-terminal domain (NEC) and a C-terminal portion 
(N™, including the transmembrane and intracellular domains) that are cleaved 
apart during Notch protein maturation in the Golgi. Notch activation is achieved by 
the interaction of NEC with a Notch ligand of the Jagged or Delta families. The cor-
rect folding of the NRR region in the linkage region and the addition of sugar moi-
eties during Notch maturation will determine the activation capacity of the receptor 
as well as its ligand selectivity. In this regard, the Fringe family of glycosyltransfer-
ases exerts a crucial function, with Fringe-mediated glycosylation enhancing Notch 
association with Delta while reducing responsiveness to Jagged [52, 53].

Once activated, Notch translocates to the nucleus, where it interacts with the 
DNA-binding protein RBPj to promote specific gene transcription. Most Notch- 
dependent genes are context specific with the exception of the Hes family of tran-
scriptional repressors that are recurrently induced by Notch in different cell types. 
The activation of hes genes is also important to limit the extent of Notch activation 
[24, 54]. In the normal intestine, Notch signaling promotes specification of the 
absorptive lineage in the intestine through an axis involving Hes1 and Math1 
(ATOH1), but it is also essential in the regulation of the stem and progenitor com-
partments [24, 55–57].

13.2.1  Notch Receptors and Ligands in the Small Intestine 
and Colon

According to their critical contribution to intestinal homeostasis, two different 
Notch receptors, Notch1 and Notch2, are expressed all along the villus-crypt axis 
including the crypt stem cells. By lineage tracing analysis, it was formally proved 
that Notch activity was restricted to the stem and progenitor cells of both the small 
intestine and the colon [55, 58, 59]. Unexpectedly, Jagged1, which is ubiquitously 
detected in most of the intestinal epithelial cells including the stem and progenitor 
compartments, does not contribute to Notch activation in the normal intestine and in 
the maintenance of intestinal homeostasis [55]. In contrast, Delta1 and Delta4 that 
are expressed in the Paneth cell lineage [17] are required and sufficient to support 
intestinal-specific Notch activation [55], likely related with the Paneth cell function 
on the ISC compartment. The mechanisms regulating Notch ligand selectivity in the 
intestinal epithelium are primarily unknown, but they may involve the activity of 
Fringe glycosyltransferases that are distinctively expressed at particular intestinal 
compartments [60].
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13.2.2  Genetic Models to Study Notch Function in the Murine 
Intestine

The first evidence that Notch signaling plays a role in the intestinal tissue arose from 
the Hes1 knockout mice [61]. Hes1 belongs to the Hes family of transcriptional 
repressors, which are conserved transcriptional Notch targets and are generally 
required for the Notch function in different tissues. In the intestine, Hes1 deficiency 
led to a massive differentiation into the secretory lineages (most predominantly the 
postmitotic goblet cells), a phenotype that was mimicked by pharmacologic Notch 
signal inhibition [62]. Similar results were obtained by knocking out critical ele-
ments of the Notch pathway such as RBPj [63], Notch1 and Notch2 [56], and the 
O-fucosyltransferase for Notch Pofut1 [64]. Mechanistically, Hes1 is induced by 
active Notch in the intestinal tissue [65] and imposes the repression of Math1 
(ATOH1), which is a master transcription factor of the secretory lineages [66].

It is because of the strong phenotype of its inhibition on lineage determination 
that the identification of Notch functions in the ISC compartment has been delayed. 
Nevertheless, genetic data have demonstrated that Notch is required to induce 
Hes1  in the crypt cells, which transcriptionally represses the CDK inhibitors 
p27Kip1 and p57Kip2, thus allowing cell proliferation [56]. Notch also controls the 
expression of the ISC markers Olfm4 [57] and Bmi1, which is essential to maintain 
several ISC functions (see Sect. 13.1.2.3) (see model in Fig. 13.1). Activation of 
Notch in stem and progenitor cells is dependent on Dll1 and Dll4 ligands [55] that 
are present in the Paneth cells. Surprisingly, ISCs from Math1-deficient mice are 
unresponsive to Notch inhibition [67], a subject that remains mechanistically 
unexplored.

13.3  Notch and Intestinal Cancer

13.3.1  Colorectal Cancer

13.3.1.1  Incidence and Mortality

According to a recent Globocan project report [68], colorectal cancer (CRC) is the 
third most common cancer in men (12.4% of the total) and second in women (12% 
of the total) in industrialized countries, only outranked by breast cancer in females 
and prostate and lung cancer in males. Regarding its mortality, CRC is the second 
leading cause of death due to cancer in men (175.000 deaths per year, 11% of the 
total) and third in women (158.000 deaths per year, 12.3% of the total).
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13.3.1.2  The Adenoma-Carcinoma Sequence

Formation of aberrant intestinal crypt foci is the earliest manifestation of an intesti-
nal neoplasia. These foci can then progress to become polyps, benign tumors that 
protrude into the lumen from the intestinal epithelium, which can be classified into 
two different subtypes: hyperplastic polyps, which preserve their normal architec-
ture and cellular morphology, and adenomatous polyps, characterized by the pres-
ence of organizational abnormalities. Invasive carcinomas evolve from adenomatous 
polyps through the acquisition of specific mutations [69]. The genetic model for 
colorectal cancer progression was proposed in 1990 by Fearon and Vogelstein [70] 
and has remained mostly unchanged for the last 25 years.

In brief, CRC (both hereditary and non-hereditary) is initiated by the inactivation 
of both adenomatous polyposis coli (APC) alleles [71]. About 80% of all sporadic 
intestinal adenomas and CRC cases contain inactive forms of the APC protein [72] 
that are also responsible for the majority of inherited familial adenomatous polypo-
sis (FAP) syndrome cases [73–75]. APC disruption is also sufficient to promote the 
formation of adenomatous polyps, as it was originally demonstrated in the ApcMin 
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mouse, generated by random ethylnitrosourea mutagenesis [76] and characterized 
by the presence of more than 100 intestinal tumors per animal, mainly located in the 
upper gastrointestinal tract. APC “Min” (for multiple intestinal neoplasia) corre-
sponds to a nonsense mutation in the codon 850 of the Apc gene that results in a 
truncated polypeptide of approximately 95 kDa. The APC protein is a crucial player 
of the β-catenin destruction complex that also involves Axin, GSK3β beta, Casein 
Kinase 1, the protein phosphatase 2A, and the E3 ubiquitin ligase β-TrCP (reviewed 
in [77]). Deletion or inactivating mutation of APC results in the accumulation of 
cytoplasmic β-catenin that translocates to the nucleus to activate specific gene tran-
scription. β-Catenin-mediated transcription is essential to maintain normal intesti-
nal homeostasis [78, 79] and also for tumor development and maintenance [78, 
80–86]. Therapeutically relevant, restoration of APC function drives rapid and 
widespread tumor cell differentiation and sustained tumor regression without 
relapse, even in the presence of KRAS and p53 mutations [87]. In accordance with 
this result, activating mutations of the KRAS oncogene (or BRAF), which represent 
a second step during tumor progression, failed not only to promote intestinal cancer 
in mice [88–90] but also to induce highly invasive carcinomas when transduced into 
intestinal organoids (see 1.2.4), a step that requires SMAD4 loss [91]. Importantly, 
loss of the 18q chromosome containing DCC and Smad2/Smad4 is frequently 
observed in human CRC. Finally, loss of the tumor suppressor p53 may account for 
increased CRC invasion [92], decreased apoptosis, and therapy resistance [93]. 
Importantly, the sequence in which all these alterations accumulate during tumor 
progression is nonrandom, further supporting the argument that certain mutations 
confer selective advantages at a given stage of the tumor’s natural history. Relevant 
for this review, mutations in the Notch target CMYC gene but also in the negative 
regulator of Notch, FBXW7, have been consistently identified in a significant pro-
portion of human CRC cases (reviewed in [94]).

Recently, a novel molecular classification has been established that permits the 
stratification of most CRCs in four subtypes with distinguishable features [95]: 
CMS1 (for consensus molecular subtype 1) includes tumors with microsatellite 
instability and an important immune activation; CMS2, the most frequent (37%), is 
characterized by an epithelial phenotype and a marked activation of the WNT and 
MYC pathways; CMS3 is still epithelial but with significant metabolic alterations; 
and CMS4 includes the more mesenchymal tumors, with high TGF activity and 
stromal and vascular invasion. Of note, different subtypes can coexist, indicating the 
existence of transition phenotypes or tumor heterogeneity. This fact suggests that 
further stratification is still possible that can improve the prognostic significance.

13.3.1.3  Cancer Stem Cells

It is becoming evident that cancers, either leukemia or solid tumors, are heteroge-
neous and primarily sustained by specific populations of self-renewing cells 
(reviewed in [96–98]). There are two principal models that explain intra-tumor het-
erogeneity: the stochastic model predicts that a tumor is biologically homogeneous 
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and the behavior of cancer cells is influenced by intrinsic or extrinsic factors, result-
ing in differences in cell surface marker expression, entry to cell cycle, or tumor 
initiation capacity. In contrast, the hierarchy model predicts that the tumor mimics 
the hierarchical organization of the normal tissue with cancer stem cells (CSCs) 
being a distinct population that can be identified and isolated. The clinical implica-
tion of the hierarchy model is the possibility to specifically target CSCs as an effec-
tive method to revert tumor growth and to eliminate the possibility of relapse. This 
is not so evident in a stochastic model where every tumor cell has the potential to 
behave as cancer stem cell (reviewed in [99]).

Validation of particular tumor cell populations for their CSC capacity has classi-
cally been done using different approaches. The more in vivo approach involves the 
purification of specific cell populations (by the presence of cell surface markers) 
and testing their tumor initiation activity, as determined by their capacity to form 
serially transplantable xenografts in mice. Alternatively, cells can be tested for their 
stem cell capacity in  vitro by culturing as spheroids in non-adherent serum-free 
conditions. Recent identification and phenotypic characterization of such popula-
tions from CRC samples have reinforced the concept of CSC in this particular tumor 
type. However, there is no clear consensus on what the intestinal CSC is, as multiple 
subpopulations follow these same criteria. This is the case of CRC cells expressing 
CD133 [100, 101], CD44 [102, 103], ALDH1 [104], CD26 [105], EPHB2 [106], 
Lgr5 [107], Krt119 [108], or PTK7 [109]. Further experimental data have directly 
demonstrated the capacity of Lgr5+ and CD133+ cells to initiate tumors in vivo 
[110, 111].

In any case, the fact that CSCs are likely responsible for tumor initiation, metas-
tasis, and therapy resistance identifies them as preferential targets for novel anti-
cancer drugs.

13.3.2  Notch in Intestinal Cancer

13.3.2.1  Notch in Murine Intestinal Cancer Models

Although mutations of Notch or Notch family members have never been included 
in the intestinal cancer acquisition and progression models, it was initially demon-
strated that Notch signaling abrogation in the Wnt/β-catenin-active ApcMin mice 
model imposed differentiation of the adenoma cells into the secretory lineage, thus 
limiting tumor progression [62]. Notch signaling is also important for regulating 
adenoma formation and tumor cell proliferation, and in mice carrying active Notch1, 
adenomas arise at earlier age [59, 112]. Therapeutically relevant, Jagged1 is a tran-
scriptional target of Wnt/β-catenin in the intestinal adenoma cells and plays a cru-
cial role in the pathologic activation of Notch at least in the Apc-mutated cancer 
models. Thus, reducing Jagged1 levels (i.e., in the heterozygous Jagged1-deficient 
mice) was sufficient to attenuate tumor load in the ApcMin background with no 
apparent effects on the normal intestinal homeostasis [59]. Conversely, genetic 
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deletion of the Aes gene, which is a negative regulator of Notch activation, promotes 
tumor progression and metastatic invasion in the presence of mutant Apc [113]. As 
part of the mechanism that connects Notch with intestinal cancer progression, it was 
found that DAB1 is a transcriptional target of Notch in murine intestinal tumors 
leading to the activation of ABL, which then induces phosphorylation of the RAC/
RHOGEF protein TRIO at Tyr 2681. Unphosphorylatable mutation of TRIO at this 
particular residue (Y2681F) reduces RHOGEF activity and inhibits invasion of 
colorectal cancer cells [114]. Recently, we demonstrated that Jagged1 expressed in 
the epithelial cells from Apc-mutated mouse tumors is required for Notch activation 
and adenoma cell survival. The absence of Manic Fringe (MFNG) in the adenoma 
cells is at the base of Jagged1 addiction that was reverted by ectopic MFNG [115]. 
Specific activation of Notch by Jagged1 is also essential in other cancer systems 
such as metastatic breast tumors [116].

13.3.2.2  Notch in Human CRC

In human CRC, Notch1 activation was found to be increased [117], with total 
Notch1 levels correlating with tumor progression, tumor grade, and metastatic 
capacity [118]. Active Notch1 and Notch2 were also detected in tumors arising in 
familial adenomatous polyposis (FAP) patients, which carry frequent mutation in 
the APC gene associated with increased amounts of membranous Jagged1 [59]. 
Moreover, endothelial cells can produce soluble forms of Jagged1 that activate 
Notch and enhance the stem cell phenotype of CRC cells [119]. Further demonstrat-
ing the functional relevance of Notch activity in human CRC and in intestinal CSCs, 
Notch1 depletion was sufficient to promote apoptosis and inhibit the formation of 
tumorspheres from human CRC cell lines [118]. Moreover, Jagged1 knockdown 
induced G0/G1 phase cell cycle arrest, reduced the migratory and invasive capacity 
of CRC cells in vitro, and reduced tumor growth, proliferation, and expression of 
metastasis markers in a xenograft mouse model in vivo [120]. The impact of Notch 
activity in tumor-initiating cell activity (TIC) has been also demonstrated in a 
human CRC xenograft model using specific antibodies against Dll4 expressed in 
either the tumor cells (human) or in the murine stromal cells. In this work, antibody 
treatment decreased HES1 levels, the frequency of TICs, and the tumorigenic capac-
ity of the transplanted tissue [121]. Together these data indicate that Notch signaling 
is relevant for CRC initiation and progression and it can be activated by Delta or 
Jagged ligands in specific CRC subgroups. Considering the recently published clas-
sification of CRC subtypes [95], it is tempting to speculate that CMS2 tumors that 
are associated with high WNT activity would be more Jagged1-dependent, being 
Jagged1 a target of β-catenin, whereas CMS4 tumors would depend on Delta ligands 
that are highly expressed in the endothelial infiltrate that is a characteristic of this 
tumor subtype [122].
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13.3.2.3  Notch Effectors in Human CRC

The mechanisms underlying Notch dependence for CRC initiation and/or progres-
sion can vary in a context-dependent manner. For example, Notch1 can promote cell 
proliferation by repressing Kruppel-like factor (KLF4) [123], which is a well- known 
tumor suppressor in human CRC [124]. Phosphorylation of TRIO at Y2681, which 
lays downstream of Notch in the Aes-mutated mouse model of intestinal cancer (see 
Sect. 13.3.2.1), has been detected in CRC patient samples and associated with poorer 
prognosis after surgery [114]. Notch also increased the levels of the stem cell-like 
marker CD44 and promotes the transcriptional induction of Snail and Slug, two 
potent and evolutionarily conserved mediators of EMT in many tissues and tumor 
types including CRC [125, 126]. Combined detection of the Notch target proteins 
HEY1, HES1, and SOX9 significantly predicts reduced survival after chemotherapy 
in a study including 441 CRC patients, when compared with each marker alone with 
a hazard ratio of 2.09 and a significance of p = 0.01 [127]. Moreover, several of these 
genes are co-regulated by Notch and the inhibitor of kappaB kinase (IKK) [128], 
which is also involved in human CRC progression and metastasis [129].

13.3.3  Notch-Based Therapy for Treating Human CRC

13.3.3.1  State of the Art

Surgery is the primary choice for the treatment of nonmetastatic CRC patients, in 
combination with adjuvant therapies, which essentially consist of chemotherapy 
and radiotherapy. Typically, the first-line drug regimens used in the treatment of 
CRC are 5-fluorouracil together with leucovorin and irinotecan or oxaliplatin and 
can also be combined with specific antibodies against VEGF such as bevacizumab 
[130]. Cetuximab, a monoclonal antibody against the epidermal growth factor 
receptor (EGFR), is also used in CRC treatment in combination with irinotecan in 
patients that relapsed after first-line therapy but also in aggressive primary tumors 
[131, 132]. Even following surgery and chemotherapy treatment, about 30–40% of 
newly diagnosed stage II and III patients will develop distant metastasis that will 
finally lead to patient death [133, 134]. Moreover, the presence of KRAS and BRAF 
mutations in the tumors precludes the use of antibodies against EGFR. Hence, there 
is a clear need to identify additional targeted therapies to limit progression of the 
disease and to better treat patients with advanced metastasis.

13.3.3.2  Targeting the γ-Secretase Complex

Due to the essential role of Notch in intestinal tumor initiation and progression, dif-
ferent compounds inhibiting Notch have been (and are being) tested for their com-
petence as anti-CRC agents. The first evidence that Notch inhibition protected from 
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intestinal cancer was obtained using general Notch/γ-secretase activity inhibitors 
(GSI) [62], as mentioned in Sect. 13.3.2. Subsequent preclinical research has con-
sistently shown that GSI reverts tumorigenesis through a mechanism involving both 
anti-angiogenic and anti-CSC activities [76, 135–138]. GSI treatment also pre-
vented Notch1 activation by chemotherapy, thus sensitizing colon cancer cells to the 
treatment with oxaliplatin and 5-FU [139]. Recently, antibody fragments targeting 
Nicastrin, a component of the γ-secretase complex, were found to specifically pre-
vent Notch activation in mammalian cells [140] similar to quinomycin A, which 
reduced the levels of γ-secretase complex components [141].

Because Notch is required to maintain the homeostasis of multiple tissues in the 
adult organisms, GSI-associated toxicity is still a major obstacle that needs further 
investigation. In mice, the most prominent toxicities associated with GSI treatment 
arise in the gastrointestinal tract and result in intractable diarrheas, especially when 
using continuous dosing schedules. Importantly, GSI toxicity is reduced by inter-
mittent dosing and ameliorated by glucocorticoid co-treatment [142–144]. In fact, 
glucocorticoids have demonstrated their efficacy even when administered after GSI 
treatment [145].

13.3.3.3  Targeting Notch Receptors

Recently, interventions leading to inhibition of specific Notch receptors or ligands 
have demonstrated less toxic effects than general Notch signaling blockage. Based 
on this observation, several monoclonal antibodies selectively targeting particular 
Notch receptors have been already generated by different groups and tested for clin-
ical applications [146–148]. For example, antibodies targeting the extracellular 
negative regulator region (NRR) of Notch were found to inhibit the conformational 
change that allows ADAM protease cleavage. NRR anti-Notch-specific antibodies 
have been developed for Notch1, Notch2, and Notch3 [149, 150]. Other anti-Notch 
antibodies have been designed to block the ligand-binding domain (LBD), thereby 
competitively inhibiting the Notch ligands by binding to their EGF repeats [151]. In 
general, antibodies that efficiently inhibit Notch signaling are currently being tested 
in clinical trials on patients with solid tumors and metastatic disease who have pre-
viously undergone chemotherapy.

13.3.3.4  Targeting Notch Ligands

In addition, antibodies targeting Notch ligands are also being investigated for their 
therapeutic potential. Among them, demcizumab (OMP-21M18), a humanized 
monoclonal antibody targeting DLL4, has demonstrated a significant antitumor 
activity in patients with previously treated solid tumors [152]. Combination of anti- 
DLL4 antibodies with irinotecan produced a significant decrease of TIC activity and 
promoted apoptosis in a xenograft model of early passage patient-derived CRC 
[153]. Other antibodies against Dll4 (REGN1035 and REGN421) revealed a potent 
antitumor activity in renal carcinoma patient-derived tumors that was enhanced by 

L. Espinosa et al.



345

VEGF signaling inhibition [154], likely related with reduced angiogenesis. 
Neutralizing Dll4 signal with a humanized anti-Dll4-selective antibody (YW152F) 
caused defective endothelial cell differentiation both in vitro and in vivo and inhib-
ited tumor growth in several tumor models without affecting intestinal differentia-
tion [155]. These particular effects could be therapeutically exploited for treating 
the CMS4 subtype of CRC. However, DLL4 blockade can also disrupt normal organ 
homeostasis and induce vascular tumors [156], thus raising serious concerns about 
its therapeutic potential. Recently, we found that high Jagged1 levels in the absence 
of MFNG predict poor survival in a subset of CRC patients. Moreover patient- 
derived tumors lacking MFNG were particularly sensitive to specific antibodies tar-
geting Jagged1 in an orthoxenograft mouse model [115].

Soluble forms of Jagged-1 and Dll-1 have also been designed that can either 
reduce [157] or enhance Notch signaling [158]. Importantly, the smaller size of 
these molecules compared to the monoclonal antibodies would represent a clear 
advantage for their bio-distribution, thus improving their therapeutic efficiency.

13.3.3.5  Disrupting the Active Notch Complex

Finally, another attractive method for inhibiting Notch signal is by blocking its 
nuclear transcriptional complex. In this sense, it was initially shown that a 62-amino 
acid peptide derived from the NOTCH coactivator MAML1 was capable to form a 
transcriptionally inert nuclear complex with NOTCH1 and CSL and specifically 
inhibits the growth of murine and human NOTCH1-transformed T-ALL cells [159]. 
More recently, a synthetic peptide called SAHM1 has been shown to prevent the 
assembly of a transcriptionally active Notch1 complex in T-ALL cells. Treatment of 
leukemic cells with SAHM1 resulted in the transcriptional suppression of NOTCH- 
dependent transcription and showed a specific antiproliferative effect in both cul-
tured cells and in a mouse model of NOTCH1-driven T-ALL [160]. Cell-permeable 
peptides such as SAHM1, which impede the formation of protein complexes, could 
be extremely advantageous owing to their small size and their ability to interfere 
with specific protein surfaces, which should impact on their target selectivity.
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Chapter 14
Notch Signaling in Estrogen-Dependent 
Cancers

Judy S. Crabtree

Abstract Prolonged lifetime estrogen exposure due to early puberty, delayed 
menopause, environmental estrogen/phytoestrogen exposure, and/or exogenous 
hormone therapy has been correlated with an increased risk of estrogen-responsive 
cancers including breast, endometrial, and ovarian carcinomas. Accumulating 
evidence links aberrant Notch signaling with these estrogen-responsive cancers, and 
mechanisms of cross talk between the estrogen signaling pathway and Notch are 
beginning to emerge. Notch signaling is a tightly regulated process that is controlled 
temporally and spatially by the cellular environment, and Notch can behave as an 
oncogene or as a tumor suppressor in a cell-, tissue-, and timing-specific manner. 
The role played by Notch in cancer stem cells as a mediator of hormone therapy 
resistance is becoming increasingly clear, most notably in breast cancer, wherein 
combinatorial therapeutic strategies are being designed to target not only the bulk of 
tumor cells but also endocrine-resistant cancer stem cells. This chapter seeks to 
outline the recent history and current state of the estrogen-Notch interaction in 
estrogen-dependent cancers.

Keywords Notch · Estrogen · Breast · Endometriosis · Endometrial cancer · 
Ovarian · Estrogen receptor · Estrogen-related receptor · Cancer · Angiogenesis · 
Stem Cell

14.1  Introduction to Estrogen Signaling

Mechanisms of hormone action were first proposed by Jensen over 50 years ago and 
included a description of direct hormone binding to nuclear receptors [1]. The role 
of estrogen and its receptors has since expanded beyond the direct ligand-receptor 
interaction to include mechanisms of DNA binding, non-genomic effects, and 
receptor-mediated non-ligand hormone activities. In addition to their role in gonadal 
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function, estrogens are now known to impact many cellular processes in systems as 
varied as immune, neuroendocrine, vascular, and skeletal, as well as play a key role 
in disease such as cancers, endometriosis, uterine fibroids, autoimmune disease, and 
obesity [2]. Understanding the function of estrogens (and all steroid hormones) in 
both the normal and diseased state is critical for developing relevant therapeutic 
strategies for hormone-dependent pathologies.

Estrogens freely cross the cellular membrane to interact with estrogen receptors. 
Upon ligand binding, these receptors dimerize and activate gene transcription in the 
nucleus by binding to estrogen response elements (EREs) in the DNA, displacing 
corepressors and/or recruiting coactivators [3]. In mammals, there are two classical 
estrogen receptors, ERα and ERβ [4, 5], as well as three orphan nuclear receptors 
called estrogen-related receptors (ERRα/NR3B1, ERRβ/NR3B2, and ERRγ/
NR3B3). ERRs have significant amino acid homology with ERα/β, yet do not bind 
to naturally occurring estrogens. Elevated expression of ERRα correlates with poor 
prognosis in breast and ovarian cancers [6, 7] and tumor aggressiveness in ovarian 
and endometrial cancers [8, 9]. Interestingly, ERRγ expression is linked with 
favorable outcomes and improved progression-free survival in ovarian and breast 
cancers [7, 10]. The role of ERRs in cancer has been reviewed recently [11], and 
this chapter will focus on the role of the classical estrogen receptors, ERα and ERβ.

Estrogens are present in both males and females, and ERα/β are differently dis-
tributed across tissues. Estrogen receptors are also present on the cellular membrane 
where they can initiate rapid, non-genomic signaling [12–14]. Mitochondria-
localized estrogen receptor transcription factors have also been described [15], and 
GPR30/GPER, a G protein-coupled receptor, was identified in the endoplasmic 
reticulum where it binds estrogen leading to mobilization of intracellular calcium 
and production of phosphatidylinositol 3,4,5-trisphosphate, an upstream regulator 
of AKT in the nucleus [16, 17]. A recent review of estrogen biology is available [3].

Prolonged exposure to estrogens due to precocious puberty, delayed menopause, 
or the presence of environmental estrogens/phytoestrogens is associated with an 
increased risk of estrogen-responsive cancers [18]. Small molecule agonists and/or 
antagonists of estrogen receptors have been used as therapeutic strategies for 
estrogen-responsive cancers, but tumor recurrence and resistance limit the success 
of these approaches. Additionally, molecules with selective action in particular 
tissues have also been designed (termed selective estrogen receptor modulators, 
SERMs). These compounds function as agonists in some tissues and antagonists in 
others toward the goal of minimizing side effects while maximizing efficacy. For 
example, tamoxifen is a SERM that is used as a first-line therapy for estrogen 
receptor-positive breast cancer in premenopausal patients [19]. Tamoxifen is an ER 
antagonist in the breast but an agonist in other tissues such as the bone, endometrium, 
and vascular endothelium. Raloxifene, a second-generation SERM with a slightly 
different estrogenic profile, has decreased side effects compared to tamoxifen and is 
beneficial in the bone with decreased risk of endometrial cancer and cardiovascular 
events. Conversely, the pure ER antagonist ICI 182,780 (fulvestrant) is antiestrogenic 
in all tissues and causes degradation of ER proteins [20]. A complete understanding 
of the molecular pathways modulated by steroid hormones could lead to improved 
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and novel therapeutics for hormone-related pathologies and prevention of therapy- 
resistant cancers. The signaling mechanisms by which steroid receptors regulate 
their many processes have been the subject of a number of reviews [16, 21, 22]. This 
chapter seeks to highlight data accumulated over the last 20 years on the intersec-
tion of estrogen and the Notch signaling pathways.

14.2  Introduction to Notch Signaling

Notch signaling is an evolutionarily conserved pathway that is involved in a number 
of cellular processes including cell self-renewal, proliferation, differentiation, and 
death. Notch activation occurs via juxtacrine activation of Notch receptors by 
ligands present on neighboring cells. In mammals, there are four notch receptors 
(Notch1–Notch4) and five known Notch ligands (Jagged-1 and Jagged-2 and Delta- 
like 1, 3, and 4). Of these, Delta-like 1 and 4 are activating ligands, while Delta-like 
3 functions as a negative regulator [23]. Notch receptors are synthesized as single- 
chain proteins and are cleaved into extracellular and transmembrane subunits in the 
Golgi apparatus. Once present at the cellular membrane, binding to ligand induces 
a second cleavage event by ADAM10, which removes the extracellular subunit. 
ADAM17/TACE can also cleave Notch during ligand-independent activation [24, 
25]. A third cleavage event by the γ secretase complex releases the Notch intracellular 
domain (NICD) which translocates into the nucleus and regulates transcription of 
Notch target genes by interacting with the CSL transcription factor complex. This 
interaction displaces corepressors and recruits coactivators to regulate the expression 
of Notch targets such as the HES and HEY families of genes [26]. Notch is known 
to regulate transcription of many genes involved in the cell cycle [26], apoptosis 
[27], and stem cell maintenance [28], and recent genome-wide studies suggest the 
number of Notch transcriptional target genes is even higher than initially thought 
[29].

Notch can also signal in a noncanonical fashion, wherein Notch affects cell sur-
vival and metabolism by interacting with the mitochondria in the cytoplasm, instead 
of in the nucleus [30]. Posttranslational modifications regulate Notch activity, with 
phosphorylation, glycosylation, and ubiquitination playing key roles in Notch avail-
ability and degradation [31]. Notch is known to cross talk with other important cel-
lular signaling pathways such as the TNFα [32], interleukin 1β [33], VEGF [34], 
and TGFβ [35] signaling pathways and modulate pathways involved in cell survival 
and proliferation like NF-κB [36] and ErbB2 [37]. As a result of these layers of 
regulation, the effects of Notch signaling are tightly controlled in a dose-, time-, and 
cell context-dependent manner. As a result, Notch signaling in hormone- dependent 
cancers can have oncogenic or tumor-suppressive activity, depending on the cellular 
environment, tissue type, and strength of signal. Deregulation of the Notch pathway 
has been described in a variety of tumors including estrogen- responsive solid tumors 
of the breast [38, 39], endometrium [40], and ovary [41].
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14.3  Notch-Estrogen Cross Talk in Cancers

14.3.1  Breast Cancer

Estrogens play a major role in the proliferation of normal mammary epithelia, and 
lifetime exposure to unopposed estrogens via early puberty, late menopause, and/or 
exogenous exposure through oral contraceptives or hormone replacement therapy 
has been linked to increased breast cancer risk [42]. Breast cancer itself is a 
heterogeneous disease that is split into clinico-pathological subcategories based on 
immunohistochemical staining, ERα positive, Her2/neu positive, and triple negative 
(cancers that lack expression of ERα, progesterone receptor, and Her2/neu), with 
ERα-positive cancers making up more than 80% of breast malignancies in developed 
countries. More recently, breast cancers have been further subcategorized at the 
molecular level by gene expression profiles into luminal A, luminal B, basal-like, 
Her2-enriched, and claudin-low subtypes [43, 44]. Of these, luminal A and luminal 
B tumors are ERα positive but have different molecular profiles. Luminal B tumors 
tend to have a worse prognosis, a higher proliferation rate as measured by Ki67, and 
a higher likelihood of developing endocrine resistance [45]. An even more granular 
molecular classification identifies ten subgroups on the basis of mutational and gene 
expression profiles [46]. Attempts have been made to correlate molecular signatures 
of breast cancers with patient outcomes for personalized breast cancer therapy. Two 
gene expression-based tests, Oncotype DX and MammaPrint/BluePrint, do predict 
clinical outcomes in early-stage breast cancer and provide information on the 
likelihood of benefit from chemotherapy [47, 48]. However, more complete analyses 
are required before genetic signatures can guide clinical decision-making processes, 
especially in late-stage cancers [46, 49].

14.3.1.1  Notch Receptors and Ligands

Aberrant activation of the Notch signaling pathway has been implicated in breast 
cancer pathogenesis [37, 50] due to elevated levels of Notch signaling pathway 
components, including Notch receptors, ligands, and target genes [51, 52]. For 
example, high levels of Jagged-1 and Notch1 expression correlate with poor overall 
survival [53–55], and loss of the Numb-mediated inhibitory control of Notch 
signaling is found in 50% of human breast cancers [56]. On the other hand, Notch2 
appears to reverse the oncogenic impact of Notch1 and Notch4  in some breast 
cancer cells [57], and its expression tracks with more differentiated tumors [58].

The first evidence of cross talk between the Notch signaling pathway and estro-
gens was generated by Rizzo et al. studying breast cancer cell lines [59]. Despite the 
high expression of Jagged-1 and Notch1 mRNA in breast cancer specimens, Notch 
transcriptional activity did not correlate with receptor overexpression in breast can-
cer cell lines. In ERα-positive cells, estrogen inhibited Notch transcriptional activity 
through decreased Notch1 ICD levels that led to an accumulation of Notch at the 
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cellular membrane. This effect was reversed by treatment with tamoxifen or raloxi-
fene, demonstrating the involvement of ERα [59]. Further, this effect was indepen-
dent of ligand, since estrogen had no effect on Jagged-1 protein levels, and this 
effect was also observed upon coculture of MCF7 cells with Jagged-1 overexpress-
ing feeder cells. These data suggested that Notch signaling may be reactivated by 
the use of common first-line endocrine therapies for breast cancer [59]. Other inves-
tigators have generated conflicting results using cDNA arrays followed by semi-
quantitative RT-PCR, demonstrating an increase in Jagged-1 and Notch1 expression 
in MCF7 cells [60]. Differences in therapeutic approaches may account for this 
discrepancy in results. The data by Rizzo et  al. were further confirmed through 
knockdown studies wherein Notch1 and Notch4 were ablated and with studies using 
γ secretase inhibitors. All of these approaches resulted in significant decreases in 
endpoints of tumorigenesis and increases in cellular apoptosis [37, 59]. GPER has 
also been shown to facilitate estrogen-Notch cross talk in breast cancer, independent 
of ERα. In ERα-negative cells, Pupo et al. report an increase in γ secretase-depen-
dent activation of Notch1 and increased levels of the Notch target gene Hes1 upon 
stimulation with the GPER ligand G1 or estrogen [61].

Reactivation of Notch in the context of resistance to antiestrogen therapy or 
estrogen withdrawal results in the activation of ERα target genes, and overexpression 
of Notch1 has been measured in tamoxifen-resistant breast cancer samples [62]. 
Notch1 can activate transcription of ERα target genes via recruitment of Notch- 
CSL- MAML1 transcriptional complexes to promoter regions of ERα target genes 
[63]. CSL binding elements are frequently in close proximity to EREs, and the 
presence of ERα recruits p300. Data generated by Hao et al. suggests cross talk 
between p300 and the Notch transcriptional complex to activate ERα-responsive 
genes in the absence of estrogen [63]. PKCα overexpression in clinical specimens 
predicts endocrine therapy resistance [64]. Yun et al. demonstrate that overexpression 
of PKCα correlates with Notch4 expression. PKCα was shown to selectively 
increase Notch4, but not Notch1, in endocrine-resistant breast cancer cell lines 
through an AP-1-dependent mechanism [65]. DMXL2, a modulator of Notch 
signaling, is overexpressed in ERα-positive metastatic breast cancers that progress 
after endocrine therapy [66]. Another study reports that elevated levels of nicastrin, 
a subunit of the γ secretase complex, correlate with elevated Notch4  in estrogen 
therapy-resistant cells [67]. Treatment of cells with anti-nicastrin monoclonal 
antibody or a γ secretase inhibitor (GSI) attenuates the invasiveness of endocrine 
therapy-resistant cells by blocking endothelial to mesenchymal transition. On the 
other hand, overexpression of nicastrin induces Notch4, resulting in increased 
tamoxifen resistance and invasiveness [67].

The therapeutic implications of these studies are paramount and suggest that in 
response to antiestrogen therapy, ERα-positive breast cancers develop additional 
mechanisms through the Notch pathway to activate estrogen signaling. Therefore, 
the efficacy of endocrine therapy can be improved by the addition of Notch 
inhibition, and several studies have been reported which support this hypothesis. 
Preclinically, MCF7 xenografts treated intratumorally with tamoxifen combined 
with γ secretase inhibitor decrease tumor growth better than either agent individually 
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[59]. Haughian et al. demonstrate that in luminal breast cancers, there is often an 
expansion of “luminobasal” cells upon antiestrogen therapy. Notch inhibitors block 
the expansion of luminobasal cells and increase the efficacy of antiestrogen therapy 
[68]. Yun et al. demonstrate increased tamoxifen sensitivity in ERα-positive, PKCα 
overexpressing cells in culture and in  vivo that have been treated with Notch 
inhibitors [65]. Genome-wide chromatin remodeling studies demonstrate that there 
is a global change in the chromatin landscape in resistant breast cancers. Classical 
ERα signaling is “epigenetically disengaged,” while Notch signaling is hyperactive. 
Blocking Notch signaling with γ secretase inhibitors attenuated growth of endocrine- 
resistant breast cancer cells [69]. Activation of the Notch pathway in serial xenografts 
in mice results in acquired resistance to tamoxifen, which can then be reversed by 
treatment with γ secretase inhibitors [62].

14.3.1.2  Stem Cells in Breast Cancer

Cancer stem cells (CSC) have been identified in breast cancer and are generally 
accepted to be responsible for tumor recurrence [70]. Despite being ERα negative, 
the growth of breast CSCs is affected by estrogen, and both tamoxifen and siRNA 
silencing of ERα inhibit the proliferation of breast cancer cell lines enriched with 
cancer stem cells. This signaling is thought to occur between non-CSC and CSC, 
similar to the paracrine communication between stromal and stem cells in the tumor 
microenvironment. Notch signaling was investigated by Harrison et  al., and 
treatment with a γ secretase inhibitor blocked the response of CSCs to estrogen both 
in vitro and in vivo [71]. In contrast, Simoes et al. report a decrease in the number 
of CSCs in response to estrogen. In this study, the embryonic stem cell genes 
NANOG, OCT4, and SOX2 decreased upon estrogen treatment, implying 
differentiation and hence a decrease of the available CSC pool [72]. Other studies 
report that antagonism of ERα increases the number and self-renewing capability of 
CSCs and suggest that this activity may be responsible for endocrine therapy 
resistance. For example, tamoxifen treatment increased the number of MCF7 
mammospheres [72], and in a different study, mammospheres were resistant to high 
doses of tamoxifen [73]. In preclinical in vitro and clinical studies after endocrine 
or chemotherapy, resistant cells and tumor biopsies are enriched for tumor-initiating 
cells as measured by markers of breast CSCs [74, 75].

Notch signaling is also required for proliferation of breast CSCs and is strongly 
linked to endocrine therapy resistance [76, 77]. Short-term treatment with endocrine 
therapies enriches for Jagged-1/Notch4 activated CSCs in patient tumor samples as 
well as PDX models. Two independent ERα-positive patient cohorts demonstrate 
that a Notch4/Hes/Hey gene signature predicts poor response to hormone therapy 
[77]. Further, hormone therapy has been reported to promote resistant, self-renewing 
CSCs through a mechanism involving Notch and ERα switching. In this study, 
initial responses to hormone therapy abrogated oxidative phosphorylation, increased 
paracrine levels of IL6, and resulted in a population of cells that were deficient in 
self-renewal, CD133hi/ERlo/OXPHOSlo. These cells become metabolically active 
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and utilize oxidative phosphorylation in the absence of ERα. Inhibition of IL6- 
Notch switches the CD133hi CSC dependence on IL6/Notch to dependence on ER 
by activating expression of ERα. Thus, through an oxidative phosphorylation 
mechanism presumably regulated by Notch, hormone therapy drives self-renewal of 
dormant CSCs and mediates metastatic progression [78].

Clinically, there are a number of trials investigating the combination of Notch 
inhibitors with tamoxifen and other standard of care chemotherapeutics to increase 
sensitivity of bulk tumor cells while simultaneously targeting CSCs. Studies have 
been performed to investigate the safety and target engagement profiles of γ secretase 
inhibitors MK-0752 (Merck), RO4929097 (Roche), and PF03084014 (Pfizer) in com-
bination therapy with tamoxifen or letrozole for breast cancer. Additional phase II/III 
studies are in the planning stages. Second generation GSIs such as LY3039478 are 
currently being investigated in breast cancer in combination with endocrine therapy. 
For a comprehensive list of current breast cancer clinical trials, see clinicaltrials.gov.

14.3.2  Endometriosis/Endometrial Cancer

Endometrial cancer is the most common gynecological malignancy in the United 
States with an estimated 60,000 new cases diagnosed and more than 10,000 deaths 
in 2016 alone [79]. Endometrial cancers are classified by histological staging and 
appearance. Approximately 70–80% of endometrial cancers are estrogen-dependent 
and are classified as endometrioid adenocarcinoma, type I [80]. The remaining 
20–30% are type II non-endometrioid cancers (typically serous papillary and clear 
cell carcinoma along with mixed Müllerian tumors) and are estrogen independent. 
The 5-year survival rate in patients with low-grade, localized disease is approximately 
80%, with 15–20% of patients developing metastasis and tumor recurrence. 
Treatments have limited efficacy for advanced-stage disease due to chemoresistance 
[81]. Approximately 90% of endometrial cancers are sporadic, and 10% are 
inherited. Genetic mutations in PTEN, PI3CA and K-ras have been identified in 
endometrioid endometrial cancer along with alterations in DNA repair pathways 
involving MLH1, MSH6, and microsatellite instability [82, 83]. Mutation in p53 is 
associated with type II endometrial cancer, along with inactivating mutations in p16 
and overexpression of Her2/neu [82].

During the reproductive years, normal uterine endometrium undergoes regular 
cycles of differentiation and remodeling throughout the menstrual cycle. This 
process is mediated by a variety of factors including hormones (specifically estrogen, 
progesterone, and chorionic gonadotropin), changes in cell cycle activities, 
differentiation of endometrial cells, and vascular remodeling to produce a receptive 
environment for implantation. Notch pathway components are present in the 
endometrium throughout the menstrual cycle [84–86], and the dysregulation of 
Notch signaling has been implicated in this tumor type.
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14.3.2.1  Notch Receptors and Ligands in the Endometrium

In endometrial carcinoma, the presence/absence of individual Notch receptors and 
ligands remains an area of active debate. Reported results appear to be extremely 
dependent on the Notch receptor analyzed, menopausal state of the patient, phase of 
menstrual cycle at time of analysis, and tumor stage. Using immunohistochemistry, 
Mitsuhashi et al. reported elevated levels of Notch1, Notch3, Jagged-1, and Delta- 
like- 4 in endometrial cancer (n = 76) versus normal endometrium from unmatched, 
non-cancer patients (n  =  37) [85]. Further, the elevation of Notch1 increased in 
later-stage cancers and correlated with cancer aggressiveness measures such as 
ovarian metastasis and invasion into the myometrial layer of the uterus. Elevated 
Notch3 remained constant across all cancer stages and did not correlate with 
metastasis or invasion; however, elevation of Notch1 and Notch3 correlated with 
poorer patient outcomes [85]. The Mitsuhashi study did not analyze Notch4.

Another study by Cobellis et  al. examined the levels of Notch1, Notch4, and 
Jagged-1 by immunohistochemistry in normal endometrial samples (n = 60) of pre- 
and postmenopausal women, along with unmatched pathologic endometrial samples 
(n = 60) from patients with polyps, endometrial hyperplasia, and carcinoma. In this 
study, Notch1 and Notch4 had equivalent expression in the normal proliferative 
phase, while Notch1 increased and Notch4 decreased in the normal secretory phase. 
The authors propose that this result indicates a key role for Notch4  in cellular 
proliferation as characterized by the proliferative phase of the menstrual cycle, 
while Notch1 plays a more significant role in cellular differentiation as is 
characteristic of the secretory phase. These results are consistent with the notion of 
unopposed estrogen inhibiting Notch1 activation, as Rizzo et al. observed in breast 
cancer cells [84]. Further, Notch1, Notch4, and Jagged-1 all decreased significantly 
in normal menopausal endometrium indicating a decreased role for Notch signaling 
in the normal postmenopausal endometrium. In pathologies, Notch1 demonstrated 
elevated expression in hyperplasia and carcinoma compared to polyps, whereas 
Notch4 and Jagged-1 displayed striking decreases with increasing histological 
grade. Notch often functions as an oncogene in tissues where its normal role is a 
regulator of progenitor or stem cell fate and as a tumor suppressor in cases when 
normal function is the induction of terminal differentiation. In the Cobellis study, 
the decrease in Notch4 and Jagged-1 protein from polyps to carcinoma suggests a 
role for Notch4 signaling as a tumor suppressor and perhaps Notch1 as an oncogene 
in endometrial carcinoma [84]. This study did not analyze Notch3, and there is no 
data on the menopausal status of the patients from whom pathological endometrial 
samples were obtained.

The Didžiapetrienė laboratory reports that Notch receptors (Notch1-4), ligands 
(Jagged-1, Jagged-2, and Delta-like 1), and target gene Hes1 are all significantly 
decreased at the RNA level (via q-PCR) in endometrial carcinoma (n = 20) when 
compared to matched, adjacent non-tumor endometrium (n = 20). This suggests that 
Notch signaling plays a tumor-suppressive role in endometrial cancers [87]. Further, 
at the RNA level, Notch1, Notch4, and Delta-like 1 were decreased significantly 
more in stage IB than stage 1A cancers. At the protein level as measured by Western 
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blot, only Notch4 and Jagged-1 were decreased in endometrial cancer, leading the 
authors to propose that a change in the stability of Notch receptors and ligands may 
happen in the cancerous state [88]. A comprehensive, complete evaluation of known 
Notch receptors, ligands, and target genes is still necessary in a larger, well- 
controlled study of matched tumor/normal sample pairs of known estrogen status to 
understand the role of the different Notch receptors in endometrial pathology.

Endometrioid endometrial cancers are typically estrogen receptor positive and 
proliferate in response to estrogen. As mentioned above, aberrant Notch signaling 
has been proposed as a key mechanism in endometrial cancer. Wei et al. performed 
studies in Ishikawa (ER-positive) endometrial carcinoma cells and demonstrated 
that estrogen stimulated cell proliferation due to induction of Notch1 and that this 
effect could be abolished by using the γ secretase inhibitor, N-[N-(3,5- 
difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester (DAPT). Blocking 
with the ER antagonist ICI 182,780 also blocked Notch signaling and induced 
growth arrest.

MicroRNAs are a class of small, non-coding RNAs that inhibit gene expression. 
Jurcevic et  al. identified 138 miRNAs that were differentially expressed in 
endometrial carcinoma in comparison to normal endometrium [89]. One of these 
miRNAs, miR-34a, regulates the Notch signaling pathway by targeting both Notch1 
and Delta-like 1. Using miR-34a mimetics and inhibitors, the effect of miR-34a on 
Notch1 and Delta-like 1 was confirmed in Ishikawa cells in vitro, suggesting that 
miR-34a mimetics may be another future avenue of therapeutic potential.

14.3.2.2  Stem Cells in Endometrial Carcinoma

Endometrial carcinoma stem-like cells are identified by the cell surface marker 
CD133. CD133+ cells have active Notch signaling resulting in increased proliferation 
and low rates of apoptosis and play a critical role in retaining the self-renewing 
properties of cancer stem cells. Epidermal growth factor receptor (EGFR) is 
overexpressed, mutated, or otherwise functionally altered in many epithelial 
malignancies, including endometrial carcinoma. EGFR is an important histological 
marker for invasive potential and is predictive of recurrence and overall outcomes of 
endometrial cancers [90]. EGFR is also a therapeutic target for endometrial 
carcinoma through antibody or small molecule-based therapies. Treatment of 
Ishikawa cells with DAPT or AG1478 was more efficacious than treating with either 
compound alone suggesting that combination therapy targeting Notch and EGFR 
may have improved outcomes in endometrial cancer [91].

Another stem cell marker in endometrial carcinoma is Musashi-1 [92]. 
Endometrial carcinomas have significantly more Musashi-1 positive cells than 
normal endometrium. SiRNA knockdown of Musashi-1 resulted in increased 
expression of Notch1 mRNA.  However, since Musashi-1 is a transcriptional 
repressor of Numb, which induces Notch internalization and degradation by 
ubiquitination, the loss of Musashi-1 resulted in significantly decreased levels of 
Notch1 and Hes1 protein. Further, the loss of Musashi-1 resulted in an accumulation 
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of cells in the G1 phase indicating a block in cell cycle progression [92]. Musashi-1 
may emerge as a putative therapeutic target for endometrial carcinoma stem cell 
therapy.

The expression of microRNAs may also play a role in regulating endometrial 
cancer stem cells. miRNA-134 is significantly downregulated in endometrial cancer 
stem cells. miRNA-134 is a member of the genetically imprinted DLK1-DIO3 
region present on 14q23 which contains genes for large and small RNAs, for 
paternally expressed genes such as Delta-like homolog 1 (DLK1) and iodothyronine 
deiodinase 3 (DIO3) and also the maternally expressed genes MEG3, MEG8, and 
the antisense retrotransposon-like 1 (RTL1) [93]. Overexpression of miR-134 
decreased proliferation, decreased the cell’s ability to develop chemoresistance, and 
suppressed the migratory ability of human endometrial cancer stem cells. Further, 
overexpression of miR-134 decreased Notch pathway signaling in human endome-
trial cancer stem cells [94]. Whereas this miRNA has only been tested in stem cells 
from type II endometrial carcinoma, this pathway may also have utility in type I 
endometrial cancers. Additional studies are required to further elucidate the direct 
target(s) of miR-134 and their role in endometrial carcinoma.

14.3.2.3  Endometriosis and Infertility

Endometriosis is the aberrant overgrowth of hormonally responsive endometrial 
cells outside the uterine cavity that results in severe pelvic pain, dysmenorrhea, and 
infertility. Endometriosis affects one in ten women of childbearing age [95]. During 
the mid- to late secretory phase of the menstrual cycle, estrogen and progesterone 
induce the stromal cells of the endometrium to differentiate such that pregnancy 
will ensue if implantation occurs [96]. Notch is regulated by chorionic gonadotropin 
and progesterone to mediate uterine stromal differentiation and decidualization via 
several mechanisms [97, 98]. In mice, the lack of Notch1 decreases cellular 
proliferation by altering the activity of cell cycle proteins and by increasing 
apoptosis, suggesting that Notch signaling is crucial to promoting successful 
implantation. Given the role of Notch1 in decidualization, Su et al. studied the role 
of Notch1 in women with endometriosis, as well as in a baboon model of spontaneous 
endometriosis. They demonstrated that receptors Notch1 and Notch4, ligands 
Jagged-2 and Delta-like 4, and Notch target genes HES5 and HEY1 were decreased 
in endometriosis compared to normal endometrial tissue, suggesting that suppressed 
Notch signaling is responsible for decreased fertility in patients with endometriosis 
[99]. Additionally, one of the early genes activated in decidualization is FOXO1 
[100], which acts as a Notch1 coactivator by interacting with CSL.  In the 
endometrium, FOXO1 expression is also regulated by Notch1 such that in the case 
of endometriosis, suppression of the Notch signaling pathway also suppresses 
FOXO1 and inhibits decidualization [99]. Interestingly in normal endometrium, the 
mechanism through which Notch1 activates FOXO1 expression is by cross talk with 
the liganded progesterone receptor at the promoter of FOXO1 [97]. However, in 
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endometriosis, progesterone resistance inhibits Notch1 activity, results in decreased 
FOXO1 expression and decidualization failure [99].

14.3.3  Ovarian Cancer

Ovarian cancer is by far the most lethal gynecologic cancer in the United States. It 
is estimated that over 22,000 new cases will be diagnosed in 2017, and ovarian 
cancer will be responsible for over 14,000 deaths [101]. This mortality rate is due in 
part to the lack of molecular markers to identify early ovarian cancers and the 
observation that more than 75% of patients present at diagnosis with stage III or IV 
disease. First-line therapy often involves debulking surgery followed by aggressive 
chemotherapy, but recurrence rates are high, and tumors are often resistant to further 
chemotherapy, resulting in a 5-year survival rate of 46.5% [101]. Treatment options 
for recurrent, resistant ovarian cancer are few, highlighting the necessity for new, 
targeted molecular therapies for this devastating disease.

The majority of ovarian cancers are classified as ovarian adenocarcinomas that 
derive from the ovarian surface epithelium. There are numerous histological 
subtypes, of which the most common is serous adenocarcinoma, followed by 
endometrioid and mucinous carcinomas as well as other, less common subtypes 
[102]. Although the etiology of ovarian cancer is unknown, there are several loss-
of- function mutations in well-described tumor suppressor genes that have been 
correlated with ovarian cancer, for example, TP53 [103], PTEN [104], and BRCA1/2 
in familial cancer [105, 106]. Similarly, overexpression or gene duplication of 
oncogenes has also been described for PI3K [107], AKT2 [108], EFGR [109], c-Myc 
[110], K-ras [111], and Her2/neu [112]. Disruptions in the Notch signaling pathway 
have also been correlated with ovarian cancer formation.

14.3.3.1  Notch1

Initial studies of Notch1 signaling in ovarian cancer were performed by Hopfer 
et al. [113] on a collection of 32 ovarian cancers (17 ovarian adenocarcinoma, 12 
ovarian adenoma, 3 borderline tumors), 3 ovarian cancer-derived cell lines (A2780, 
OVCAR-3, 2008), and 1 ovarian surface epithelial cell line (IOSE-144). At both the 
mRNA and protein levels, the group demonstrated a consistent increase in Jagged-2, 
DLL-1, and Manic Fringe in adenocarcinoma compared to adenoma. Overexpression 
of the Notch1 ICD in ovarian cancer cells led to an increase in proliferation and 
anchorage-independent growth, suggesting a role for Notch1  in ovarian 
tumorigenesis [113]. Analysis of Notch1 by Rose et al. demonstrates that NICD is 
overexpressed in 76% of human ovarian adenocarcinomas when measured by 
Western blotting and is consistent with the expression of NICD measured in ovarian 
cancer cell lines [114]. Knockdown of NICD using siRNAs to Notch1 ICD resulted 
in decreased proliferation in three ovarian cancer cell lines [114]. Further, Notch1 
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expression was shown to correlate with the stage and differentiation status of ovarian 
cancers. Using immunohistochemistry, Wang et al. demonstrated elevated expression 
of Notch1  in 95% of ovarian cancers compared to patient-matched opposite side 
normal ovarian tissue. These results were confirmed using RT-PCR and Western 
blotting, and additional stratification of these data indicates Notch1 expression 
increased in samples with poor differentiation and elevated FIGO staging scores 
[115]. Additionally, Notch1, Notch3, and Notch ligand DLL4 were elevated in 18 
ovarian cancers compared to healthy ovarian tissues [116], and in a smaller study 
(n = 10), Notch1, Jagged-1, and DLL1 were elevated and correlated with metastatic 
ovarian cancers [117]. However, conflicting data has also been reported. Using a 
novel immunohistochemical method to detect Notch1 ICD in 147 ovarian cancer 
samples, none demonstrated increased Notch1, even though NICD was detected in 
other cancers with known Notch activation [118]. More recently, the prognostic 
utility of Notch receptors and ligands was assessed and correlated with patient 
outcomes using the Kaplan-Meier plotter [119] (http://kmplot.com) to analyze 
publically available ovarian cancer gene expression datasets from the Cancer 
Biomedical Informatics Grid (caBIG, https://biospecimens.cancer.gov/
relatedinitiatives/overview/caBIG.asp), the Gene Expression Omnibus (GEO; 
http://www.ncbi.nlm.nih.gov/geo), and The Cancer Genome Atlas (TCGA; https://
cancergenome.nih.gov) [120]. Elevated Notch2 and Notch3 expression was 
correlated with poor progression-free survival, whereas high Notch4 expression 
was associated with overall survival. These results suggest that the different Notch 
receptors may have different prognostic value in ovarian cancers.

Next-generation sequencing has also been performed to identify a molecular sig-
nature specific for a subtype of ovarian cancer that is associated with endometriosis 
termed endometriosis-associated ovarian cancer or EAOC.  Recent studies have 
suggested that endometriosis may be a precursor lesion to this form of ovarian 
cancer and a molecular profile would aid diagnosis in preneoplastic lesions. Notch1, 
Notch2, and Notch4 showed recurrent missense mutations in EAOC specimens 
[121].

14.3.3.2  Notch3

Notch3 was also initially identified through studies designed to identify early bio-
markers of ovarian cancer. In one study, Affymetrix microarrays were used to ana-
lyze transcriptional profiles of 42 ovarian cancers versus normal ovarian epithelium; 
Notch3 was upregulated more than threefold in this sample set [122]. Another study 
in ovarian cancer cell lines identified Jagged-2 when compared to immortalized 
ovarian surface epithelial cell lines [123]. Gene amplification was studied by Park 
et al. to identify chromosomal regions with copy number variations in 31 late-stage 
ovarian cancers [124]. Single nucleotide polymorphism (SNP) array and digital 
karyotyping both identified an amplified region on chromosome 19 – the region 
containing Notch3. Amplification of Notch3 was identified in 20% of the samples 
and was confirmed by increased protein expression as measured by fluorescent in 
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situ hybridization and immunohistochemistry [124]. Notch3 knockdown by siRNA 
or inhibition of γ secretase decreased DNA synthesis as a measure of proliferation 
and increased apoptosis in ovarian cancer cell lines [124] suggesting that Notch3 
activation may play an important role in ovarian cancer development. A similar 
study confirmed these results in a different sample set [125], while a genome-wide 
study of ovarian carcinoma conducted by The Cancer Genome Atlas (TCGA) 
revealed similar results with Notch3 genetic changes identified in 50% of ovarian 
cancer cases [41]. Further studies implicated Notch3 as a prognostic indicator, dem-
onstrating that elevated mRNA for Notch3, Jagged-1, and Jagged-2 as well as ele-
vated Notch3 protein correlated with chemoresistance and poor overall survival 
[126, 127].

The identification of Notch3 as a prognostic marker and driver of ovarian carci-
noma led to mechanistic studies aimed at identifying the primary Notch ligand 
responsible for Notch3 activation. Choi et al. analyzed the expression levels of all 
known Notch ligands in ovarian cancer and found Jagged-1 to have the highest 
expression. Knockout of Jagged-1 in feeder cell cocultures negatively impacted the 
proliferative and adhesive properties of ovarian cancer cells, whereas constitutive 
expression of Notch3 ICD had the reverse effect [128]. Further studies confirm the 
presence of Notch3 and Jagged-1 expression in ovarian cancer samples and propose 
that dynamin-dependent endocytosis is a key step in the Jagged-1 activation of 
Notch3 [129].

Notch3 was found to exert its effect through the actions of target genes such as 
Pbx1. Pbx1 is a known proto-oncogene that has been studied in leukemias and was 
recently identified as a Notch3 target gene in ovarian cancer [130]. Chen et al. used 
a systems biology approach to identify Notch3 target genes by combining 
transcriptome analysis with ChIP-on-chip analysis. From this, they were able to 
demonstrate that the target genes identified by ChIP were often the same 
transcriptional regions regulated by Notch3 in ovarian cancer cells and were able to 
identify DLGAP5 as a new Notch3 target gene in ovarian cancer [131].

Studies of the epigenetic regulation and gene methylation modifications present 
in ovarian cancer were performed by Ivan et al. [132]. These studies used TCGA 
data to highlight the clinical relevance of epigenetic modification of genes in the 
Notch signaling pathway by examining the overlap between epigenetic regulation 
by methylation and miRNAs and overall patient survival. Using this approach, the 
authors found an inverse relationship between DNA methylation and the gene 
expression of CCND1, PPARG, and RUNX1, all genes involved in the Notch 
pathway. Further, the expression level of these genes along with the DNA methylation 
status was predictive of patient outcomes with low DNA methylation/high expression 
being indicative of poorer overall survival. miRNA correlations demonstrated a 
similar trend with an inverse relationship between miRNA levels and gene expression 
of CCND1, PPARG, and RUNX1. As with DNA methylation, patients with low 
miRNA expression/high gene expression demonstrated poorer overall survival 
[132].

In an effort to identify proteins involved in modulating the Notch3 signaling 
pathway in ovarian cancer, Jung et al. used a human proteome microarray to screen 
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for Notch3-ICD interacting proteins [133]. The E3 ubiquitin-protein ligase WWP2 
was identified as an interacting partner of Notch3 that specifically binds Notch3 
over the other Notch receptors. Further, WWP2 attenuates Notch3 pathway activity 
and leads to cell cycle arrest. Analysis of TCGA data revealed that the majority of 
ovarian carcinomas carry inactivating mutations in WWP2, suggesting that in the 
normal ovarian epithelium, WWP2 acts as a tumor suppressor by inhibiting Notch3 
activity [133].

14.3.3.3  Angiogenesis in Ovarian Cancer

In general, Notch is actively involved in angiogenesis and vessel patterning [134, 
135], with Notch1, Notch4, DLL1, DLL4, and Jagged-1 being the most highly 
expressed Notch pathway components involved in the differentiation between the 
tip and tube cellular phenotype in a developing vessel [136–140]. In ovarian cancer, 
Lu et al. specifically examined the gene expression profiles of endothelial cells from 
normal ovarian tissue or aggressive ovarian cancer and detected 2.5X elevated 
expression of Jagged-1 among other genes [141]. Jagged-1 has been shown to be a 
critical regulator of tip formation and sprouting through competitive, antagonistic 
regulation of DLL4-activated Notch signaling [142], confirming hypotheses that the 
equilibrium between available Notch ligands can have significant effects on the 
outcome of pathway activation. DLL4 has been extensively studied as a regulator of 
angiogenic activities in ovarian tumor endothelium [135, 143, 144] and other tumors 
[145]. In one study, DLL4 was overexpressed in 72% of tumors analyzed and 
correlated with poor clinical outcomes. The investigators noted that DLL4 was 
lowest in tumors responding to anti-VEGF therapies and that the combination of 
anti-VEGF therapies plus knockdown of DLL4 in mouse models decreased tumor 
proliferation better than either therapy alone [146]. Subsequently, Kuhnert et  al. 
reported efficacy using a humanized DLL4 monoclonal antibody (REGN421) in 
mouse xenograft models of ovarian cancer. Antagonism of DLL4 in this system led 
not only to a reduction in tumor volume but also the formation of nonfunctional 
blood vessels. As with the Hu study, combination of DLL4 monoclonal antibody 
with anti-VEGF therapy showed decreased tumor proliferation and decreased 
angiogenesis than either therapy alone [143]. Additionally, use of a γ secretase 
inhibitor in a mouse model of ovarian cancer resulted in decreased microvessel 
density, suggesting that Notch pathway inhibition by these compounds may also be 
a mechanism to block angiogenesis in tumors resistant to anti-VEGF therapies 
[147]. Estrogen also enhances angiogenic branching via signaling of the VEGF- 
DLL4/Notch pathway in human umbilical vein endothelial cells [148]. This effect 
is attenuated by inhibition of Notch signaling further supporting the combination of 
anti-DLL4/Notch and anti-VEGF as a putative therapy for estrogen-dependent 
cancers.
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14.3.3.4  Stem Cells in Ovarian Carcinoma

Aberrant activation of the Notch signaling pathway plays a key role in chemoresis-
tance and recurrence in ovarian cancer. This is generally attributed to the presence 
of a population of cancer stem cells (CSCs) that have the capacity to initiate tumor 
formation and self-renew through asymmetric division [149]. Cancer stem-like cells 
in ovarian cancer are identified by a variety of cell surface markers including CD44, 
CD24, CD117, CD133, and ALDH1. Depending on the published series, combina-
tions of these various markers exhibit different CSC characteristics. For example, in 
a recent publication, CD133+ and ALDH1+ cells were implicated as CSCs, with the 
presence of CD133+ cells in a primary ovarian cancer strongly correlating with poor 
survival and the coexpression of both CD133+ and ALDH1+ indicative of a decreased 
progression-free interval and poor overall survival [150]. Interestingly, of patients 
with CD133/ALDH1 positivity in primary tumors, 85% lost these surface markers 
in recurrent tumors where cancer stem-like cells would be expected to be more 
prominent. This may represent cellular differentiation or other changes that would 
lead to the loss of CSC surface markers [150]. Further studies are warranted to 
clarify this issue. In earlier studies, Bapat et al. reported a subpopulation of CD44+ 
stem-like cells with tumor-initiating activity [151], and Zhang et al. isolated CD44+ 
and CD117+ cells from ovarian tumors with self- renewing and tumor-initiating 
properties [152]. This diversity in surface and functional markers may reflect the 
heterogeneity of ovarian cancer and ovarian CSC, and further studies are necessary 
to clarify this issue. Comprehensive reviews of the many stem cell marker studies 
have been recently published [153, 154].

Notch signaling is one of the signal transduction pathways that has been impli-
cated in CSC stemness, along with Wnt/β-catenin, IL6/JAK/STAT, Hedgehog, 
NF-kB, and PI3K/AKT [28, 155, 156]. In a study of 45 matched primary and 
recurrent tumor samples, genes involved in these pathways, including Notch, were 
significantly increased in recurrent disease [157]. More recently, Kang et  al. 
demonstrated that galectin-3 supports CSC stemness by activating Notch signaling 
via Notch1 ICD. Galectin-3 was overexpressed in advanced-stage ovarian cancers, 
and in vitro modulation of galectin-3 reduced the levels of cleaved Notch1 ICD and 
expression of Notch target genes Hes1 and Hey1 [158].

14.3.3.5  Epithelial-to-Mesenchymal Transition

Another characteristic of CSCs is their ability to acquire mesenchymal traits and the 
ability of cells to develop increased migratory and invasiveness characteristics. 
Notch signaling is an inducer of the epithelial-to-mesenchymal transition (EMT) 
along with TGFβ, Hedgehog, and Wnt signaling pathways and promotes tumor 
invasion, metastasis, and chemoresistance through the activation of EMT-associated 
transcription factors such as Snail, Slug, Twist, and ZEB [159, 160]. Notch3 was 
demonstrated to induce EMT, block carboplatin-induced apoptosis, and attenuate 
ERK phosphorylation in ovarian cancer cell lines [161]. Subsequent studies 
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implicated Ras-associated protein Rap1A as the upstream activator of ERK and 
Notch in EMT [162]. Further accumulated evidence suggests that EMT can be 
blocked by Notch inhibition as a therapeutic strategy [163, 164]. Indeed, the γ 
secretase inhibitor DAPT blocked TGFβ-induced EMT in ovarian cancer cell lines 
[165, 166].

14.3.3.6  Targeting Notch in Ovarian Cancer

Preclinical studies demonstrate that inhibition of Notch pathway components is a 
viable strategy in ovarian cancer. Inhibition of Jagged-1 by siRNA delivered 
intravenously by chitosan nanoparticle delivery in an orthotopic mouse model of 
ovarian cancer demonstrated significant reductions in tumor volume and microvessel 
density. Further, knockdown of Jagged-1 sensitized cells to subsequent docetaxel 
treatment [167]. Several studies have demonstrated that Notch inhibition sensitizes 
ovarian cancer cells (particularly CSCs) to chemotherapy [168–173]. McAuliffe 
et  al. show that overexpression of Notch3 results in the expansion of CSCs and 
increased resistance to platinum-based chemotherapy [170]. Treatment with a γ 
secretase inhibitor had the reverse effect, leading to depleted CSCs and increased 
sensitivity to platinum therapy. Importantly, the combination of γ secretase inhibitor 
and cisplatin was a synergistic effect that eliminated CSC and bulk tumor cells 
through enhanced DNA damage response, cell cycle arrest, and apoptosis [170]. 
Inhibition with the MRK-003 γ secretase inhibitor in combination with standard 
chemotherapy agent paclitaxel demonstrated decreases in Notch signaling and 
paclitaxel resistance in ovarian cancer model systems [169]. Pretreatment of 
chemotherapy-resistant ovarian cancer cell lines with the γ secretase inhibitors 
DAPT or MK-0752 also downregulates Notch and decreases proliferation [168, 
171]. Yen et al. presented a novel strategy by inhibiting Notch2/3 with an antagonist 
antibody alone or in combination with paclitaxel [174]. Again, inhibition of Notch 
signaling in addition to standard chemotherapy demonstrated a decrease in CSCs 
and a delay in tumor recurrence in preclinical models. Similarly, inhibition of DLL4 
with anti-DLL4 antibodies in combination with anti-VEGF therapy aflibercept was 
efficacious in reducing tumor volume in preclinical models of ovarian cancer [143, 
175]. Finally, combination of Notch inhibition by DAPT in combination with 
Bay11-7085 decreased proliferation of ovarian cancer cell lines suggesting that this 
combination therapy may have efficacy in ovarian cancer [176].

The preclinical successes with Notch inhibition have led to clinical trials of 
Notch γ secretase inhibitors alone and in combination with other therapies. Several 
phase I trials have been reported, including the use of enoticumab, a humanized 
DLL4 monoclonal antibody [177], and three γ secretase inhibitors (MK-0752, 
RO4929097, and LY900009) [178–180]. The RO4929097 γ secretase inhibitor has 
completed a phase II clinical trial in patients with platinum therapy-resistant ovarian 
cancer but demonstrated insufficient activity to warrant further study as a 
monotherapy [181]. For a complete, up-to-date listing of clinical trials in progress, 
visit www.clinicaltrials.gov.

J. S. Crabtree

http://www.clinicaltrials.gov


369

14.4  Conclusions

The regulation of estrogen signaling in cancers encompasses a much broader range 
of pathways than initially appreciated, and there is still much to be learned. The 
newly discovered mechanisms of cross talk between Notch and estrogen signaling 
pathways that have been identified in breast cancers may also be applicable and 
relevant to other estrogen-dependent cancers such as endometrial and ovarian 
cancers. The intersection of estrogen and Notch signaling pathways has opened up 
a new direction for future investigation into the etiology of hormone-dependent 
cancers. More importantly, these new studies are offering translational approaches 
that may have clinical utility in the form of combination therapies utilizing Notch 
inhibitors along with traditional chemotherapy regimens.
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