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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 (Hesl and
DLGAPS) 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
1T 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 I, 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.

HIGH-GRADE SEROUS CARCINOMA

ENDOMETRIOID CARCINOMA

CLEAR CELL CARCINOMA

LOW-GRADE SEROUS CARCINOMA

MUCINOUS CARCINOMA

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 CCNEI 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
Notchl, 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 (DLLI,
DLL3, and DLLA4). 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,
JAGI 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 Notchl), 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 Notchl and Notch2 [24, 25]. There
are further differences in the amino acid identity between Notchl and Notch3 in
several intracellular domains, such as the ankyrinrepeatregion, the RBP-jk-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 68 [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
MAMLI), 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. Notchl
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
DLLA4 is overexpressed in up to 72% of carcinomas [22]. Yet, the general finding in
other reports seems to be that JAGI is the most dominant Notch ligand (although
both JAGI and DLLA4, 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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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
MAMLI. Alternatively, the repressor WWP2 can ubiquinate Notch3, leading to its degradation in
the endosome/lysosome compartments

Hesl 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.
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6.3 NOTCHS3 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 Notchl signaling pathway, and
newly identified target genes using genome-wide ChIP approaches [43]. These
include DLGAPS, 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 Notchl 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 NOTCHI [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 JAGI 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, NOTCH?2,
NOTCH3, and NOTCH4 and WWP2 in a number of different cancer types.
NOTCHI1, NOTCH2, and NOTCH#4 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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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

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.
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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 DLLA4 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].
Notchl [53] and Notch3 [52] upregulation have both been observed in the chemo-
resistant CSC populations. Additionally, CD44, Nanog, Oct4, drug transporters
(MDR1, ABCG2, ABCBS5), DNA repair genes (ATM, BRCA?2), and platinum resis-
tance-associated genes such as Connexi43/Gjal and Cyplal 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,
ABCBI, and other embryonic stem cell-associated genes such as Klf4, Rex1, Rif1,
and Sall4 [50]. Upregulation of ABCBI1, 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 NOTCHI1 [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,



164 E. Gerry et al.

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 JAGI,
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 VEGFE. 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 VEGFRI/sFLT2. Through the use of Notch decoys that
selectively block the signaling activities of DLL4 and JAGI, 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 VEGFR 1/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, G,-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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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

to eliminate both CSCs and bulk tumor cells and to increase the effects of DNA
damage, G,-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].
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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 Notchl and DLLI1 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 Notchl and
Notch2 receptors produces serious intestinal toxicity, targeting either Notchl or
Notch2 through its respective NRR does not produce this unwanted effect [95].
Most importantly, targeting Notchl potently inhibited tumor growth as well as
deregulation of angiogenesis associated with anti-Notchl 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 Notchl 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-59RS5 significantly
downregulated Hesl, Notch2, and Notch3 in the tumors and Hesl, Rgs5, and
Notch3 in the stroma. In the pancreatic tumor model, OMP-59RS 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 RgsS5,
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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