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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.
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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, ERa and ER [4, 5], as well as three orphan nuclear receptors
called estrogen-related receptors (ERRo/NR3B1, ERRP/NR3B2, and ERRYy/
NR3B3). ERRs have significant amino acid homology with ERo/f, yet do not bind
to naturally occurring estrogens. Elevated expression of ERRa correlates with poor
prognosis in breast and ovarian cancers [6, 7] and tumor aggressiveness in ovarian
and endometrial cancers [8, 9]. Interestingly, ERRy 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, ERa and ERp.

Estrogens are present in both males and females, and ERo/p 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 ADAMI10, which removes the extracellular subunit.
ADAMI17/TACE can also cleave Notch during ligand-independent activation [24,
25]. A third cleavage event by the y 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 TNFa [32], interleukin 1§ [33], VEGF [34],
and TGFp [35] signaling pathways and modulate pathways involved in cell survival
and proliferation like NF-xB [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, ERa positive, Her2/neu positive, and triple negative
(cancers that lack expression of ERa, progesterone receptor, and Her2/neu), with
ERa-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 ERa 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 Notchl 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 Notchl mRNA in breast cancer specimens, Notch
transcriptional activity did not correlate with receptor overexpression in breast can-
cer cell lines. In ERa-positive cells, estrogen inhibited Notch transcriptional activity
through decreased Notchl 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 ERa [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
y 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 ERa. In ERa-negative cells, Pupo et al. report an increase in y secretase-depen-
dent activation of Notchl and increased levels of the Notch target gene Hesl 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 ERa target genes, and overexpression
of Notchl has been measured in tamoxifen-resistant breast cancer samples [62].
Notchl can activate transcription of ERa target genes via recruitment of Notch-
CSL-MAMLI1 transcriptional complexes to promoter regions of ERa target genes
[63]. CSL binding elements are frequently in close proximity to EREs, and the
presence of ERa recruits p300. Data generated by Hao et al. suggests cross talk
between p300 and the Notch transcriptional complex to activate ERa-responsive
genes in the absence of estrogen [63]. PKCa overexpression in clinical specimens
predicts endocrine therapy resistance [64]. Yun et al. demonstrate that overexpression
of PKCa correlates with Notch4 expression. PKCa was shown to selectively
increase Notch4, but not Notchl, in endocrine-resistant breast cancer cell lines
through an AP-1-dependent mechanism [65]. DMXL2, a modulator of Notch
signaling, is overexpressed in ERa-positive metastatic breast cancers that progress
after endocrine therapy [66]. Another study reports that elevated levels of nicastrin,
a subunit of the y secretase complex, correlate with elevated Notch4 in estrogen
therapy-resistant cells [67]. Treatment of cells with anti-nicastrin monoclonal
antibody or a y 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, ERa-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 y 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 ERa-positive, PKCa
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
ERa signaling is “epigenetically disengaged,” while Notch signaling is hyperactive.
Blocking Notch signaling with y 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 y 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 ERa negative,
the growth of breast CSCs is affected by estrogen, and both tamoxifen and siRNA
silencing of ERa 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 y 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 ERa 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 ERa-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 ERa 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, CD133"/ER"*/OXPHOS". These cells become metabolically active
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and utilize oxidative phosphorylation in the absence of ERa. Inhibition of IL6-
Notch switches the CD133" CSC dependence on IL6/Notch to dependence on ER
by activating expression of ERa. 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 y secretase
inhibitors MK-0752 (Merck), RO4929097 (Roche), and PF03084014 (Pfizer) in com-
bination therapy with tamoxifen or letrozole for breast cancer. Additional phase II/I1I
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 Miillerian 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 [8§4-86], 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 Notchl, 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 Notchl 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 Notchl 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 Notchl, 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, Notchl 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 Notchl 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 Notchl 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, Notchl 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 DidZiapetriené laboratory reports that Notch receptors (Notch1-4), ligands
(Jagged-1, Jagged-2, and Delta-like 1), and target gene Hesl are all significantly
decreased at the RNA level (via g-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, Notchl, 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 Notchl and that this
effect could be abolished by using the 7y 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
Notchl 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 Notchl 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
Notchl and Hes| 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 (DLK/) and iodothyronine
deiodinase 3 (DI0O3) and also the maternally expressed genes MEG3, MEGS, and
the antisense retrotransposon-like 1 (RTLI) [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 Notchl 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 Notchl in decidualization, Su et al. studied the role
of Notch1 in women with endometriosis, as well as in ababoon model of spontaneous
endometriosis. They demonstrated that receptors Notchl and Notch4, ligands
Jagged-2 and Delta-like 4, and Notch target genes HESS5 and HEY 1 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 Notchl 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 Notchl 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 Notchl

Initial studies of Notchl 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 Notchl ICD in ovarian cancer cells led to an increase in proliferation and
anchorage-independent growth, suggesting a role for Notchl in ovarian
tumorigenesis [113]. Analysis of Notchl 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, Notchl
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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 Notchl 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 Notchl expression
increased in samples with poor differentiation and elevated FIGO staging scores
[115]. Additionally, Notchl, 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 Notchl ICD in 147 ovarian cancer
samples, none demonstrated increased Notchl, 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 y 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 Norch3 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 DLGAPS 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 CCNDI, PPARG, and RUNXI, 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 CCNDI, PPARG, and RUNXI. 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



366 J. S. Crabtree

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 Notchl, 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 y 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/ALDHI 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/p-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 Notchl ICD. Galectin-3 was overexpressed in advanced-stage ovarian cancers,
and in vitro modulation of galectin-3 reduced the levels of cleaved Notchl ICD and
expression of Notch target genes Hesl 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 TGFp, 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 RaplA 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 y
secretase inhibitor DAPT blocked TGFf-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 y
secretase inhibitor had the reverse effect, leading to depleted CSCs and increased
sensitivity to platinum therapy. Importantly, the combination of y 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 y 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 y 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 y 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 y secretase inhibitors (MK-0752,
R0O4929097, and LY900009) [178-180]. The RO4929097 vy 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.
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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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