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Ovarian cancer remains a prevalent and deadly cancer in females. While anti-estrogen therapies
have been useful in the treatment of other cancer types, their effectiveness in the treatment of
ovarian cancers remains limited due to the limited understanding of estrogen’s effects on
carcinogenesis and growth promotion in these tissues. This paper aims to summarize the role
estrogen plays in ovarian cancer tumorigenesis and its potential value in targeted therapeutics.
Estrogen’s effects are secondary to interactions with estrogen receptor (ER) a, ER B, and the G
protein coupled receptor, GPR30. Genomic signaling of ER-ahas been shown to be primarily
carcinogenic, while that of ER-Bhas been shown to be a negative regulator of carcinogenesis.
Additionally, ER-ahas been found to have carcinogenic effects through non-genomic signaling
of the p53, MAPK, EGFR/Her2, PI3K, and IGF/IGFR pathways. GPR30’s effects have been
found to be more variable and specific to tumor classification. For example, GPR30 is primarily
carcinogenic in ovarian epithelial tumor types but appears to have protective effects when highly
expressed in granulosa cell tumors. While the above generalizations can be made, a better
understanding of estrogen’s effects on molecular signaling pathways will potentially allow for
development of more effective targeted therapies against ovarian cancer.
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INTRODUCTION
In the United States, ovarian cancer remains
the 5th most common cancer among females
today and the second most common
gynecological/urinary (GU) cancer among
females. Ovarian cancer had an estimated
21750 new cases in 2020 it ranks 4th in
mortality among all cancers in females (1,2).
Stage I, low grade tumors may be managed
with surgery and observation while stage II-
IV lesions are typically managed with
surgical debulking as well as multiple cycles
of chemotherapy; 60% of ovarian cancer
cases are stage III on detection (3,4).
Chemotherapy, which is typically in the form
of platinum-based agents and taxane agents,
and surgery still produce a 5 year survival
rate of 85-90% for stage I, 57-70% for stage
I1, 39-59% for stage 111, and 17% for stage IV
(4). Unfortunately, anti-estrogen treatments
are still in their early years with regards to the
treatment of ovarian cancer and have shown
limited efficacy (5), necessitating a better
understanding of this pathway in cancer.
Estrogen interacts with three primary
receptors: o, B, and a G protein coupled
receptor, GPR30 (17, 26) (Table 1 defines
the abbreviations/terms used throughout the
paper). These receptors interact with
downstream signaling pathways regulating,
cell cycle progression, cell division, and
migration (10, 37). These pathways may
represent a novel target for ovarian cancer
treatment, pending a better understanding of
their role in carcinogenesis. The treatment of
ovarian cancer requires further inroads into
the understanding of the pathogenesis of
these tumors and the effects of estrogen as it
pertains to carcinogenesis and growth
promotion. In theory, this will allow for the
development of more effective targeted
therapies.

Histology of ovarian carcinoma
There are numerous subtypes of ovarian
carcinoma, each defined by the cells of

origin. Table 2 summarizes some of the
major characteristics/statistics regarding each
subtype.

ESTROGEN RECEPTORS AND
CARCINOGENIC EFFECTS IN
OVARIAN CANCER

Estrogen a receptor (ER-a)

The a receptor exists as one of three variants,
based on variable splicing of mRNA: ER-
066, ER-046, and ER-036 (6, 7). ER-066 is
the primary receptor referenced in the
literature. ER-046 lacks the activating
function domain, AF-1,while ER-a36 lacks
both AF-1 and AF-2 domains; ER-a46 has
been shown to be inhibitory towards ER-066
in MCF-7 breast cancer cells (6,7). The a
receptor (ER-066) is commonly found in
ovarian cancer, but shows a particular
predominance in serous carcinomas. In a
study performed by Sieh et.al (2013) (8),
samples from 2933 females diagnosed with
ovarian cancer were examined showing:
87.5% of low-grade serous carcinomas,
80.7% of high grade serous carcinomas,
76.6% of endometrioid carcinomas, 20.8% of
mucinous carcinomas, and 19.4% of clear
cell carcinomas stained positive for ER (1).
In a smaller study of serous and mucinous
carcinomas, 60% of these cancers had a ratio
of estrogen receptor o:f} greater than 1,
meaning that cancer cells expressed a
significantly greater number of estrogen
receptor o molecules when compared to
benign ovarian tissues (9). Furthermore,
when exposed to estradiol, 5/16 ovarian
cancer cell lines all PEO1 and PEO4 cells,
staining strongly positive for ER a, showed
increased growth compared to ER negative
cell lines e.g., PEO14, PEO16, 41M, 59M,
OVCAR-3, OVCAR-4, OVCAR-5, A2780,
CAOV3 and OAW42 (10). ER positive
staining ovarian serous carcinoma PEO4
cells have been shown to proliferate
significantly more when exposed to 17-B
estradiol; ER negative PEO14 cells displayed
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Table 1. Definition of terms and abbreviations used throughout the text

Akt Aka Protein kinase B (PKB); A serine/threonine protein kinase which functions in the control
of the cell cycle/proliferation

Aloesin An active component of the aloe vera plant with antiproliferative effects

ATF3 (Activating transcription factor 3); Member of the ATF/CREB family

Bcl-2 Anti-apoptotic protein that inhibits release of caspases from within mitochondria

B-catenin Signaling protein important to the WNT signaling pathway; Involved in cell adhesion as well
as transcription/cell proliferation

BRAF Proto-oncogene; A serine/threonine kinase of the RAF family

BTG2 (B-Cell Translocation Gene 2); A tumor suppressor of the BTG/TOG gene family

Cadherin 6 Transmembrane glycoprotein. Aids formation of desmosomes and cell-cell adhesion.

CaMKIV Calmodulin kinase IV: A calcium-dependent protein kinase

Caspase Pro-apoptotic enzymes activated when leaked into cytosol from within mitochondria

Cathepsin A gene promoter activated by ERa and Spl

c-fos Proto-oncogene that produces pro-growth transcription factors

c-myc Proto-oncogene found on Chromosome 8

CTF-1 (CCAAT-binding transcription factor 1); Acts as a DNA-bound cofactor for NF-KB via
activation by CaMKIV increasing transcription of p53

CTNNBI Gene that encodes B-catenin

Cyclin A Protein driving cell cycle progression during the S phase

Cyclin B1 Protein involved in driving cell cycle progression from G2 to M phase

Cyclin D1 Protein involved in driving cell cycle progression from G1 to S phase

Cyclin E Protein involved in driving cell cycle progression from G1 to S phase

Delphinidin An anthocyanidin; Natural pigment found in berries, red cabbage, grapes, and sweet potatoes
with anticarcinogenic effects

E-cadherin Transmembrane adhesion molecules within belt desmosomes that interacts with actin thereby
controlling cell motility, adhesion, and shape

EGFR (Epidermal growth factor receptor); Induces growth of keratinocytes, fibroblasts, and
granulation tissue

Transactivation | Increased expression of EGFR mediated by GPR30 expression

G-1 (GPER-1-specific compound 1); agonist of GPERI that inhibits proliferation of cancer cells

GRIP1 (Glucocorticoid receptor-interacting protein 1); Transcriptional coactivator, SRC family

IL-6 (Interleukin-6); Cytokine involved in acute systemic inflammation

Jun Proto-oncogene that produces pro-growth transcription factors

MDR-1 (Multidrug resistance gene 1); promoter targeted by p53 to repress transcription

MEK1/2 Protein kinases; Involved in the Ras-Raf-Mek-Erk cascade

MMP 11 (Matrix metalloproteinase 11); Protein that helps break down the extracellular matrix

MMP 17 (Matrix metalloproteinase 17); Protein that helps break down the extracellular matrix

mTOR (Mammalian target of rapamycin); A substrate of Akt that regulates cell metabolism,
stimulating protein and lipid synthesis

NF-KB (Nuclear factor kappa B); Transcription factor involved in secretion of cytokines, DNA
transcription, and cell adhesion.

p21 Cyclin-dependent kinase inhibitor 1 (CDKNI1A). Target of p53 leading to cell cycle arrest.

p73 A tumor suppressor of the p53 family, with strong pro-apoptotic activity to tissues with DNA
damage secondary to chemotherapy

PTEN (Phosphate and tensin homologue) Tumor suppressor gene that inhibits PI3K/Akt signaling

RAS Proto-oncogene; Family of G proteins involved in signal transduction

SDF-1 (Stromal cell-derived factor 1); Chemokine promoting autocrine and paracrine cell migration

SP-1 (Specificity protein 1); Transcription factor that regulates fibulin-1

Src (SRC-3) (Steroid hormone receptor coactivator-3) Has the ability to target nuclear hormone receptors as
well as act as a transcription factor in other pathways

Survivin Promoter targeted by p53 to repress transcription; Part of IAP (Inhibitor of apoptosis) family

TNFa (Tumor necrosis factor a); Inflammatory cytokine

TRAF4 (Tumor necrosis factor [TNF] receptor-associated factor 4); Target of p53 leading to apoptosis
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Table 2. In vitro and in vivo cell models used for testing of estrogen responsivity

ER a
+

ER a ER B ER B GPR30 Unknown
_ + — + —

Epithelial Cell Tumors

Serous PEO1

PEO14 SKOV- SKOV-3 SKOV- HEYASR
3 3

Low grade: 87.5% ER o positive!

PEO4 PEO16 OVCAR-3

High grade: 80.7% ER a positive! ~ PEORI1

41M

49.6% ER B positive®?

SOM

GPR30 expression high?!

OVCAR-
3

OVCAR-

OVCAR-
5

CAOV3

OAW42

Endometrioid

76.6% ER a positive!
ER f status unknown
GPR30 expression high?!

A2780

Mucinous

20.8% ER a positive!
ER B status unknown
GPR30 expression high?!

Clear Cell

19.4% ER a positive!
ER B status unknown
GPR30 status unknown

ES-2

Sex Cord Stromal Tumors

Granulosa Cell

66% ER o positive
53% GPR30 positive?
ER B status unknown

Sertoli/Leydig Cell
79% ER a positive

ER B status unknown
GPR30 status unknown

Sertoli/Leydig Cell
79% ER a positive

ER B status unknown
GPR30 status unknown

Unknown origin BG-1

BG-1 BG-1

no significant response to estradiol (11).

Estrogen receptor p (ER )

The B receptor appears more frequently in
normal ovarian tissue and benign tumors as
opposed to malignant tissue/tumor (9, 12).
The [ receptor has multiple splicing variants:
ERBI1, ERB2, and ERBS. ERBI is the
primary isoform while ERB2 lacks

ligand/DNA binding abilities and serves as a
negative regulator of ER a; ERBS5 serves a
similar inhibitory function towards ER aand
ERBI1 (12, 13). ERBI is thought to interfere
with ER a activities, inhibit production of ER
a, and inhibit cellular proliferation. These
effects were exhibited in ER a positive, ER 3
negative BG-1 cells subsequently infected
with adenovirus carrying the ER  gene (14).
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Furthermore, ovarian cancer SKOV-3
cells expressing ERB1 exhibited decreased
proliferation while caspase activity was
found to be increased in ERBI positive
SKOV-3 cell lines compared to ERBI
negative SKOV-3 lines, increasing apoptosis
(15). ER B receptor particularly the ERB1
isoform, seems to be protective against
malignant evolution/progression. This is
further elucidated by He et al, who showed
that ER B agonist LY500307 decreased cell
viability, promoted tumor suppressor gene
expression, and increased apoptotic gene
expression (89). Similarly, OSU-ERb-12, a
ER B agonist, demonstrated both in vitro and
in vivo inhibition of ovarian cell proliferation
by inhibiting epithelial to mesenchymal
transition, a key transition for malignancies
(90). As such, the loss or suppression of ER
B appears to be a key to malignant
transformation.

GPR30

GPR30 is a membrane bound, G protein
coupled receptor, sensitive to estradiol. The
GPR30 receptor mediates signaling through
multiple mechanisms (16, 17). The primary
role of GPR30 in ovarian carcinogenesis is
disputed currently. In BG-1 ovarian cancer
cells, GPR30 was shown to activate the c-fos
gene independently of ER a activity,
suggesting that GPR30 may have effects on
carcinogenesis independent of the estrogen
receptor (17).

In ovarian cysts, higher levels of
GPR30 mRNA were found in malignant
lesions compared to benign, correlating with
increased tumor size, advanced stage, and
increased metastatic ability (18). Smith et. al
(2009) showed that GPR30 was present more
frequently in ovarian carcinoma than in lower
risk ovarian tumors and correlated with a
lower survival rate (19).

In granulosa cell tumors, GPR30 was
found to be present in 53% of samples and
correlated with poor survival in newly

diagnosed cases (20). Comparison of 42
samples of various benign, borderline, and
malignant epithelial ovarian carcinoma
samples revealed that malignant samples
were more likely to have increased amounts
of GPR30 (21). However, GPR30 was shown
to exhibit an anti-proliferative role in SKOV-
3 and OVCAR-3 ovarian cancer cell lines. In
these cells, GPR30 was found to mediate cell
cycle arrest and inhibit cell proliferation (22).

MOLECULAR SIGNALING
PATHWAYS

Estrogen receptors contain a ligand domain,
a DNA binding domain, as well as domains
for the binding and interaction with
coactivators and corepressors (23). When
estrogen enters the cell, it binds these
receptors, inducing a conformational change
and allowing for binding to estrogen response
elements (ERE) within DNA as well as
transcriptions factors (24, 25). Estrogen
receptors can localize to the cytosol and
nucleus, both initiated via a common
pathway (26, 27). Cytosolic receptors, after
binding estrogen, do not necessarily localize
to the nucleus but rather associate with
various other cytosolic proteins, affecting
intracellular signaling cascades. ER activity
can be divided into genomic and non-
genomic, with interplay between the two
groups (28).

Genomic activities of ER

Genomic signaling includes the activation of
transcription factors and coactivators or
corepressors via estrogen receptors o and 3,
as well as the direct binding of the ER to ERE
regions within DNA. In ovarian cancer cells,
genes directly regulated by estradiol through
ERE regions include the genes for: AP4 DNA
binding protein, cathepsin, cyclin BI,
caspase 4, IGFBP3, cadherin 6, matrix
metalloproteinases 11 and 17, in PEO1 cells,
(10) and stromal cell-derived factor 1 (SDF-
1) in BG-1 cells (29), as shown in Figure 1.
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Figure 1: Through mRNA splicing, three variants of estrogen receptor a (ERa) exist: ERa66, ERa46, and ERa36.
ERa66 interacts intranuclearly with DNA bound transcription factors AP-1 and SP-1, leading to both the upregulation
of c-myc, IGF-1, and fibulin-1 as well as the downregulation of IL-6, tumor necrosis factor o (TNFa), follicle
stimulating hormone B (FSHp), and choline acetyltransferase. Through a separate pathway, amplified in breast
cancer-1 (AIB1) acts as a coactivator to ER066, leading to the production of AP-4 (transcription factor), cathepsin,
cyclin Bl, caspase, cadherin 6, insulin-like growth factor binding protein 3 (IGFBP3), and matrix metalloproteinases
11 and 17 (MMP11/17). Via the activating factor 2 (AF2) binding site, ERa46 acts intranuclearly to increase
transcription and cell proliferation. Binding at activating factor 1 (AF1) inhibits ERo46 from this
process. Interactions with ERa66 inhibit ERo46 from entering the nucleus entirely. ERa36 lacks the AF1 and AF?2
domains, and therefore is not involved in ovarian tumorigenesis. Three forms of estrogen receptor f (ERf) are
involved in ovarian tumorigenesis: ERBI, ERS2, and ERB5. ERpBI inhibits ERo. activity, leading to a decrease in ERa
production as well as inhibition of cell proliferation. ERB2 negatively regulates ERo within the cytoplasm, and as it
has no ligand/DNA binding abilities, it does not directly act intranuclearly. Similarly, ERBS acts as an ERo. inhibitor,
and has additional ERBI inhibitory effects.

Furthermore, a large family of pl60 patients as well as higher grade tumors (33).
coactivators have been found to mediate APl and Spl are two highly

ER/estrogen mediated genomic actions. This
includes AIB1/SRC-3 and GRIP1 (24, 30).
AIB1 (SRC-3) has been shown to be
overexpressed in BG-1 ovarian cancer cells.
These same AIB1 overexpressing cells have
shown increased transcription activity when
treated with estradiol, eluding to AIB1’s role
as a coactivator for ER (31). AIBI1 is present
in 68.7% of epithelial ovarian cancer samples
with a significantly higher expression in
cancerous tissue (32) and correlates with
worse overall survival in epithelial cancer

important transcription factors regulated by
the estrogen receptors. Estrogen receptor o
has been shown to bind and activate the AP1
complex, which requires intact activating
function domains, AF-1 and AF-2.
Interestingly, the estrogen 3 receptor lacks an
AF-1 domain and as such only interacts with
AP1 when treated with anti-estrogens, which
normally block estrogen-a receptor mediated
effects (30). Estradiol has been shown to
have an inhibitory effect on the API
transcriptional pathway, suppressing
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expression of IL-6, TNF a, FSH B, and
choline acetyltransferase (34) as shown in
Figure 1. However, in CAOV-3, OVCAR-3,
and A2780-ER ovarian cancer cells
expressing ER a, estradiol was found to
induce the expression of c-myc and IGF-I
through an ER/estradiol/AP1  binding
complex, suggesting a gene dependent ER
mechanism (35), shown in Figure 1.
Furthermore, components of AP-1, fos and
jun proteins, have been found in elevated
levels within ovarian tumors (36). Fibulin-1,
a protein that plays a role in migration and
motility of cells, has been shown to be
overexpressed in BG-1, PEO4, and OVCAR-
3 ovarian cancer cells and is responsive to
estradiol treatment through ER o mediation
(37). The fibulin-1  promoter was
subsequently found to have 2 Spl binding
sites, both required for estradiol/ER mediated
fibulin transcription (37).

P53: Cross-talk between genomic and
non-genomic

P53 serves as a “guardian” for the cellular
genome, arresting the cell cycle, promoting
DNA repair, and when necessary, promoting
apoptosis. A large percentage of high grade
serous and endometrioid carcinomas have
shown loss of function mutations in p53, a
gateway to carcinogenesis (38, 39). P53 has
been shown to crosstalk with ER, forming a
complex interaction between the two. ER o
has been found to increase the transcription
of the p53 gene within MCF7 breast cancer
cells lines, both through a ligand dependent
binding to an ERE in the p53 promoter (40)
and through a calmodulin kinase IV mediated
activation of NF-kB/CTF-1 transcription
complex (41). P53 and its downstream
mediator p21 have both been found to be
upregulated with estradiol treatment within
RhOSE ovarian cells as well (42).
Furthermore, a polymorphism of p73, itself a
homolog of p53 involved in the apoptosis of
germ cells, has been found to be positively

associated with increased ER positive human
ovarian cancer development; this study
surveyed epithelial, germ cell, and sex cord
stromal cell tumors from human patients
(43). However, ER a also plays an inhibitory
role in regard to p53 regulated repression of
survivin and MDR-1 (44) as well as p53
activation of ATF3, BTG2, and TRAF4 (45)
as seen in Figure 2.

Wild type, non-mutated, p53 has been
shown to increase the transcription of ER
(46). In epithelial ovarian cancer, a mutated
pS3 protein that stabilizes wild type pS3 was
shown to increase levels of the ESR1 gene
(47). It is hypothesized that the increased
ESRI1 expression is due to increased p53
mediated transcription of the ESR1 gene
itself (47). However, owing to its anti-
proliferative mechanism, a lack of p53 in
mouse ovarian surface epithelial tumor cells
correlated  with  estradiol = mediated
upregulation of growth and tumor invasion
through upregulation of the estrogen receptor
ESR1 (48). P53 and the estrogen receptor
have a complex relationship, each increasing
the transcription of the other while
simultaneously inhibiting the transcriptional
activity of that same molecule, preventing its
downstream effects. A similar paradox can be
seen in type 2 diabetes mellitus induced
insulin resistance, in which high glucose
levels drives increased insulin secretion but
this subsequently results in resistance to
insulin’s effects.

Non-genomic activities of ER

Non genomic activities include those in
which the estrogen receptor interacts with
proteins other than transcription factors and
do not immediately affect the genome.
Ultimately many of these pathways lead to
genomic alterations in the form of
upregulation/downregulation  of  various
genes, but begin independently of the
genome. Table 3 details some of the
therapies currently being studied, targeting

Harvard Medical School Review Issue 8 | December 2023 47



Figure 2: Mutations of the PTEN, RAS, and BRAF proteins can be found in multiple subtypes of ovarian
carcinoma. PTEN down regulation/mutation leads to increased signaling in the PI3K pathway while mutations in
RAS/BRAF lead to upregulation of the MAPK pathway. P53 exhibits a complex relationship with the estrogen
receptor, increasing transcription of ERa, while ERa. increases transcription of p53 with altered transcription of many

p33 related genes.
these pathways.

MAPK pathway and ER

Mutations in both RAS and BRAF are
present in higher frequency in low grade
serous and mucinous ovarian carcinomas,
upregulating the MAPK pathway, illustrated
in Figure 2 (49, 50). RaplA, a RAS
associated protein, has been found to increase
cell proliferation, migration, and invasion in
human HEYAS ovarian cancer cells. This
carcinogenic  activity appeared to be
mediated by induced expression of MAPK
pathways constituents, MEK1 and 2, as well
as ERK 1 and 2, illustrated in Figure 3 (51).
Furthermore, high amounts of
phosphorylated/active  MAPK have been
observed in high grade serous carcinomas,
corresponding to a worse survival rate (52).
This increased level of MAPK correlated
with a higher level of EGFR as well (52).
Inhibition of the MAPK pathway, through the
use of Aloesin (53) and delphinidin (54), has

actually been shown to decrease the growth
of SKOV3 ovarian cancer cells. The
inhibition of Src kinase, which acts as a key
regulator of both the MAPK and EGFR
mediated pathways, has been investigated as
well. Src was found to be highly expressed in
ovarian cancer cell lines activated by the
estrogen/ER  complex (55). Subsequently,
inhibition of Src inhibited cancer growth and
reduced levels of c-myc expression within
PEOIR and BG-1 ovarian cancer cells (55)
seen in Figure 3.

EGFR/Her2 and ER

Her2/neu is a growth factor receptor
commonly associated with carcinogenesis
and has been shown to bind membrane
associated ER, modulating its ligand
responsive properties (56, 57). Her2 interacts
with the MAPK pathway and has been shown
to activate both nuclear ER and its
coactivator AIB1 in order to increase ER
mediated transcription (58). Therefore, the
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Table 3. Summary of Treatments Targeting Non-Genomic Pathways

Agent Mechanism of action | Studies Performed References
Trastuzumab Her?2 receptor targeting | Phase II study - 41 patients with primary Bookman,
antibody peritoneal/recurrent or refractory ovarian 83
carcinoma; 11.4% overexpression of Her2;
response rate low at 7%
Trastuzumab/Pertuzumab | Both Her2 receptor Case report - high grade serous epithelial Thouvenin,
targeting antibodies carcinoma stage 1V; focal amplification of | 84
Her2 gene found; treated with combination
trastuzumab/pertuzumab with persistent
partial response of 37 months
Pertuzumab Her2 receptor targeting | Phase III study - 156 patients with Lorusso, 85
antibody platinum resistant ovarian carcinoma
randomized to topotecan, gemcitabine, or
paclitaxel monotherapy followed by
adjuvant pertuzumab; no significant
improvement in PFS/overall survival
Gefitinib EGFR targeting Phase Ib/II study - 19 patients with Chelariu-
antibody platinum resistant ovarian carcinoma, Raicu, 86
expressing EGFR, treated with topotecan
and gefitinib; 16% had stable disease, 11%
had partial response
Cetuximab EGFR targeting Phase II study - 25 patients selected for Schilder, 87
antibody single agent treatment with cetuximab; 1
patient achieved partial response, 9
achieved stable disease
Trametinib MEK inhibitor, Phase II/III study - 260 patients with low Gershenson,
targeting the MAPK grade serous carcinoma selected; 101 88
pathway progression free survival events in

treatment group vs 116 in control group;
median progression free survival 13
months in treatment group vs 7.2 months
in control

presence of Her2/neu in various carcinomas
may enhance  estrogen’s role in
carcinogenesis and tumor progression. High
levels of Her2 have been reported in ovarian
cancer, which reportedly caused increased
stimulation of both MAPK and PI3K
pathways. However, when inhibited by
pertuzumab (a monoclonal anti-Her2
dimerization antibody), Her2 and ER «
mediated activity is inhibited (59).
Furthermore, EGFR has been found to be
more highly expressed in ovarian cancer
tissue when compared to normal ovarian
tissue, with a 56.8% difference between the
two groups (60). Higher EGFR expression in
malignant ovarian tissue corresponds to a
worse survival rate, owing to the anti-

apoptotic effects of EGFR (61). As shown in
Figure 3, EGFR gain of function mutations
were found to promote increased
phosphorylation of both Akt and ERK in
ovarian cancer (62), ERK playing a role in
the estrogen responsive MAPK pathway
already mentioned above.

PI3K and ER

Lower grade endometrioid as well as clear
cell carcinomas of the ovary showed higher
rates of PTEN and PI3K pathway mutations,
leading to an upregulation of this pathway
and carcinogenesis (49, 39). In cases of low
grade carcinoma, CTNNBI1 (16-38% of
cases) and PTEN (14-21% of cases)
mutations result in increased activity of the
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Figure 3: Estrogen receptor a (ERa) is involved in ovarian tumorigenesis and cellular proliferation through
multiple non-genomic signaling pathways. Intranuclear effects of ERo lead to the upregulation of p53 as well as
downregulation of survivin, multi-drug resistance gene 1 (MDR-1), activating transcription factor 3 (ATF3), B-cell
translocation gene 2 (BTG?2), and tumor necrosis factor [TNF] receptor-associated factor 4 (TRAF4). This process is
enhanced via human epidermal growth factor receptor 2 (Her2) activity at the cell membrane. ERa directly increases
activity of Akt (protein kinase B) and steroid hormone co-receptor (Src), and exerts similar action indirectly through
the insulin receptor substrate/insulin-like growth factor receptor (IRS-1/IGFR) pathway. Downstream, Akt
upregulates a-actinin 4 and hypoxia inducible factor 1 (HIF 1), and downregulates the tumor suppressor gene, nm23-
Hi, and E-cadherin. Src upregulates both c-myc and extracellular signal related kinases 1 and 2 (ERKI/2).
Furthermore, the G protein coupled receptor 30 (GPR30)/ERo. co-dependent mechanism leads to cell proliferation
via upregulation of c-fos and cyclins (4, D1, and E) as well as the epidermal growth factor receptor/extracellular
related kinase (EGFR/ERK) pathway. Lastly, intranuclear p53 acts on DNA upregulating the production of ERo.

B-catenin protein, causing unregulated cell
proliferation through the PI3K cascade
illustrated in Figure 2. However, in cases of
high grade endometrioid carcinoma,
mutations in P53 were found to be more
prevalent (60% of cases), ultimately leading
to unregulated DNA replication and cell
proliferation (39). Shown in Figure 3,
downstream of PI3K, Akt/pAkt and
mTOR/pmTOR  were shown to be
phosphorylated in 55% of ovarian cancer
tissue regulating transcription of Bcl-2 and
survivin (63, 64). In ES-2 and SKOV-3
ovarian cancer cells, estradiol was found to
reduce the expression of the nm23-H1 tumor
suppressor gene (65). This inhibition of
nm23-H1 expression was found to be
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mediated by pAkt, pointing to a PI3K/Akt
mediated pathway in ovarian carcinogenesis
(65). Furthermore, o-actinin 4, a metastatic
promoter, and E-cadherin, a tumor
suppressor gene, are both regulated by the
PI3K pathway (fig 3). In SKOV3 cells,
positive for both the o and B receptor,
treatment with estradiol caused an increase in
pAkt and increased o-actinin 4 expression,
with concurrent decreased E-cadherin
expression and increase in growth and
migration (66). Another tumorigenic
promoter, HIF-la, expressed under low
oxygen conditions, was found to be elevated
post-estradiol treatment in ES-2 and SKOV3
cells, promoting cell proliferation. This
elevation was found to be dependent on
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estradiol’s activation of Akt (67).

IGF/IGFR and ER

IGF is involved in normal function and
development of many tissues including the
ovary. Given its role in steroidogenesis and
overall cell growth, it has been thought that
IGF-I and IGF-II, as well as their receptors
and the related 6 IGF binding proteins
(IGFBP), might play a role in carcinogenesis.
IGF-I has been found to facilitate
proliferation, invasion and angiogenesis in
tumor cells and IGF-II has been shown to
mediate cell adhesion and invasion in ovarian
cancer (68). IGFBPs play an inhibitory role
in normal physiologic development, acting as
a trap for IGF-I and IGF-II (69), but in
ovarian cancer, a downregulation of IGFBP3
and 5 with a concurrent increase in IGFBP4
(70) and IGFBP2 (71) levels has been
observed. The mechanism behind this
selective regulation of IGF binding proteins
is unknown but has been suggested to be a
result of ER a influence (72). Furthermore, as
shown in Figure 3, the IGF-I receptor has
been found to upregulate both the MAPK and
PI3K pathways mentioned above (73-76), as
well as downstream constituents Akt and
ERK1 and ERK2 (68). This signaling
generally occurs through the phosphorylation
of the insulin receptor substrate-1 (IRS-1),
which has been shown to be activated by the
estradiol/ER o complex (73).

GPR30 Receptor

The G protein coupled receptor is referred to
as either GPR30 or GPER1 and both labels
will be wused interchangeably in the
subsequent section. The ligands to which
GPR30 responds include estradiol, G-1 (G
protein coupled receptor agonist), as well as
tamoxifen and other estrogen agonists (77).
GPR30 has been found to localize primarily
in 2 locations: the plasma membrane and the
endoplasmic reticulum (78, 77), with
estrogen responsivity at both locations.

Ultimately, GPR30 exerts its effects in
ovarian cancer through calcium mobilization
(77) and EGFR transactivation with
subsequent MAPK activation (79,80).
GPR30 expression is higher in ovarian
carcinomas, as opposed to benign and
borderline malignancies, with its highest
expression in serous, endometrioid and
mucinous tumors (80). In BG-1 ovarian
cancer cells, EGFR/ERK activation was
found to be dependent on both ER a and
GPR30, effectively = promoting  cell
proliferation (79). Furthermore, estradiol was
found to upregulate cyclins A, E, and D1 as
well as the c-fos gene, through this same ER
o/GPR30 mechanism, further promoting
proliferation and cell cycle progression (79),
shown in Figure 3. GPR30/EGFR co-
expression in ovarian carcinomas has been
shown to correlate with worse survival rates
in these tumors (80). Paradoxically, GPER1
has been found to be highly expressed in
granulosa cell tumors and was found to be
associated with reduced migration and
invasion in these tumors specifically. This
reduced migratory/invasive property was
shown to be mediated by GPERI1 and
repression of ERK1 and ERK2 (81).

CONCLUSION
Estrogen has been linked to breast,
endometrial, and ovarian cancer

development. Its involvement in the
pathogenesis of ovarian cancer s
complicated, given the presence of ER o and
B, as well as GPR30 and the individual
mechanisms by which each acts. ER-ahas
been shown to be primarily carcinogenic
while ER-f is a known negative regulator of
carcinogenesis; GPR30 is  primarily
carcinogenic but there is evidence to suggest
it could be a negative regulator of the cell
cycle as well in ovarian tissue. Furthermore,
these receptors interact with the p53, MAPK,
EGFR/Her2, PI3K, and IGF/IGFR pathways,
with unique interactions with each pathway.
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Estrogen and its effects in ovarian cancer are
still  poorly characterized, particularly
regarding these molecular  signaling
pathways, an area of research that may yield
unique insights into treatment of this disease.
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