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Abstract
To investigate changes in estrogen receptor alpha (ERα) signaling during progression of endometriosis to endometriosis-
associated ovarian cancer (EAOC) as a driver of malignant transformation. We procured tissue samples of normal endometrium,
endometriosis (benign, atypical, concurrent with EAOC), and EAOC. We evaluated expression of a 236-gene signature of
estrogen signaling. ANOVA and unsupervised clustering were used to identify gene expression profiles across disease states.
These profiles were compared to profiles of estrogen regulation in cancer models from the Gene Expression Omnibus (GEO).
Gene Set Enrichment Analysis (GSEA) was performed to determine whether gene expression in EAOCwas consistent with ERα
activity. ANOVA revealed 158 differentially expressed genes (q < 0.05) and unsupervised clustering identified five distinct gene
clusters. The estrogen signaling profile of EAOC was not consistent with activated ERα in pre-clinical models. Gene set
enrichment analysis did not identify signatures of activated ERα in EAOC but instead identified expression patterns consistent
with loss of ERα function and development of endocrine resistance. Gene expression data suggest that ERα signaling becomes
inactivated throughout the progression of endometriosis to EAOC. The gene expression pattern in EAOC is more consistent with
profiles of endocrine resistance.
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Introduction

Endometriosis is a common condition, affecting 6–10% of all
women of reproductive age and up to 50% of women with
infertility [1, 2]. While endometriosis is regarded largely as a
benign condition, endometriotic lesions can undergo

transformation to specific subtypes of invasive ovarian cancer
[3]. A pooled analysis of case-control studies revealed odds
ratios of 3.05, 2.11, and 2.04 for the development of clear cell
(CCC), endometrioid (ENOC), and low-grade serous (LGS)
ovarian cancers for patients with a self-reported history of en-
dometriosis compared to those without [4]. Further,
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approximately 60–80% of CCC and ENOC present in the set-
ting of atypical endometriosis. As such, these subtypes are often
referred to as endometriosis-associated ovarian cancer (EAOC).
However, the mechanisms underlying the progression from en-
dometriosis to EAOC are poorly understood.

Identifying biomarkers and pathways associated with the
transition from endometriosis to cancer is an active area of
research. We have recently identified differences in plasma
microRNA profiles between healthy patients, those with en-
dometriosis, and those with EAOC [5, 6]. We also identified
immunologic signaling, particularly the complement cascade,
as a potential factor in the transformation from endometriosis
to EAOC [7]. One pathway that has been understudied to date,
however, is the estrogen signaling pathway.

Estrogen is a known driver of endometriosis, contributing
to both proliferation of the disease and inflammation [1, 2, 8,
9]. Hormonal therapy (e.g., estrogen-progestin contraceptives
or GnRH agonists) is typically prescribed to regulate prolifer-
ation of endometriotic implants [2]. Estrogen has also been
implicated in ovarian cancer progression; estrogen exposure
(e.g., through post-menopausal hormone replacement therapy
[HRT]) correlates with risk of ovarian cancer, particularly for
ENOC [10, 11]. To this point, a meta-analysis of 27 trials
including more than 1.5 million patients found a 20–25%
increase in the risk of developing ovarian cancer for ever users
of estrogen-containing HRT compared to never users [10]. A
second meta-analysis revealed a similar increase in risk and
noted a correlation with duration of HRT, the greatest risk
associated with over 10 years of use [11]. Interestingly,
estrogen-progestin contraceptive use has been shown to de-
crease risk of ovarian cancers including EAOC and this is
likely related to the suppression of ovulation that occurs with
use of oral contraceptives [12, 13]. Taken together, these clin-
ical observations suggest that estrogen is involved in the path-
ogenesis of ovarian cancers and EAOC in particular.

Here, we investigate estrogen signaling during the progres-
sion of endometriosis into EAOC using a cohort of tissue
samples from healthy controls, patients with both benign
and atypical endometriosis, and patients with EAOCs. Using
a comprehensive gene signature of estrogen response (the
BE2sig^), we identified gene expression changes associated
with each disease state. Understanding changes in estrogen
signaling during disease progression will help determine the
role of ER in transformation from endometriosis to EAOC.

Materials and Methods

Patients

We obtained tissue samples from patients at the University of
Pittsburgh Medical Center undergoing pelvic surgery for in-
dications including fibroids, pelvic pain, endometriosis, pelvic

mass, and confirmed or suspected ovarian malignancy.
Tissues were included if they provided adequate samples of
benign endometriosis, atypical endometriosis, endometriosis
within the vicinity of an EAOC collected at the time of prima-
ry surgery (referred to herein as Bconcurrent endometriosis^),
or endometriosis-associated cancers as determined by a pa-
thologist (E.E.). Endometriosis-associated cancers were de-
fined as any epithelial ovarian cancer with concurrent endo-
metriosis identified within the pathologic specimen following
surgical resection. We also identified samples of normal en-
dometrium from patients without a diagnosis of endometriosis
or cancer, to use as controls. The sample cohort utilized here is
part of the sample collection previously described [7]. All
samples underwent an independent pathology review by a
staff pathologist prior to inclusion in the study. Endometrial
phase in the normal endometrium samples was assessed by
pathological evaluation. Corresponding patient demographic
characteristics, clinical disease characteristics, and treatment
factors were abstracted from patient charts. All work was ap-
proved by the Institutional Review Board (IRB) at the
University of Pittsburgh.

RNA Extraction and Nanostring Analysis

RNA was isolated from FFPE sections using the RNeasy
FFPE Kit (Qiagen) according to the manufacturer’s instruc-
tions. Expression of 236 genes associated with estrogen sig-
naling (referred to as the E2sig) [14] was measured using a
custom code set for the NanoString nCounter platform. RNA
(100 ng) was processed for NanoString analysis as previously
described [15]. Data were normalized to internal positive con-
trols and to the geometric mean of five housekeeping genes.
Additional details of the analysis are provided below under
Bstatistical analysis.^

Immunohistochemistry

Immunohistochemistry (IHC) for ERα (SP-1 clone, Verotech)
was performed by the Department of Pathology at Magee-
Womens Hospital of the University of Pittsburgh Medical
Center. Stained slides were then reviewed and H-scored by a
staff pathologist (E.E.).

Statistical Analysis

Gene expression for each sample was normalized to the mean
expression of that gene in the normal endometrium.
Hierarchical clustering was used to obtain gene clusters. To
refine these clusters to genes with significantly different ex-
pressions across the four tissue types, we performed ANOVA
with a cutoff of q < 0.05. The 158 genes identified byANOVA
were used for the remaining statistical analysis.
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Expression of the 158 differentially expressed genes was
compared to pre-clinical profiles of hormone receptor signal-
ing using publicly available data from the Gene Expression
Omnibus (GEO). For ERα signaling, we used the following
studies: GSE50695, GSE3529, GSE22600, and GSE38234.
For ERβ signaling, we used GSE1153 and GSE42347; for
PR, GSE46715. Heat maps were generated showing log2(fold
change) for hormone treatment vs. vehicle for each study and
expression patterns were compared to log2(fold change) of
diseased tissue vs. normal endometrium.

Gene Set Enrichment Analysis

To evaluate signatures similar to the E2sig, all 236 genes were
overlapped against gene sets in the C2 (curated gene set) col-
lection of the molecular signatures database (MsigDB) using
the online portal (http://software.broadinstitute.org/gsea/
msigdb/index.jsp). To identify gene signatures activated in
EAOC, upregulated and downregulated in EAOC relative to
normal endometrium were compared to a cancer-specific sub-
set of gene sets in MsigDB C2 by pre-ranked analysis using
the Gene Set Enrichment Analysis (GSEA) desktop applica-
tion. Upregulated genes comprised those in clusters 1 and 2;
downregulated genes were those in clusters 3, 4, and 5.

Availability of Data and Materials

Raw Nanostring data generated in this study are available in
the Supplementary Information section of this manuscript.
The Gene Expression Omnibus can be accessed at https://
www.ncbi.nlm.nih.gov/geo. The molecular signature

database (MsigDB) can be accessed at http://software.
broadinstitute.org/gsea/msigdb/index.jsp.

Results

We collected 83 samples from patients with benign endome-
triosis (n = 19), which includes both ovarian (n = 11) and non-
ovarian endometriosis (n = 8); atypical endometriosis (n = 11);
concurrent endometriosis (n = 9); and EAOCs (n = 21). We
also obtained 23 samples of normal endometrium with an
equal distribution between the proliferative and secretory
phases. The sociodemographic and disease characteristics of
this patient cohort are summarized in Table 1. Not surprising-
ly, the patients with concurrent endometriosis and EAOCwere
older than those with benign and atypical endometriosis (me-
dian age of 70 and 57.5 versus 39 and 47 years old, respec-
tively). The majority of patients with EAOC presented at an
early stage (15 patients, 71%) and had tumors of endometrioid
and clear cell histologies (14, 66% and 5, 34%, respectively).
Most of the endometriosis patients were pre-menopausal,
while most of the patients with EAOC were post-
menopausal at the time of surgery.

To profile estrogen signaling in patient samples, we ana-
lyzed expression of the E2sig [14]. The E2sig is a panel of 236
genes associated with endocrine response. The majority (n =
207) were identified by meta-analysis of estrogen-regulated
genes across breast, ovarian, endometrial, and bone cancer
[14]. The remaining genes (n = 29) were E2 targets more spe-
cific to ovarian cancer, components of the estrogen signaling
pathway (e.g., NCOA1, GATA3, FOXA1), and genes associ-
ated with clinical response to endocrine therapy [16–18].

Table 1 Demographic and disease characteristics. Clinical characteristics and disease characteristics of those patients included in the study

Benign
endometriosis (n = 19)

Atypical
endometriosis (n = 11)

Concurrent
endometriosis (n = 9)

Endometriosis-
associated
cancer (n = 21)

Median age (y), range 39 (25–74) 47 (34–50) 70 (49–75) 57.5 (47–77)

Body mass index (kg/m2) 27.6 30.6 27.4 29.6

Menopausal status

Pre-menopausal 10 7 2 2

Post-menopausal 1 1 3 11

Unknown 8 3 3 8

Cancer stage

Early (I–II) N/A N/A N/A 15 (71%)

Late (III–IV) 6 (29%)

Tumor histology

Clear cell N/A N/A N/A 5 (24%)

Endometrioid 14 (66%)

Serous 1 (5%)

Adenocarcinoma NOS 1 (5%)
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Given the discrepancy in age between endometriosis and
cancer patients, we first evaluated if expression of the E2sig
changed based onmenopausal status. To do this, we compared
expression of the entire gene set across samples from normal
endometrium. Pre-menopausal and post-menopausal patients
(extrapolated as those younger or older than 50, respectively)
did not cluster separately (Supplementary Fig. 1). Further, a t
test comparison identified no genes significantly different be-
tween these two groups. Thus, any changes observed in ex-
pression are likely due to differences in tissue biology rather
than hormonal status of the patient.

We next evaluated how estrogen signaling changes during
the progression from benign endometriosis to EAOC. ANOVA
identified 158 genes with significantly different (q < 0.05) ex-
pressions between different disease states and these genes sep-
arated into five distinct clusters (C1–5, Fig. 1a). Broadly, these
clusters represent genes with increased expression through dis-
ease progression (C1, C2), decreased expression through pro-
gression (C3, C5), or reactivated expression in EAOC (C4).
Expression of genes in cluster 1 (C1, n = 37) increased during
progression from normal endometrium to endometriosis to
EAOC (e.g., FGF18, ESR2; Fig. 1b), while cluster 2 genes
(C2, n = 60) were highly expressed specifically in the EAOC

specimens (e.g., MUC1, PAX8, TP53, NRIP1). Conversely,
cluster 3 (C3, n = 20) genes are lowest expressed in EAOC
(e.g., IGFBP4, FOS), and cluster 5 genes (C4, n = 41) are
expressed at lower levels in both endometriosis and EAOC than
in normal endometrium (e.g., GREB1, ESR1, PGR). Genes in
cluster 4 showed decreased expression in concurrent and atyp-
ical endometriosis versus benign endometriosis, but were
reactivated following progression to EAOC. The full list of
genes in each cluster is provided in Supplementary Table 2.

ANOVA analyses identified significant changes in expres-
sion of the hormone receptors ERα (ESR1), ERβ (ESR2), and
progesterone receptor (PGR). Expression of ESR2 increases
incrementally from benign endometriosis to EAOC (Fig. 2a).
Conversely, PGR expression decreases from endometriosis to
EAOC. ESR1 expression is decreased in benign and atypical
endometriosis versus normal endometrium (Fig. 2a) but in-
creases in a subset of EAOC, and this prompted us to investi-
gate ERα expression by immunohistochemistry (IHC). Our
results also showed a trend in decreasing ERα protein from
benign endometriosis to EAOC (Fig. 2b); median H-score de-
creased from normal endometrium to benign endometriosis to
EAOC (Fig. 2c). H-score had amodest but significant (r = 0.43,
p = 0.016) correlation with ESR1 levels (Fig. 2d). Consistent

Fig. 1 Gene expression across disease categories. a Gene expression
analysis using the E2Sig identified 158 genes by ANOVA which had
statistically significant changes (q < 0.05) in expression between
different disease states. Unsupervised clustering reveals five distinct

gene clusters. Heat map is colored by log2(fold change) vs normal
endometrium. b Boxplots showing the average expression of each gene
cluster across disease types (log2(fold change) vs normal endometrium))
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with decreasing ERα, PGR expression also decreases from
normal endometriosis to EAOC. Conversely, expression of
ESR2 (ERβ) increases incrementally from normal endometri-
osis to EAOC (Fig. 2a). These changes in hormone receptor
levels together with changing hormone-related gene expression
profiles suggest an overall change in hormone signaling during
the progression from endometriosis to EAOC.

We next asked if gene expression patterns in EAOC
represented active ERα signaling in cancer. To do this, we
compared the expression of the 158 differentially expressed
(DE) genes (Fig. 1) to four pre-clinical gene expression studies
conducted after estrogen treatment in breast, ovarian, and
endometrial cancer cell lines [17, 19–21], along with data using
MCF7 breast cancer cells from our lab. This comparison
revealed that some of the genes upregulated in EAOC are
consistent with estrogen-induced ERα-mediated transcription
(Fig. 3, dashed boxes), e.g., high expression of NRIP1.
However, much of the canonical gene regulation is deactivated,
consistent with the decrease of GREB1, IGFBP4, and PGR.
The same analysis was performed comparing our cohort to
profiles of ERβ and PGR signaling [22–24], but no similarities
were found between our data and these signatures (data not
shown).

Since the pre-clinical studies used here as a reference
represent activated ERα, we performed GSEA against the
Molecular Signatures Database (MSigDB) to evaluate
ERα signaling in a more unbiased manner. Comparing
the complete E2sig gene list to MSigDB identified
extensive overlap with ERα signaling signatures (Fig. 4),
consistent with the gene set design. Despite this initial
enrichment, however, GSEA did not identify any activated
ERα-related signatures among over-expressed genes in
EAOC (C1, C2). Conversely, among under-expressed
genes in EAOC (C3, C5), GSEA identified signatures
related to endocrine resistance and loss of ERα function,
wherein these genes were similarly under-expressed. These
observations suggest that, consistent with decreased ERα
expression, EAOC largely inactivate canonical ERα
signaling, and may actively transition to an ERα-
independent phenotype.

Given this shift in ERα signaling, genes most highly
expressed in EAOC (C1 and C2, Fig. 1a) likely represent
de-repressed ERα targets. To this point, IGFBP3, which is a
known ERα-repressed target in ovarian cancer [16], has
higher gene expression in EAOC and can be found in cluster
2. De-repression of some of these genes may impact

Fig. 2 Hormone receptor expression within disease categories. a mRNA expression of ESR1 (ERα), ESR2 (ERβ), and PGR (PR). Box plots show
log2(fold change) vs normal endometrium. bERα immunohistochemistry. cERαH-scores across disease types. dCorrelation of ERαmRNA andH-score
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Fig. 3 Gene expression of profiles of disease types compared to E2-
regulated gene expression in breast, ovarian, and endometrial cell lines.
Gene expression of the samples included in our study was compared to
studies of gene expression following estrogen treatment in ERα-positive
breast cancer cell lines (GSE50695, GSE3529), ovarian cancer cell lines
(GSE22600), and endometrial cancer cell lines (GSE28234) found in

GEO as well as one in-house study. Cell line studies are colored by fold
change of estrogen treatment vs. vehicle control. Patient samples are
colored as fold change vs. normal endometrium. The upper and lower
panels in the figure below correspond to the highlighted gene lists to the
right side of the figure.

Fig. 4 Workflow for GSEA
analysis. The E2sig was run
through MsigDB to confirm
enrichment of ER-regulated genes
(a). Subsequently, GSEAwas
performed on the 158 significantly
DE genes from the ANOVA to
look for gene signatures in an
unbiased manner (b)
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tumorigenesis; for example, FGF18 overexpression (cluster 1,
Fig. 1a) has recently been identified as a poor prognostic
marker in HGS ovarian cancer [25]. FGF18 also modulates
migration and invasion of ovarian cancer cells [25]. In our
cohort, FGF18 mRNA expression rose with increasing malig-
nancy of disease state (Fig. 5). Given its demonstrated role in
HGSOC and elevated expression in EAOC, de-repression of
FGF18 may promote EAOC progression.

Discussion

Endometriosis and ovarian cancer are both estrogen-
responsive disease entities. Given this shared pathway, we
investigated how ERα signaling evolves during progression
from endometriosis to EAOC by profiling a comprehensive
signature of estrogen-regulated genes in patient tissue.
Surprisingly, our results indicate that canonical ERα signaling
is largely inactivated during the progression from endometri-
osis to EAOC; rather, gene expression in EAOC mirrors pro-
files of estrogen resistance.

The overall loss of canonical ERα signaling and gain of
hormone resistance in the transition from endometriosis to
EAOC has not previously been reported. However, this notion
is supported by several studies of the complex interplay be-
tween hormone receptors in endometriosis. ERα and PR
levels have been shown to be significantly lower in endome-
triosis compared to normal endometrium while ERβ was ele-
vated [26]. ERβ is generally thought to be anti-proliferative
and to antagonize pro-proliferative effects of ERα; however,
this may be dependent on tissue context. To this point, ERβ
was reported to regulate ERα expression and E2-induced cell
cycle progression in endometriosis-derived stromal cells [27].
This suggests that estrogen regulates proliferation in endome-
triosis through activation of ERβ rather than ERα. Further
supporting this is a report that increased ERβ activity led to
decreased apoptosis and increased proliferation in a murine
model of endometriosis [28]. A shift from ERα to ERβ sig-
naling could be a factor in transformation from endometriosis

to EAOC. This would be consistent with our finding that
canonical ERα signaling is largely deactivated in EAOC.

Inactivation of canonical ERα signaling is reflected by the
decrease in genes such as GREB1, IGFBP4, and PGR. Loss of
these genes could carry significant consequences for prolifer-
ation of these tissues, particularly PGR. Progesterone signal-
ing via PGR abrogates estrogen-induced proliferation of nor-
mal endometrium. In addition, progestins have been sug-
gested to have an anti-inflammatory role in the endometrium.
PGR downregulation in EAOC, combinedwith a recent report
that inflammation affects progression from endometriosis to
EAOC [7], suggests there may be overlap between the hor-
monal regulation and inflammatory regulation of disease pro-
gression. Indeed, inflammatory cytokines have been reported
to regulate expression of nuclear receptors including PGR in
endometrial stromal cells [29]. Further, targeting either ERα
or β isoform with inhibitors that also decreased inflammation
was shown to block progression of endometriosis in a mouse
model [30]. Moreover, recent work implicates crosstalk be-
tween IL-6 and E2 in progression of endometriosis [31]. The
interplay between hormone signaling and inflammation in
transformation of endometriosis to EAOC should be a focus
of future study.

While components of canonical ERα signaling were
deactivated in EAOC, there was a subset of ERα-induced
genes that remained highly expressed in EAOC (e.g.,
NRIP1) (Fig. 3). NRIP1, which encodes RIP140, is a nuclear
receptor co-regulator. RIP140 has been previously shown to
interact with both ERβ and ERα in ovarian cancer cell lines to
promote proliferation [32]. This observation suggests that ac-
tivation of these genes despite downregulation of ERα could
potentially promote transformation to EAOC.

Another possibility based on the shift in ER signaling is
that de-repression of ERα target genes promotes EAOC
growth and the development of endocrine resistance.
Supporting this notion is the increased expression of FGF18
in EAOC (Figs. 1 and 5). FGF18 has previously been de-
scribed as a driver of tumorigenesis and poor prognostic mark-
er in high-grade serous ovarian cancers [25]. Our results fur-
ther suggest a role for FGF18 as a driver of ovarian tumori-
genesis in EAOC. Potential interplay between the ERs and
FGF18 in the development of EAOCs has not been described
in the literature. However, broader FGFR signaling has been
implicated in endocrine resistance in breast cancer [19,
33–36]. Future investigations should focus on understanding
the crosstalk between FGF18 and the ERs and on the potential
of FGF18 as both a biomarker and therapeutic target.

A limitation of our analyses is that the small cohort of
EAOCs (n = 21) did not provide enough power to compare
clear cell carcinomas to endometrioid tumors. Previous re-
ports have indicated that only 6% of clear cell tumors express
ERα and PR, whereas the majority (63%) of endometrioid
tumors express both receptors [37, 38]. Further, endometrioid

Fig. 5 Changes in FGF18 expression across disease types. FGF18
mRNA in different tissue types. Boxplots show log2(fold change) vs
normal endometrium
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tumors are reported to have higher expression of ERβ than
clear cell tumors [39]. One could postulate that these two
histologic subtypes, despite both being classified as EAOC,
may diverge in their hormone response. However, larger co-
horts will be necessary to compare differences in ERα signal-
ing between the two groups and between EAOC and high-
grade serous ovarian cancer, the most frequent, yet non-
endometriosis-related histotype. Additionally, while our tissue
samples were reviewed to meet an epithelial purity cutoff, we
used macrodissection rather than microdissection, leading to
the inclusion of some stromal components. As endometrial
stroma may also be estrogen-responsive, future studies should
analyze epithelial and stromal tissue separately to evaluate ER
signaling in each compartment. Additionally, the cohort in-
cluded in this study has a mean body mass index (BMI) of
30 and represents an obese population of patients. Obesity is
associated with increased estrogen exposure and the patients
in this study may have had higher systemic estrogen levels
than patients with a normal BMI.

In summary, expression profiles of primary tissue samples
suggest ERα expression and classical signaling decreases dur-
ing the progression of endometriosis to EAOC. Several ERα-
induced genes remain highly expressed in EAOC (e.g.,
NRIP1) and may contribute to estrogen-dependent EAOC
progression. Similarly, de-repression of ERα target genes
such as FGF18 may facilitate the transformation of endome-
triosis into EAOC.
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