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1 | INTRODUCTION

Problem: How does hypoxia-mediated downregulation of dual-specificity phos-
phatase-2 (DUSP2) promote the development of endometriotic lesions?

Method of study: The levels of IL-6 and DUSP2 were assessed in eutopic stromal cells
with DUSP2 knockdown or hypoxia treatment. Bromodeoxyuridine (BrdU) incorpora-
tion was applied for evaluating cell proliferation. The protein levels of DUSP2, cleaved
caspase-3, phosphorylated STAT3, and STAT3 were analyzed using immunoblot.
Results: The genomewide analysis of cells with DUSP2 overexpression indicated IL-6
regulates multiple pathways related to inflammation, proliferation, and apoptosis.
DUSP2 overexpression significantly suppressed IL-6 expression, while DUSP2 knock-
down promoted IL-6 expression. The hypoxia-treated eutopic stromal cells expressed
higher levels of IL-6, recapitulating the elevated levels of IL-6 in ectopic stromal cells.
The treatment with IL-6 elicited the phosphorylation of STAT3, mimicking the ele-
vated levels of phosphorylated STAT3 in the ectopic stromal cells. The IL-6-treated
eutopic stromal cells showed more BrdU incorporation and less cleaved caspase-3,
which can be reversed by STAT3 inhibitor.

Conclusion: Hypoxia-induced IL-6 production in endometriotic lesions is mediated via
downregulation of DUSP2, which causes aberrant activation of STAT3 signaling path-

way and helps the endometriotic cells survive under the ectopic environment.
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Nevertheless, the underlying mechanism contributing to the develop-

ment of endometriosis is still largely unclear.

Endometriosis is a common gynecological disorder characterized by
the presence of endometrial tissues outside of the uterine cavity with
approximate 10%-15% prevalence among women of reproductive age.
Although endometriosis is not a life-threatening disease, the symp-
toms such as chronic pelvic pain, dysmenorrhea, and dyspareunia
seriously reduce the quality of life in women with endometriosis.?
In addition, high correlation with infertility also brings to light the
fact that endometriosis is a noteworthy health problem in women.?

Kuei-Yang Hsiao and Ning Chang contributed equally to this work.

Hypoxia, the immediate stress for retrograde tissues, is an import-
ant driving force for the development of endometriosis. In response to
low oxygen, cells stabilize the hypoxia-inducible factor a subunits (HIF-
a) which are dimerized with  subunit. Our previous studies found that
the level of HIF-1a was aberrantly elevated in the ectopic endometri-
otic tissues,* suppressing the expression of dual-specificity phospha-
tase-2 (DUSP2), an important phosphatase that specifically inactivates
mitogen-activated protein kinase (MAPK).> The downregulation of
DUSP2 potentiates the expression of COX-2 in response to cytokine
stimulation and induces expression of a potent angiogenic factor.®”
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Endometriosis is a disease of chronic inflammation. It has been
widely investigated that COX-2/prostaglandin E, pathway plays a cru-
cial role in the development of endometriosis. Studies of other inflam-
matory cytokines remain largely unclear. Interleukin-6 (IL-6), one of the
most important pleiotropic cytokines,® was elevated in endometriotic
tissues or in peritoneal fluids from patients with endometriosis.” !
The elevated level of IL-6 has been linked to endometriosis-associated
infertility,'2% highlighting the importance to investigate the impacts
of IL-6-regulated molecular and cellular functions during the devel-
opment of endometriosis. Of equal importance is to understand the
underlying mechanisms responsible for aberrant expression of IL-6
in ectopic lesions. Although it has been reported that the expression
of IL-6 is regulated by few inflammatory factors and sex hormones
in endometriotic tissues or primary cultured endometriotic cells,*%
whether it is regulated by hypoxia or mediates the effect of hypoxia in
endometriosis remains largely uncharacterized. IL-6 signaling is medi-
ated through its receptors, IL-6 receptor (IL-6R) and gp130, and subse-
quently induces phosphorylation and nuclear translocation of STAT3
to nuclei. In addition, soluble form of IL-6 receptors is released from
the cell membrane by either proteolysis or expressed as products of
alternative splicing.g'15 It has been reported that ectopic endometri-
otic tissues expressed lower level of soluble IL-6R,” highlighting the
dynamic regulation of IL-6 signaling in the pathogenesis of endome-
triosis. The transcriptionally active phosphorylated STAT3 has been
mostly linked to endometriotic epithelium.*¢'? However, the roles
of hypoxia and IL-6 in the STAT3 activation in endometriotic stromal
cells are still unclear. Herein, we investigated the molecular and cellu-
lar mechanisms of hypoxia-mediated IL-6-induced STAT3 activation in
regulation of cell proliferation and anti-apoptosis in the pathogenesis
of endometriosis.

2 | MATERIALS AND METHODS

2.1 | Patients and study population

Reproductive age women with or without endometriosis treated at
the Department of Obstetrics and Gynecology of National Cheng
Kung University Hospital (Tainan, Taiwan) were recruited in this pro-
ject. This study was approved by the Institutional Review Board at
National Cheng Kung University Hospital, and informed consent was
obtained from each patient. During the procedure of laparoscopy
or operative laparotomy, the eutopic endometrium and the pelvic
ectopic endometriotic implants, or ovarian endometrioma was col-
lected from patients with endometriosis according to the revised
American Society of Reproductive Medicine classification (1997). All
samples of endometriotic lesions were histologically confirmed by
pathologists.

2.2 | Stromal cell isolation, primary
culture, and treatment

The procedure used to isolate stromal cells from uterine endometrium
and ectopic endometriotic tissues was described previously.?° In brief,

the minced tissue samples were digested with type IV collagenase (2 mg/
mL) and 10 pug/mL DNAse | in phosphate-buffered saline (PBS) at 37°C
125 rpm for 60 minutes with agitation. Large undigested tissue pieces
were removed by passing 380-um mesh and further filtered through
45-pm mesh to separate larger tissue aggregates from stromal cells. The
resultant cells were plated onto culture dishes, and the unattached cells
(e.g., epithelial cells and lymphocytes) were removed after 30 minutes.
The isolated primary stromal cells were cultured in Dulbecco’s modi-
fied Eagle’s medium/F-12 (DMEM/F-12) (Life Technologies, Carlsbad,
CA, USA, Catalog# 12400-024) supplemented with 10% fetal bovine
serum at 37°C. Cells undergoing treatments were serum-starved for
16-18 hours. Before treatment with IL-6 (Merck, Kenilworth, NJ, USA,
Catalog# 407652), the cells were incubated in DMEM/F-12 supple-
mented with 1% FBS at 37°C for 12 hours to prevent the activation of
phosphorylation responded to serum. For hypoxia treatment, stromal
cells were incubated in 1% O, for 24 hours after serum starvation for
16-18 hours. Following the pre-treatment with or without 5 pmol/L of
STATS3 inhibitor, WP1066 (Santa Cruz Biotechnology Inc., Dallas, TX,
USA, Catalog# sc-203282) for 24 hours, stromal cells were treated with
camptothecin (10 pmol/L, Sigma-Aldrich, St. Louis, MO, USA, Catalog#
C9911) for 48 hours to induce apoptosis.

2.3 | RNA solation, reverse transcription, and
quantitative real-time PCR

Total RNA was isolated from stromal cells directly lysed in TRIsure re-
agent (Bioline, Taunton, MA, USA). For the tissue RNA, tissues pieces
were minced and ground in liquid nitrogen before lysed with TRIsure.
The procedure was performed according to the manufacturer’s in-
structions. The concentration of RNA was determined by UV absorp-
tion at 260 nm. Total RNA (500 ng) was used for reverse transcription
at 42°C for 90 minutes. The resulting complementary DNA then un-
derwent SYBR Green-based quantitative real-time PCR (RT-qPCR)
using the Applied Biosystems StepOnePlus” Real-Time PCR System
(Foster City, CA, USA). Sets of primer used for quantitative real-time
PCR were listed in the Table S1.

2.4 | Gene knockdown with short hairpin RNA
(shRNA) interference

Endometrial stromal cells were transduced with shRNA for gene si-
lencing. Lentiviral-based shRNA expression constructs containing
shRNA sequence against DUSP2 (shDUSP2) or LacZ (shLacZ) were
purchased from the National RNAi Core Facility (Genomics Research
Center, Academia Sinica, Taiwan).21 The procedure of lentivirus pack-
age and production was performed according to the manufacturer’s
instructions. Briefly, lentiviruses were made by transfecting lentiviral
packaging plasmids (pMD.G and pCMVAR8.91) and plasmid carrying
shRNA expression cassette to 293FT cells (Thermo Fisher R70007,
Waltham, MA, USA), and the virus-containing media were collected
at 48 and 72 hours post-transfection. Endometrial stromal cells were
infected with lentiviruses expressing shRNA against DUSP2 or LacZ
and selected in 2 pg/mL puromycin for more than 4 days.
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2.5 | Western blot for protein analysis

The treated stromal cells were homogenized under radio-
immunoprecipitation assay lysis buffer (1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS and 150 mmol/L NaCl, 50 mmol/L Tris-Cl)
containing protease inhibitors (1 mmol/L phenylmethylsulfonyl fluo-
ride, 1 pg/mL aprotinin, and 1 pg/mL pepstatin A) and phosphatase in-
hibitors (1 mmol/L NaF and 1 mmol/L Na3VO4). Protein samples were
separated by running on a SDS-polyacrylamide gel electrophoresis and
transferred onto a polyvinylidene fluoride membrane (Millipore Corp.,
Bedford, MA, USA). After blocking with 5% non-fat milk in PBST (PBS
with 0.05% Tween-20) at room temperature for 1 hour, the mem-
brane was then incubated with primary antibody prepared in PBST
at 4°C overnight. Specific primary antibodies were used according
to the following dilutions: DUSP2 (1:200; Santa Cruz Biotechnology
Inc., Catalog# sc-32776), STAT3 phosphotyrosine 705 (1:1000; Cell
Signaling Technology Inc., Danvers, MA, USA, Catalog# 4113), STAT3
phosphoserine 727 (1:500; Santa Cruz Biotechnology Inc., Catalog#
sc-8001-R), STAT3 (1:1000; Santa Cruz Biotechnology Inc., Catalog#
sc-483), caspase-3 (1:1000; Cell Signaling Technology Inc., Catalog#
9662), B-actin (1:10 000; Sigma-Aldrich, Catalog# A5441). Signals
were developed using an enhanced chemiluminescence detection kit
(PerkinElmer , Waltham, MA, USA).

2.6 | Enzyme-linked immunosorbent assay (ELISA)

Levels of IL-6 in conditioned media collected from treated stromal
cells were assessed using Interleukin-6 EIA Kit (Cayman Chemical, Ann
Arbor, MI, USA, 501030) according to the manufacturer’s instructions.

2.7 | Bromodeoxyuridine (BrdU) incorporation assay

Proliferation of cells was determined by BrdU incorporation assay as
previously described with some modifications.?? Briefly, 2 hours prior
to harvest the cells at the desired time, 10 pmol/L BrdU (Sigma-Aldrich,
Catalog# B9285) was added to cultured media, followed by fixation in
4% paraformaldehyde/PBS for 12-15 minutes at room temperature.
After permeabilization with 0.2% Triton X-100/PBS for 15 minutes,
cells were treated with 2N HCI for 20 minutes at room temperature to
denature DNA, followed by incubations with anti-BrdU antibody (1:200
dilution; GE Healthcare, Catalog# RPN20AB) at 4°C overnight, and with
fluorescent-conjugated secondary antibody (1:200 dilution; Alexa Fluor
488 goat anti-mouse; Invitrogen, Carlsbad, CA, USA, Catalog# A11001)
at room temperature for 1 hour. Finally, signals were visualized using
Nikon ECLIPSE Ti inverted fluorescence microscope integrated with
NIS-Elements BR 3.0, and analyzed by ImageJ software (NIH).

2.8 | Statistical analysis

The results were expressed as mean+SEM. Data were analyzed by
paired Student’s t test and considered significant differences when
yielding P<.05. All analyses were performed using GraphPad Prism 5
(GraphPad Software, Inc. La Jolla, CA, USA).

3 | RESULTS

3.1 | DUSP2 negatively regulates IL-6 expression

Genomewide gene expression profiling in HeLa cells with DUSP2 over-
expression from the previously published dataset (Gene Expression
Omnibus: GSE66656) revealed that IL-6 was involved in multiple
pathways related to cell proliferation, inflammation, and apoptosis
(Figure 1A).%! To confirm the suppressive effect of DUSP2 on the
IL-6 expression in endometrial stromal cells, we first overexpressed
DUSP2 in the human endometrial stromal cells and found that IL-6
expression was inhibited 24 hours post-transfection (Figure 1B). In
contrast, knockdown of DUSP2 in eutopic stromal cells using shRNA
significantly induced expression of IL-6 in both mRNA and protein lev-
els (Figure 1C, D), suggesting that DUSP2 may negatively regulate the
level of IL-6.

3.2 | Aberrant expression of IL-6 is mediated by
hypoxia-mediated loss of function of DUSP2

Our previous studies reported that expression of DUSP2 was sup-
pressed by hypoxia.""20 To determine whether the expression of IL-6
is affected by hypoxia-mediated DUSP2 expression, eutopic endo-
metrial stromal cells were treated with hypoxia for 24 hours. The re-
sults demonstrated that hypoxia significantly suppressed the level of
DUSP2 (Figure 2A, B) and induced the expression of IL-6 (Figure 2C),
recapitulating the higher levels of IL-6 in ectopic tissues and isolated

ectopic stromal cells (Figure 2D, E).

3.3 | Hyperactivation of STAT3 is stimulated by IL-6
in endometriotic stromal cells

It has been shown that STAT3 is the downstream pathway of IL-6.2°
We next evaluated whether STAT3 is differentially activated in
endometrial and endometriotic stromal cells collected from our clini-
cal patients. Immunoblot results demonstrated that the level of phos-
phorylated tyrosine 705 (pY705) of STAT3 was significantly elevated
in ectopic endometriotic stromal cells compared to that of the eutopic
stromal cells collected from the same individuals (Figure 3A, B).
However, there was no significant difference for the level of phos-
phorylated serine 727 (pS727) of STAT3 (Figure 3A, B). To elucidate
whether the differential activation of STAT6 is mediated by IL-6, the
eutopic stromal cells were treated with IL-6. The results showed that
treatment of eutopic stromal cells with IL-6 rapidly induced the levels
of pY705, but not pS727 of STAT3 (Figure 3C, D), which is consist-
ent with the aberrant activation of STAT3 observed in ectopic stromal
cells (Figure 3A, B).

3.4 | IL-6 promotes endometrial cell proliferation

It has been known that STAT3 involves several critical biological func-
tions including cell growth and cell survival.?4% To investigate the role

of IL-6-activated STATS3 cell proliferation during the development of
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endometriosis, the eutopic stromal cells treated with or without IL-6
were incubated with BrdU to assess the DNA synthesis. The results
showed that IL-6-treated eutopic stromal cells were labeled more by
BrdU, indicating the IL-6 treatment promoted cell proliferation in eu-

topic endometrial stromal cells (Figure 4A, B).

3.5 | Hypoxia-induced IL-6 protects
endometrial stromal cells from apoptosis through
activation of STAT3

It has been reported that STAT3 activation plays an important role in IL-
6-induced anti-apoptosis in cancer and embryo development.?%%” Next,
we investigated whether IL-6-induced anti-apoptosis was involved
in promoting the capacity against genotoxic stress in stromal cells.
Treatment with camptothecin (CPT), a well-known compound that inhib-

h,2827 activated

its DNA-topoisomerase | complex and induces cell deat
the cascade of caspase-3 cleavage (Figure 5A), while pre-treatment
with IL-6 attenuated the CPT-induced caspase-3 cleavage (Figure 5A,
B). Furthermore, to demonstrate the role of hypoxia-induced IL-6 in

anti-apoptosis, eutopic endometrial stromal cells were pre-treated with
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FIGURE 1 DUSP2 negatively regulates
IL-6 expression in endometrial and
endometriotic stromal cells. A, Expression
profiling of genes involved in pathways
related to inflammation, cell proliferation,
angiogenesis, and apoptosis in DUSP2-

% overexpressed cells. The ratio of intensities
from two colored probes was normalized
and color-scaled. Genes are noted in the
right table according to their functions.

B, Results of RT-qPCR for IL-6 mRNA level
in ectopic endometrial stromal cells with

shL shDU

50 4 DUSP2 overexpression (DUSP2-GFP) and

control (GFP) (n=3). C, D, IL-6 mRNA (C)
0- and i i -
protein (D) levels in shDUSP2- (shDU)
shL shDU and shLacZ-expressing (shL) eutopic
endometrial stromal cells (n=4). *P<.05

or without hypoxia for 24 hours, followed by CPT treatment for another
48 hours to induce cell apoptosis in the absence or presence of STAT3
inhibitor. The results showed that hypoxia prevented stromal cells from
CPT-induced caspase-3 cleavage, and this suppressive effect of hypoxia
on the level of caspase-3 cleavage was reversed by STAT3 inhibitor
(Figure 5C, D), suggesting that hypoxia protects endometrial stromal
cells from apoptosis through activation of IL-6/STAT3 pathway.

4 | DISCUSSION

Dysregulation of DUSP2 has been implicated in the establishment
and development of endometriosis. Previously, we have reported
that hypoxia-inhibited DUSP2 expression causes elevated COX-2 and
IL-8 expression, promoting the inflammation and angiogenesis.®?° In
this report, we showed that loss of DUSP2 leads to hyperactivation
of STAT3 through overproduction of IL-6 and ultimately stimulates
stromal cell proliferation and anti-apoptosis activity (Figure 5E). Our
results demonstrated additional pathological process regulated by

hypoxia-mediated DUSP2 downregulation.
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The elevated IL-6 has been implicated in the pathogenesis and di-
agnosis of endometriosis. The levels of IL-6 protein are elevated in the
peritoneal fluid from women with endometriosis, ectopic endometri-

otic tissues, and conditioned medium from endometriotic cells, 331

making it a potential biomarker for the diagnosis of endometriosis.>%
In addition, elevated IL-6 has been linked to suppressed immune sur-
veillance that allows the initial establishment and sustenance of en-
dometriotic lesions, thus making it a potent therapeutic target.®* The
expression of IL-6 was regulated by many microenvironmental factors.
Pioneer studies demonstrated that the expression of IL-6 in the iso-
lated primary endometriotic epithelial and stromal cells is induced by
hypoxia and various cytokines such as IL-1p, TNF-o, and IFN-y,143°
suggesting that microenvironmental hypoxia and inflammatory stim-
ulation are important cues for the aberrant expression of IL-6 in en-
dometriotic tissues. In this report, we demonstrated that human IL-6
gene without known hypoxia-responsive element in the promoter
region was induced through hypoxia-modulated DUSP2 downregula-
tion. Nevertheless, Tsudo et al. reported that treatment with TNF-«
induces more IL-6 expression in ectopic stromal cells than that in eu-
topic stromal cells, indicating that the expression of IL-6 in eutopic and
ectopic stromal cells differentially responds to cytokine stimulation.°
Intriguingly, this differential response in eutopic and ectopic stromal
cells was also observed in the regulation of COX-2 in responses to cy-
tokines through hypoxia-mediated DUSP2 downregulation,6 implying
that hypoxia-mediated DUSP2 downregulation may play a central role
in the regulation of responses to inflammatory stimulation.

STAT3 pathway is aberrantly activated during the pathogenesis of
endometriosis.>® One report showed that EGF is involved in the STAT3

activation in the immortalized human endometrial epithelial cells, 16
while the other one showed that leptin induced STAT3 activation in
the endometriotic epithelial cells.” In a similar manner, two more re-
cent studies showed that STAT3 activation is mediated through IL-6
stimulation and potentiated by cytokine-mediated suppression on
PIAS1, an inhibitor of STAT3 signaling.1®*’ These studies highlight the
role of cytokines in coordination of hypoxia-regulated pathway in the
endometriotic epithelial cells. In this current study, we reported that
stromal cells, the majority of endometriotic lesions, expressed higher
level of IL-6, and this elevated level of IL-6 was induced by hypoxia-
mediated DUSP2 downregulation, suggesting that IL-6 and hypoxia
form a positive feedback loop to coordinately promote the pathogen-
esis of endometriotic lesions.

Hypoxia-mediated DUSP2 downregulation results in prolonged
ERK and p38 MAPK phosphorylation, promoting inflammation and an-
giogenesis during the development of endometriosis®”%° (Figure 5E).
As endometriosis is an estrogen-dependent disease, it has been re-
ported that estrogen-mediated proliferation, anti-apoptosis, and
angiogenesis are pivotal to the establishment and sustenance of en-
dometriotic lesions.3”"%? Similar to the multiple functions of estrogen,
in this study, we identified that hypoxia-inhibited DUSP2 expression
plays a dual role through IL-6 induction in the regulation of prolifera-
tion and anti-apoptosis, both of which are particularly critical for the
retrograded tissues to survive in the peritoneal cavity. IL-6 exerts its
biological effects through classic and/or trans-signaling pathways.
Both membrane-bound and soluble form of gp130 were expressed in
the endometrium and regulated by steroid hormone, implying its func-

tional role in endometriosis.*® The signaling pathways mediated by
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FIGURE 3 IL-6 activates STAT3 in eutopic endometrial stromal cells. The representative images (A) and the quantification results (B) of
immunoblot of phosphorylated STAT3 at tyrosine 705 (pY705-STAT3) and serine 727 (pS727-STAT3) in paired eutopic endometrial (Eu) and
ectopic endometriotic stromal cells (Ec) from the same patients with endometriosis. The quantification results were analyzed with the ratio to
total STAT3 (n=11). C, Representative images of immunoblot of phosphorylated STAT3 at tyrosine 705 (pY705-STAT3) and serine 727 (pS727-
STAT3) in eutopic endometrial stromal cells treated with 10 ng/mL IL-6 in a time-course experiment. D, Quantification results analyze the signal
intensity of phosphorylated STAT3 at tyrosine 705 (pY705-STAT3) (left panel) and serine 727 (pS727-STAT3) (right panel) normalized to total
STAT3 (n=4). *P<.05
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(n=4). *P<.05
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FIGURE 5 Hypoxia-induced IL-6 (E) Hypoxia
protects endometrial stromal cells from ‘
apoptosis through STAT3 activation. (A, B)
Representative images (A) and quantitative HIF-1a
results (B) of immunoblot analysis ‘
of caspase-3 in eutopic endometrial
stromal cells treated with or without IL-6 DUSP2
(10 ng/mL) for 12 h and treated with or downregulation
without 10 pmol/L camptothecin (CPT) for
another 48 h (n=4). (C, D) Representative , ; \
im:.ages (C) and quanti’Fative results (D.) COX-2 IL-8 IL-6
of immunoblot analysis of caspase-3 in
eutopic endometrial stromal cells treated * ;
with normoxia or hypoxia or WP1066 *
under hypoxia for 24 h and treated with Inflammation Angiogenesis STAT3

or without 10 pmol/L camptothecin (CPT)
for another 48 hours (n=4). *P<.05. (E)
Working model

gp130 involve the activation of STAT3. In adherence to the functions
of IL-6, hyperactivation of STAT3 is associated with proliferation, anti-
apoptosis, and cellular transformation in several types of cancer.*3
In this report, we consolidated that IL-6/STAT3 signaling not only pro-
motes proliferation of stromal cells but also prevents endometrial stro-
mal cells from stress-induced apoptosis.

Taken together, hypoxia-mediated DUSP2 downregulation plays a

crucial role in induction of IL-6 expression, which further promotes

¥

Proliferation Anti-apoptosis

the cell proliferation and cell survival of ectopic endometriotic tissues

during the early development of endometriosis.
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