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Abstract

Endometriosis is a benign gynecologic disorder, and presents with malignant characteristics, such
as migration and invasion. Hypoxia has been implicated in triggering epithelial-mesenchymal
transition (EMT). Hypoxia is also known to induce autophagy. However, the relationship between
autophagy and EMT under hypoxia conditions in endometriosis remains unknown. In the present
study, we found that the expression of hypoxia-inducible factor-1a (HIF-1a), microtubule associ-
ated protein light chain 3 (LC3), and mesenchymal cell marker vimentin was significantly higher
in ectopic endometrium from patients with endometriosis, along with decreased expression of
epithelial cell marker E-cadherin. After hypoxia treatment, endometrial epithelial cells exhibited
enhanced migration and invasion abilities, as well as promoted autophagy and the EMT pheno-
type. Our analyses also show that HIF-1a« was responsible for induction of autophagy. Moreover,
inhibition of autophagy by chemical or genetic approaches suppressed hypoxia triggered EMT and
reduced cell migration and invasion. Collectively, our findings identify that autophagy is critical
for the migration and invasion of endometrial cells through the induction of EMT and indicate that
inhibition of autophagy may be a novel useful strategy in the treatment of endometriosis.

Summary Sentence

The autophagy, which is induced by peritoneal hypoxia, is essential for EMT initiation in en-
dometriosis.
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Introduction to affect 2—10% of all premenopausal women and is responsible

- . . for infertility and chronic pelvic pain [2]. Although endometriosis
Endometriosis, characterized by the presence of the endometrial ) ) Y‘ ) p ) P [ I . 8 T
o . . . . is a benign disease, it has migratory and invasive properties similar
gland and stroma-like tissue in extra-uterine locations, is one of the B ) )
. . . . to malignant cancer [3]. However, so far very little is known about
most common and severe gynecological diseases [1]. It is estimated
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the cellular and molecular mechanisms underlying the migration and
invasion of endometrial cells.

Epithelial-to-mesenchymal transition (EMT), a complex biolog-
ical process by which polarized epithelial cells change phenotype
from epithelial to highly motile mesenchymal, plays a vital role in
embryogenesis, fibrosis, and tumor metastasis [4]. EMT is charac-
terized by the loss of epithelial markers such as E-cadherin together
with the acquisition of mesenchymal markers including vimentin and
N-cadherin. Furthermore, EMT is known to be a critical step during
the process of cancer metastasis because it allows cells to migrate
and invade surrounding tissues [5]. Recently, multiple researches
have shown that EMT also plays a critical role in the formation of
endometriotic lesions [6, 7].

Hypoxia is vital for the pathogenesis of endometriosis, and
hypoxia-inducible factor-1a (HIF-1a) was upregulated with the de-
velopment of endometriosis [8-10]. HIF-1« is the key mediator of
the cellular response to hypoxia and is highly regulated by cellu-
lar oxygen tension. Under normoxic conditions, the HIF-1a subunit
is rapidly degraded, whereas under hypoxic conditions, HIF-1« is
stabilized and translocated to the nucleus where it initiates the tran-
scription of downstream genes, which are involved in regulation of
several biological processes including migration, invasion, and EMT
[11, 12]. Hypoxia stimulates upregulation of HIF-1a, which has pre-
viously been shown to trigger EMT, as well as to facilitate metastasis
of multiple types of cancer cells [13].

Autophagy is an evolutionarily conserved mechanism for elimi-
nating and recycling nonessential cytoplasmic components to main-
tain cellular homeostasis [14]. During autophagy, a cup-shaped iso-
lated membrane forms in the cytoplasm followed by formation of
a double-membrane structure called the autophagosome. This then
fuses with the lysosome to form an autolysosome which degrades the
contents inside the autophagosome [15]. Autophagy is activated in
response to metabolic stress, such as hypoxia [16, 17]. Accumulat-
ing evidence suggests that autophagy promotes cancer cell invasion
by manipulating EMT process [18-20]. Our recent studies as well
as others’ have revealed that autophagy was higher in the ectopic
endometrium of patients with ovarian endometriosis and autophagy
could promote endometrial stromal cells migration and invasion un-
der hypoxic condition [21, 22]. However, the correlation between
autophagy induction and EMT has not been elucidated in the con-
text of endometriosis. Therefore, considering the fact that the up-
regulated expression of autophagy in ovarian endometriosis and its
connection with EMT, and both EMT and autophagy were triggered
by hypoxia, we hypothesized that upregulation of autophagy in en-
dometriosis may contribute to the progression of endometriosis by
promoting EMT and enhancing cell migration and invasion under
hypoxia conditions.

Materials and methods

Ethical approval

Ethics approval for the present study was obtained from the local
Ethics Committee of Tongji Medical College, Huazhong University
of Science (IORG No: IORG0003571). Written, informed agreement
from each participant was obtained before surgery.

Patients and tissue samples

The patients recruited in this study were nonpregnant women of
reproductive age (27-46 years) attending the Department of Ob-
stetrics and Gynecology, Union Hospital, Tongji Medical College,
Huazhong University of Science and Technology between Septem-

ber 2014 and December 2016. Each recruited patient had regular
menstrual cycles ranging in length from 28 to 35 days, and no one
received any kind of steroid medication within the past 6 months
before the endometrial biopsy. All of the endometrial tissue samples
were collected during the proliferative stage which was confirmed by
experienced histopathologists, who examined hematoxylin-stained
endometrial sections referring to established histological criteria.
As for the healthy control group, 31 cases of normal en-
dometrium tissue samples were obtained from patients with tubal
infertility. Thirty cases of eutopic endometrium of endometriosis and
30 cases of ovarian endometriotic cysts tissue samples (ectopic en-
dometrium) were obtained from patients undergoing laparoscopy for
pelvic endometriosis. The endometrial tissues were collected using
the Nowak’s curette just before the surgical procedure, and immedi-
ately transported to the laboratory. All of the ectopic endometrium
was determined with the use of the American Society of Repro-
ductive Medicine (ASRM) revised classification [23]. The collected
endometrial biopsy was divided in two parts: the first part was fixed
in 10% buffered formalin for immunohistochemistry analysis, and
the second part was immediately submerged in liquid nitrogen to
allow subsequent total protein extraction and western blotting anal-
ysis. Besides, another 68 cases of eutopic endometrium biopsies of
patients with endometriosis were collected for isolation and culti-
vation of primary endometrial epithelial cells. The clinical data of
the patients (age at the time of biopsy, the duration of menstrual
cycle phase and rASRM stage of endometriosis) are summarized in

Table 1.

Immunohistochemistry

Immunohistochemical staining was performed as described in our
previous study [22]. Formalin-fixed paraffin-embedded samples were
cut into 5 um sections and mounted on alcohol-cleaned glass slides.
The sections were dewaxed in xylene and rehydrated by passing
through a graded series of alcohol to water, and antigen retrieval
was performed by heating the samples in a 0.01 M citrate buffer
(pH 6.0). Then the sections were incubated in 50% ethanol solution
containing 3% H,0O; for 30 min to eliminate endogenous nonspe-
cific peroxidase activity and blocked with bovine serum albumin for
another 30 min. Subsequently, the samples were incubated with the
following primary antibodies against HIF-1a (diluted 1:150; Affin-
ity), LC3 (1:100; Abcam, Cambridge, UK), E-cadherin (1:100; Ab-
cam), vimentin (1:100; Cell Signal Technology), and S100A4 (1:100;
Cell Signal Technology) overnight at 4°C. After washing in PBS
for three times, the samples were incubated with peroxidase-labeled
anti-rabbit IgG (1:500; Boster Biotech, Wuhan, China) for 30 min.
Finally, all slides were incubated with DAB-Substrate (Beyotime,
Wuhan, China) and counterstained in hematoxylin before being de-
hydrated and mounted. The slides incubated with isotype-matched
immunoglobulin G from normal rabbits were applied as a negative
control. Antibody characteristics are listed in the Supporting infor-
mation, Supplemental Table S1. Immunohistochemistry images were
captured using a Nikon DXM1200C digital camera at x200 (50 m)
or x400 (25 um) magnification.

Semiquantitative analysis of immunohistochemical
staining

The immunohistochemistry slides were independently examined by
two observers. We utilized immunohistochemical scores (IHS) based
on the German Immuno-Reactive score [24]. The THS was calcu-
lated by combining an estimate of the percentage of immunere-
active cells (quantitative score) with an estimate of the staining
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Table 1. Clinical characteristics of patients.

Samples used for immunohistochemistry

Normal Endometrium

Eutopic Endometrium

Ectopic Endometrium Samples used for primary cell cultures

Number of cases 31 30
1Age 32.5 (28-37) 35.5 (31-40)
Menstrual cycle phase Proliferative Proliferative
23rASRM stage

111 - 17

v - 13
Types of lesions - -
Prior medication use No No

30 68
37.5 (31-46) 35.5 (30-41)
Proliferative Proliferative

19 -

11 -
Bluish-black -

No No

2Median (range).

bRevised American Society for Reproductive Medicine classification (rASRM: American Society for Reproductive Medicine, 1997).

intensity (staining intensity score). No staining was scored as 0; stain-
ing of 1-10% as 1; 11-50% as 2; 51-80% as 3; and 81-100% as
4. The staining intensity was rated on a scale of 0 to 3, with 0 rep-
resenting no staining, 1 weak staining, 2 moderate staining, and 3
strong staining. The raw data were converted to IHS by multiply-
ing the quantity score and the intensity score. A moderate to strong
level (HIS > 4) was considered to be positive, and weak or absent
expression (IHS 0-4) was considered to be negative.

Isolation and culture of primary endometrial epithelial
cells and Ishikawa cell lines

Specifically, primary human endometrial epithelial cells were sepa-
rated from stromal cells by digesting the tissue fragments with col-
lagenase, as previously described [25]. Briefly, fresh endometrium
tissues were washed with pre-warmed PBS several times to remove
blood and debris and minced into 1 mm pieces with a sterile surgical
scissor and incubated with PBS containing 2 mg/mL of type II colla-
genase (0.1%, Sigma-Aldrich) at 37°C for 45-60 min with constant
agitation. Afterwards, the tissue suspension was filtered through a
140 wm wire sieve to remove undigested tissue pieces and mucous,
and the cell suspension was then filtered through a 37 um wire
sieve to remove endometrial stromal cells. Then, the 37 um wire
sieve was washed thoroughly upside down with fresh pre-warmed
culture medium to get the human endometrial epithelial cells. The
epithelial cells were subsequently cultured in Dulbecco’s modified
Eagle’s/F12 medium (DMEM/F12; HyClone) supplemented with
20% fetal bovine serum (FBS; HyClone), 100 U/mL penicillin, and
100 mg/mL streptomycin (HyClone) in a humidified atmosphere
with 5% CO, at 37°C. The purity of isolated epithelial cells
was >95% and epithelial cells were contaminated by less than 1%
of stromal cells, as determined by cell immunofluorescence using E-
cadherin (diluted 1:300; Abcam) and vimentin (diluted 1:300; Affin-
ity) (see Supplemental Figure S1). The first passage cells were used
for the subsequent experiments.

For the reason that primary human endometrial epithelial
cell cannot be passaged and transfected. Therefore, Ishikawa
cells (Shanghai Fuxiang Biotechnology Co. Ltd, China), a well-
differentiated human endometrial epithelial adenocarcinoma cell line
that is widely used in the studies of endometriosis [26, 27|, were
maintained in Roswell Park Memorial Institute-1640 culture media
(RPMI-1640; HyClone) with 10% FBS, 100 U/mL penicillin, and
100 mg/mL streptomycin (HyClone) in humidified atmosphere with
5% CO, at 37°C.

Hypoxia treatment

Cells were seeded in 60 mm culture dishes and fresh medium was
used to keep the cells healthy by providing fresh nutrients before hy-
poxia treatment. For culture in hypoxic condition, the culture dishes
were placed in a modular incubator chamber (Thermo Scientific)
containing humidified hypoxic air (1% O;, 5% CO,, 94% N>) for
indicated period at 37°C. Cells incubated under normoxic conditions
(21% O3, 5% CO;, 75% N,) were used as controls.

Immunocytochemistry

Immunocytochemical staining was performed following a previous
study. Isolated human endometrial epithelial cells were grown on
coverslips in a six-well plate prior to treatment with hypoxia for
24 h, and washed three times with PBS. Treated cells were then fixed
with 4% paraformaldehyde at room temperature for 15 min, and
permeabilized with 0.5% Triton X-100 (Sigma, Belgium) for 15 min
to increase their permeability to antibodies. After blocking with 5%
bovine serum albumin (BSA) in PBS-T (0.1% Triton X-100/PBS)
for 1 h, cells were incubated with E-cadherin (1:250; Abcam) and vi-
mentin (1:300; Cell Signal Technology) primary antibodies overnight
at 4°C. The next day cells were washed three times in PBS prior to in-
cubation with horseradish peroxidase-conjugated (HRP) secondary
antibody (1:5000 dilution, Boster Biotech) for another 1 h at room
temperature. Cells were then washed with PBS and incubated with
hematoxylin for 15 min at room temperature. Finally, the cells were
washed three times with ice-cold PBS and images were taken using
an Eclipse TE2000-S microscope system (Nikon UK Ltd, Surrey)
at x200 magnification. The slides incubated with isotype-matched
immunoglobulin G from normal rabbits were applied as a negative
control. Characteristics of antibody used for immunohistochemistry
are listed in Supplemental Table S1.

Western blot assays

Collected endometrial tissues and cultured cells were washed three
times with ice-cold PBS and lysed in radio immunoprecipitation as-
say (RIPA) buffer (Beyotime Biotechnology, China) containing pro-
tease inhibitors (Sigma). The cells were scraped in this lysis buffer,
kept on ice for at least 30 min, centrifuged at 12 000 g at 4°C for
15 min, and diluted in 5x sample buffer (Beyotime Biotechnology).
BCA protein assay kit (Beyotime) was used to determine the pro-
tein concentrations. Equal amounts of proteins (30 pg) were mixed
with the sample buffer (4% SDS, 10% B-mercaptoethanol, and
20% glycerol in 0.125 M Tris, pH 6.8) containing bromophenol
blue, and were boiled for10 min at 95°C. The samples were loaded
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and separated by 12% sodium dodecyl sulfate—polyacrylamide gel
electrophoresis gels (SDS-PAGE) with running buffer. The proteins
separated by SDS-PAGE were transferred to polyvinylidene difluo-
ride membranes (Immobilon-P transfer membrane). The membranes
were incubated with 5% fat-free milk in Tris-buffered saline contain-
ing 0.05% Tween 20 for 1 h, and were then incubated overnight at
4°C with the following primary antibodies: HIF-1« (diluted 1:1000;
Affinity), LC3 (diluted 1:1000, Abcam), Beclin1 (diluted 1:1000, Ab-
cam), E-cadherin (diluted 1:1000; Abcam), vimentin (diluted 1:1000;
Cell Signal Technology), N-cadherin (diluted 1:1000; Cell Signal
Technology), and GAPDH (diluted 1:1000; Affinity). The mem-
branes were washed three times with TBST for a total of 15 min, and
then incubated with an HRP-labeled secondary antibody at room
temperature for 1 h. The membranes were washed again and treated
with ECL-Western blot detecting reagent (Millipore) according to
the manufacturer’s recommendations. The band intensity on western
blots was quantified by imaging system (Gel Doc 2000; Bio-Rad) and
analysis with Image ] software (NIH) (version 1.5, USA) and nor-
malized to GAPDH. Characteristics of antibody used for western
blot are listed in Supplemental Table S1.

Transmission electron microscopy

To identify autophagosomes at the ultrastructural level, human en-
dometrial epithelial cells were cultured under hypoxic or normoxic
conditions for 24 h. After the indicated treatment, human endome-
trial epithelial cells were washed three times with PBS and incubated
with trypsin for 2 min. Cells were collected by centrifugation at
1000 x g for 5 min. Samples were fixed with 2% glutaraldehyde-
paraformaldehyde in 0.1 M Na phosphate buffer (pH 7.4) for 12 h
at 4°C and washed three times for 30 min in 0.1 M Na phosphate
buffer (pH 7.4) and post-fixed with 1% OsOy4 in 0.1 M cacodylate
buffer (pH 7.4) for 3 h. After being washed by 0.1 M Na phosphate
buffer, the cells were then dehydrated at 25°C with a graded series of
ethanol and gradually infiltrated with epoxy resin mixture (812 resin
embedding kit). The samples were sequentially polymerized at 37°C
for 12 h, 45°C for 12 h, and 60°C for 24 h. Ultrathin sections (50-70
nm) were cut by using LKB microtome and mounted on single-slot
copper grids. The sections were subjected to double staining with
uranyl acetate and lead citrate and examined using a transmission
electron microscope (FEI Tecnai G20, Super twin, Double tilt, LaB6
Gun, USA).

Cell transfection assay

HIF-la  small interfering RNA (siRNA), Beclinl siRNA,
and scrambled negative control siRNA were purchased
from  Shanghai  GenePharma (China). The sense se-
quence of HIF-le siRNA (HIF-la-homo-1612) was 5'-

GCUGGAGACAAUCAUAUTT-3, and the antisense was 5'-
AUAUGAUUGUGUCUCCAGCTT-3’; the sense sequence of
Beclinl siRNA  was 5'-CGGGAAUACAGUGAAUUUATT-3,
and the antisense was 5-UAAAUUCACUGUAUUCCCGTT-3'.
HIF-1a overexpression plasmid (pG/CMV/HIF-1a/IRES/EGFP)
and negative control (NC) plasmid were purchased from Gemma
Pharmaceutical Technology (China). For knockdown, Ishikawa
cells (2 x 10° cells/well) were seeded in six-well plates and grown
to 60-80% confluence, and transfected with the above plasmids
or siRNA using lipofectamine2000 (Invitrogen Life Technologies)
according to the manufacturer’s protocol. The transfection mixture
was replaced 6 h later with DMEM/F-12 with 20% FBS. Then

Ishikawa cells were incubated in normoxic or hypoxic conditions
for another 24 h and subjected to western blot analysis.

Transient transfection GFP-LC3 adenoviral vector and
identification of autophagy

GFP-tagged LC3 adenoviral vector has recently been utilized to
demonstrate the occurrence of autophagy. Ishikawa cells were seeded
(1 x 10 cells/well) in 12-well plates overnight and allowed to reach
50-70% confluence at the time of transfection. Then GFP-LC3 ade-
noviral vector was transiently transfected into the cells according to
the manufacturer’s instructions. After being cultured for 24 h to en-
sure the expression of GFP-LC3, the cells were subjected to hypoxia
for another 24 h. At the end of the treatment, cell was incubated
with DAPI for 15 min at room temperature and autophagy was de-
tected by counting the percentage of cells with GFP-LC3-positive
dots under laser scanning confocal microscope (Olympus America
Inc, Center Valley, PA). Autophagic level was determined by evalu-
ating the number of GFP-LC3 puncta (puncta/cell were counted) in
triplicate for each experiment.

Immunofluorescence assay

Human endometrial epithelial cells were immunostained to detect
the biomarker expression (E-cadherin and vimentin protein). Briefly,
the isolated primary cells were seeded and grown on coverslips in
six-well plates. After incubation overnight, cells were washed with
ice-cold PBS and fixed with 4% paraformaldehyde for 20 min at
room temperature. Then cells were permeabilized with 0.5% Triton
X-100 (Sigma, Belgium) at 4°C for 30 min, and blocked in 5% BSA
for 1 h to block nonspecific binding at room temperature. After that,
cells were incubated with rabbit monoclonal antibody against E-
cadherin (1:300; Abcam) and rabbit monoclonal antibody vimentin
(1:100; Cell Signal Technology) overnight at 4°C. The next day,
the cells were incubated with goat FITC-conjugated anti-rabbit IgG
(diluted 1:100, Wuhan Servicebio Technology, China) and goat Cy3-
conjugated anti-rabbit IgG (diluted 1:100, Wuhan Servicebio Tech-
nology) for 2 h in dark room and then incubated with DAPI for 15
min at room temperature. Finally, the cells were washed three times
with ice-cold PBS, and immediately observed using a laser scanning
confocal microscope (Olympus America Inc). The slides incubated
with isotype-matched immunoglobulin G from normal rabbits were
applied as a negative control.

Transwell migration and invasion assays

In vitro transwell migration and invasion assays were performed
using a 24-well transwell insert (8 mm pore size, Corning Costar,
Tewksbury, MA) as described previously. For invasion assay, the
upper surface of the chambers was pre-coated with 50 ul of Ma-
trigel (2 mg/mL) (Becton, Dickinson and Company) and incubated
at 37°C for at least 4 h. After rinsing with pre-warmed PBS, hu-
man endometrial epithelial cells were harvested and washed, and
200 ul of cell suspension containing 50 uM chloroquine (CQ) or
10 mM 3-Methyladenine (3-MA) was added to the matrigel of the
upper compartments, and 600 ul of DMEM/F12 culture medium
containing 40% FBS was added into the lower chamber. The human
endometrial epithelial cells cultured in normoxic condition for 48 h
were used as the control groups. The cells cultured under hypoxic
condition with or without 50 uM CQ or 10 mM 3-MA for 48 h
were used as experimental groups. To evaluate the migration poten-
tial, cells were allowed to migrate towards medium over a period of
24 h.
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Table 2. Immunostaining score for HIF-1«, LC3, E-cadherin, vimentin, and ST00A4.

Immunostaining score (mean =+ SD)

HIF-1a LC3 E-cadherin Vimentin S100A4
Normal endometrium (N) 3.210 £ 1.273 1.517 £2.146 6.734 £ 1.165 3.720 + 2.839 1.937 £ 1.332
Eutopic endometrium (U) 4.165 £2.305 2.236 £ 1.737 6.227 +£2.762 4.122 £ 3.537 2.282 +2.004
Ectopic endometrium (C) 8.772 £2.732 7.978 + 4.237 2.175 £2.260 6.421 + 3.449 5.815 £ 4.513
Statistical analysis
N versus U P> 0.05 P> 0.05 P> 0.05 P> 0.05 P> 0.05
N versus E *P < 0.01 **P < 0.01 *P < 0.05 *P < 0.01 *P <0.05
U versus E *P < 0.05 P < 0.01 *P < 0.05 *P < 0.05 *P < 0.05

*P < 0.05, P < 0.01.
All data are expressed as mean =+ SD.
Statistical significance (one-way ANOVA analysis).

Ishikawa cells transfected with or without si HIF-1« or si Beclinl
were resuspended in RPMI-1640 culture medium without FBS and
then plated in the matrigel of the upper compartments. RPMI-1640
culture medium (600 wl) plus 10% FBS was added to the lower
chamber, and the plate was incubated in hypoxia or normoxia con-
ditions for 24 h (for migration assay) or 48 h (for invasion assay).
After indicated time, cells were fixed in methanol for 20 min and
stained with 0.5% Coomassie brilliant blue for another 20 min.
Then the cells on the upper surface of the chambers were removed
by wiping with a cotton swab, and the filters were washed three times
with ice-cold PBS. The cells on the underside of the chambers were
immediately observed and counted under an inverted microscope at
x200 magnification. Duplicate wells per condition were tested in
three independent experiments.

Statistical analysis

Statistical calculations were performed using GraphPad Prism soft-
ware (version 6.01; GraphPad Software). The Kruskal-Wallis test
was used for statistical significance of differences in variables with
nonnormal distribution. The Student ¢ test and one-way analysis of
variance followed by the Tukey post hoc test was used to measure
the comparisons between groups in normal distribution. All data sets
were shown as mean = standard deviations from at least three inde-
pendent experiments. For all tests, differences of P values of <0.05
were considered statistically significant.

Results

HIF-1«, LC3, E-cadherin, vimentin, and S100A4 protein
expression and localization in ectopic endometrium of
endometriosis patients

To investigate the functional relevance of HIF-1a, autophagy, and
EMT during endometriosis, we first performed immunohistochem-
istry staining to detect the protein expression level of HIF-1e, au-
tophagy marker LC3, E-cadherin, vimentin, and S100A4in normal
endometrium, eutopic and ectopic endometrium from women with
endometriosis. HIF-1a was predominantly localized in the nuclei of
epithelial and stromal cells; however, LC3 was expressed within the
cytoplasm of both cell types. The expression levels of HIF-1a and
LC3 in the ectopic endometrium were significantly greater than those
in normal endometrium and eutopic endometrium from women with
endometriosis. E-cadherin was distributed strongly in the membranes
of epithelial cells of normal and eutopic endometrium, and exhib-

ited a dramatic decrease in the ectopic endometrium. The vimentin
protein was abundantly expressed in the cytoplasm of epithelial and
stromal cells of normal and eutopic endometrium and was signif-
icantly increased in ectopic endometrium sections (Figure 1A and
Table 2). No S100A4 expression was detected in epithelial cells
of normal and eutopic endometrium. Immunostaining scores for
S100A4 expression in epithelial cells were significantly higher in
ovarian endometriosis compared with those of normal and eutopic
endometrium. Nonspecific rabbit IgG was used as a negative control
and showed no immunostaning (Figure 1A, fifth row). Afterwards,
we detected the protein levels of HIF-1a, LC3, E-cadherin, and vi-
mentin by western blot analysis. The results showed that the pro-
tein expression levels of HIF-1a, total accumulation of LC3-II, and
vimentin were significantly increased in ectopic endometrium com-
pared to normal and eutopic endometrium, while the expression level
of E-cadherin was significantly decreased in ectopic endometrium
(Figure 1B and C). Taken together, the data provided evidence that
EMT process occurred during endometriosis, and HIF-1a and au-
tophagy may be involved in the pathological process.

Hypoxia induces epithelial-to-mesenchymal transition
in human endometrial epithelial cells

To investigate the potential for hypoxia to induce EMT in human
endometrial epithelial cells, we conducted several investigations. We
first examined the expression levels of EMT-related protein (E-
cadherin, vimentin, and N-cadherin) using western blot analysis.
With increasing incubation time under hypoxia condition (0, 4, 8,
16, and 24 h), expression levels of the epithelial marker E-cadherin
were downregulated; however, vimentin and N-cadherin, the mes-
enchymal biomarkers, were increased in human endometrial epithe-
lial cells (Figure 2A and B). We next monitored the morphologic
appearance of human endometrial epithelial cells in response to hy-
poxia under microscopy. After exposure to hypoxia for 24 h, typical
morphological changes occurred in human endometrial epithelial
cells. The cells became elongated, spindle-shaped, and fibroblast-
like, together with loss of tight junctions between cells (Figure 2C).
In addition, immunocytochemical staining showed that after hypoxia
treatment for 24 h, E-cadherin protein was reduced in majority of
human endometrial epithelial cells. In contrast, expression of vi-
mentin was extensively detected in these cells (Figure 2D). The mi-
gration and invasion abilities of hypoxic endometrial epithelial cells
were further tested. Compared with cells under normoxic condition,
hypoxia treatment remarkably increased the number of migrated
and invaded cells, and endometrial epithelial cells in transwell assay
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Figure 1. HIF-1«, LC3, E-cadherin, vimentin, and S100A4 localization and expression in different groups of endometria. (A) Representative immunohistochemical
analysis of HIF-1«, LC3, E-cadherin, vimentin, and S100A4 protein localization in normal endometrium (a, d, g, j, m), eutopic endometrium (b, e, h, k, n), and
ectopic endometrium (c, f, i, |, 0). Photographs were taken at magnifications of x200 (left panels) and x400 (right panels), respectively. Left bar = 50 um, right
bar = 25um. Normal IgG is used as negative control. (B) Representative western blots analysis of HIF-1«, LC3, E-cadherin, and vimentin protein levels in normal
endometrium, eutopic endometrium, and ectopic endometrium. (C) Representative quantitative data of densitometric analyses. GAPDH was used as a loading
control. The data are presented as the means + SD of three independent experiments (*P < 0.05; **P < 0.01; **P < 0.001).

(Figure 6A-D). Collectively, these results suggested that hypoxia displayed that protein expression levels of HIF-1a, Beclin1, a ubig-
could sufficiently trigger EMT in endometrial epithelial cells. uitin E1-like enzyme essential for autophagosome formation, and
LC3-II were gradually increased by hypoxia treatment (Figure 3A
and B). Transmission electron microscopy examination revealed that
the number of autophagosomes was also increased (Figure 3C). For
the reason that the increased LC3-II protein level could be resulted
To examine whether hypoxia induces autophagy in human endome- from increased autophagosomes formation or decreased autophago-
trial epithelial cells, the cells were cultured in hypoxia condition for some degradation. We further evaluated autophagy flux with or
increasing time points (0, 4, 8, 16, and 24 h). Western blot analysis without the presence of lysosomal degradation inhibitor CQ. [28].

Hypoxia upregulates autophagy in human endometrial
epithelial cells
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Figure 2. Hypoxia induces EMT in human endometrial epithelial cells. (A) Human endometrial epithelial cells were cultured under hypoxic condition for the
indicated times (0, 4, 8, 16, and 24 h), and the EMT-related protein E-cadherin, vimentin, and N-cadherin were monitored by western blotting analysis. GAPDH
used as the loading control. (B) Quantitative comparison of the fold difference in the expression of E-cadherin, vimentin, and N-cadherin proteins. The data are
presented as the means + SD of three independent experiments (*P < 0.05; **P < 0.01; ***P < 0.001 by one-way ANOVA). (C) The figure shows the changed
cellular morphologies of normoxic- and hypoxic-treated treated endometrial epithelial cells. Normal IgG is used as negative control. Photographs were taken at
magnifications of x200 (scale bar = 50 um) and x400 (scale bar = 25um). (D) The figure shows the immunocytochemistry staining of E-cadherin and vimentin

protein in endometrial epithelial cells following hypoxia treatment for 24 h.

As shown in Figure 3D and E, a blockade of the autophagosome-
lysosome fusion using CQ significantly increased the accumulation
of endogenous LC3-II protein, and hypoxia apparently augmented
this effect, indicating that hypoxia-induced elevation of LC3-II was
due to increased autophagosomes formation rather than a blockage
of lysosomal degradation. Altogether, our data indicate that hypoxia
is able to induce autophagy in human endometrial epithelial cells.

HIF-1a¢ mediates hypoxia-induced autophagy in
Ishikawa cells

Next, to explore the role of HIF-1« in hypoxia-induced autophagy,
we conducted the following experiments. Ishikawa cells were first
treated by hypoxia for 24 h, then upregulation of HIF-1a, Beclin1,
and LC3-II protein was observed by western blot (Figure 4A and
B). In addition, we found that compared to the normoxia control
group, the Ishikawa cells cultured under hypoxic conditions for 24
h showed dense accumulation of GFP-LC3 puncta in the perinuclear
region (Figure 4C and D). Ishikawa cells were then transfected with
a HIF-1a expression plasmid under normoxic condition. Compared
to control group and NC group, the cells transfected with the HIF-1«
expression plasmid significantly increased the protein expression of
HIF-1a, Beclin1, and LC3-1I (Figure 4E and F). To further validate
the role of HIF-1a, Ishikawa cells were transiently transfected with

an siRNA containing an HIF-1a targeting sequence. Compared to
the Ishikawa cells transfected with control siRNA, Ishikawa cells
transfected with HIF-1a siRNA under hypoxia condition showed
decreased expression of HIF-1a, Beclinl, and LC3-II (Figure 4G
and H). These results indicated that hypoxia-induced autophagy is
mediated through HIF-1a.

Inhibition of autophagy attenuates hypoxia-induced
endometrial cells migration and invasion
To explore the relationship between autophagy and EMT under
hypoxic conditions, human endometrial epithelial cells were treated
with hypoxia combined with autophagy inhibitor 3-MA or CQ. Our
results showed that both 3-MA and CQ clearly inhibited autophagy
in hypoxia-treated human endometrial epithelial cells, accompanied
with the downregulation of mesenchymal markers vimentin and the
upregulation of epithelial marker E-cadherin (Figure SA-D).
Furthermore, siRNA to knock down Beclin 1 was used to inhibit
autophagy in hypoxia-treated Ishikawa cells. The results showed
that hypoxia-induced EMT was significantly suppressed by Beclinl
siRNA (Figure SE and F). Taken together, these results demonstrated
that autophagy facilitates hypoxia-triggered endometrial cells EMT.
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the indicated times (0, 4, 8, 16, and 24 h), and then the expression of HIF-1« and autophagy-related protein Beclin1 and total accumulation of LC3-Il were detected
by western blotting analysis. GAPDH used as the loading control. (B) Quantitative comparison of the fold difference in the expression of HIF-1«, Beclin1, and
total accumulation of LC3-Il proteins. The data are presented as the means + SD of three independent experiments (*P < 0.05; **P < 0.01; ***P < 0.001 by
one-way ANOVA). (C) Human endometrial epithelial cells were incubated under hypoxic condition for 24 h, and then were analyzed by transmission electron
microscopy (TEM). Autophagical vacuoles containing organelle remnants were highlighted by red arrows. Al: autophagolysosomes; m: mitochondria. In each
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**P < 0.01; ***P < 0.001 by one-way ANOVA).

Inhibition of autophagy attenuated hypoxia-induced
migration and invasion of endometrial cells

To determine the effect of autophagy on cell migration and inva-
sion, human endometrial epithelial cells were treated by hypoxia
for 24 h with and without autophagy inhibitors and then assessed
by performing transwell migration and invasion assay. The results
showed that human endometrial epithelial cells treated by hypoxia
displayed a higher ability of migration and invasion compared to the
control cells; however, when co-treated with autophagy inhibitors 3-
MA and CQ, the migratory and invasive potential were dramatically
decreased (Figure 6A-D).

To further examine whether autophagy contributes to endome-
trial cells migration and invasion, we reduced Beclin1 expression by
using the RNA interference approach in Ishikawa cells. We found
that reduced Beclin1 expression by siRNA also significantly attenu-
ated migratory and invasive capability of Ishikawa cells under hy-

poxia conditions (Figure 6E-H). These observations indicated that
autophagy facilitates the hypoxia-triggered migration and invasion
of endometrial cells in vitro.

Discussion

The present study demonstrates for the first time that autophagy in-
duction is involved in hypoxia-induced human endometrial epithelial
cells EMT, which in turn enhanced cell migration and invasion in
endometriosis.

Endometriosis is a very common disorder associated with certain
biological characteristics reminiscent of malignant tumors, including
local tissue invasion and spread to adjacent and distant organs [3].
The migration and invasion of viable endometrial tissues outside the
uterine cavity are crucial steps for the development of endometrio-
sis [29]. Although the etiology of endometriosis remains obscure,
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Autophagy promotes hypoxia induced EMT of endometriosis, 2018, Vol. 99, No. 5 977

Normoxia Hypoxia
A) gy —— T (B)

Beclinl | = = s . ——

LC3-| =
LC3-lI

3MA

+
.

Normoxia  + Normoxia  +

@ Beclin 1/GAPDH
% Relative protein expression
& w B @& ® B
P E
" |
LG3-IVGAPDH
Relative protein expression
P S
;,

+

Hypoxia + + Hypoxia - - +
E-cadherin x
g8’ —= 5L,
GAPDH |emms = s s it L
g g
3-MA - + - + 3-MA - + - +
Normoxia + + - Normoxia  + + -
. R Hypoxia N + Hypoxia - - * +
(C) Normoxia  Hypoxia (D)
ca - + - + 5. 5
i 1] —
Beclin1 | s s mm == 55 gie
BN 835
£5: SEs
g S
LC3-|_> L W — i1 %B
Lc3_“—> = D — - & ) . _ . &
ca - + - +
Normoxia + + - - Normoxia . . . .
N Hypoxia - + + i R _ . .
E-cadherin | s s gy ps i Hopoa
o -3
- Bs . @ 8 )
o ! 28 —3 —
Vimentin |* T N —— g2w &2
e 88, £3
R g=.
. o 2 e
GAPDH |oes e aub e $% 2 8
x© 4
ca - + - * ca - + - +
Normoxia  + + . - Normoxia  + + - -
Hypoxia - + + Hypoxia - - + +
(E) si control si Beclin1 (F) . .
2 2 " -
Nor Hyp Nor Hyp éé‘ "
. B P 25 B [ .
Beclin1 | ®%= s = s 2§ 8%
Ropcnpinel T2, 52.
.‘ R gs.
LS | —
LC3-II—» 4 ; siControl  + .- . siControl  + . E -
si Beclin1 - + + si Beclin1 - - + +
Normoxia + - + - Normoxia + + -
E-cadherin | s oo smn s Hyporia .+ . Hyporia . . N
é 15 § 8 -~ *
- . g i
Vimentin | &= s & %8, Ege
4 3,
3., £3
GAPDH |aes s s S it Es
/ LE sg
5o T o
2 2
si Control  + + - - siControl + + - -
si Beclin1 - - + - si Beclin1 - - + +
Normoxia  + - + - Normoxia  + - +
Hypoxia + - + Hypoxia . + - +

Figure 5. Autophagy promotes hypoxia-triggered EMT in endometrial cells. (A) Human endometrial epithelial cells were treated with 3-MA (10 m M) for 24 h
and incubated with or without hypoxia for 24 h. The expression of Beclin1, LC3-ll, E-cadherin, and vimentin was monitored by western blot. GAPDH was used
as the loading control. (B) Quantitative comparison of the fold difference in the expression of Beclin1, LC3-ll, E-cadherin, and vimentin proteins. The data are
presented as the means + SD of three independent experiments (*P < 0.05; **P < 0.01; ***P < 0.001 by one-way ANOVA). (C) Human endometrial epithelial cells
were treated with CQ (50 M) for 24 h and incubated with or without hypoxia for 24 h. The expression of Beclin1, LC3-Il, E-cadherin, and vimentin was monitored
by western blot. GAPDH was used as the loading control. (D) Quantitative comparison of the fold difference in the expression of Beclin1, LC3-Il, E-cadherin,
and vimentin proteins. The data are presented as the means + SD of three independent experiments (*P < 0.05; **P < 0.01; ***P < 0.001 by one-way ANOVA).
(E) Ishikawa cells are transfected with Beclin1 siRNA or with scrambled negative control siRNA for 24 h and incubated with or without hypoxia for 24 h. The
expression of Beclin1, LC3-Il, E-cadherin, and vimentin was monitored by western blot. GAPDH was used as the loading control. (F) Quantitative comparison
of the fold difference in the expression of Beclin1, LC3-ll, E-cadherin, and vimentin proteins. The data are presented as the means + SD of three independent
experiments (*P < 0.05; **P < 0.01; ***P < 0.001 by one-way ANOVA).
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Figure 6. Inhibition of autophagy attenuates hypoxia-induced endometrial cells migration and invasion. (A and C) Human endometrial epithelial cells cultured
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fields from each treatment. The data are presented as the means + SD of three independent experiments (*P < 0.05; **P < 0.01; ***P < 0.001). Photographs

were taken at magnifications of x200.

multiple hypotheses have been brought forward in the literature
to explain the pathogenesis of this disease. Among these, the most
widely accepted is the theory of retrograde menstruation proposed
by Sampson [30]. However, retrograde menstruation occurs in up
to 90% of women and thus cannot account for the only 5%-10%
of women that develop endometriosis. Researchers have found that
other factors like local hypoxia may contribute to the development of
endometriosis. According to Sampson’s theory, when shed endome-
trial debris retrogrades to the peritoneal cavity, the first stress faced
is the local altered hypoxic microenvironment. Accumulating evi-
dence indicated that hypoxia may be important for the pathogenesis
of endometriosis [8, 9, 31]. In addition, our previous work has es-
tablished that the HIF-1« level is elevated in ectopic endometrium of
endometriosis and hypoxia promotes invasion of endometrial stro-
mal cells [32].

Recently, increasing evidence suggests that the aberrant activa-
tion of EMT process, which is necessary for the invasion—metastasis
of cancer, was also involved in the initial formation of endometrio-
sis [6, 7, 33]. Previous studies have shown that hypoxia can trigger

the EMT process by upregulating the expression of HIF-1a and
other EMT-related transcription factors, thereby inducing a more
aggressive tumor phenotype and conferring on tumor cells the abil-
ity to invade to distant locations [34, 35]. For example, HIF-1«
promoted EMT through activation of Snaill transcription in hepa-
tocellular carcinoma cells [36] and direct upregulation of Zeb1 by
hypoxia response element 3 in colorectal cancer [37]. Consistent
with other studies [33], the present study showed that EMT-like
process occurs during ovarian endometriosis with decreased expres-
sion of E-cadherin but increased expression of vimentin in the ep-
ithelial cells of endometriotic lesions. HIF-1a was highly expressed
in ectopic endometrium tissue and positively correlated with EMT
process. Moreover, hypoxia in endometrial epithelial cells promoted
EMT phenotype and facilitates cell migration and invasion. Taking
our current data together, we demonstrate that hypoxia can trigger
EMT of endometriosis.

Autophagy is a highly regulated process which exerts a critical
influence on multiple human pathophysiological processes, includ-
ing neurodegeneration, cancer, and immune-related disorders [38].
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Both autophagy and EMT can, for example, be triggered by adverse
stresses, such as starvation and hypoxia [39, 40]. Hypoxia leads
to HIF-1a stabilization, and subsequently activates the downstream
gene BNIP3 that competes with Bcl-2 and Bel-XL for interaction with
Beclin1 to trigger autophagy [16]. Recently, upregulated autophagy
was observed in ovarian endometriomas and this process possibly
contributing to survival of endometriotic cells in ectopic sites and to
lesion maintenance [21]. In this study, we demonstrated that levels
of LC3 were elevated in ectopic endometrium tissues of endometrio-
sis. Our data further demonstrated that hypoxia upregulates au-
tophagy activity in both endometrial epithelial cells and Ishikawa
cells, and HIF-1« is required for hypoxia-induced autophagy. Tak-
ing these data together, we demonstrate that hypoxia can up-
regulate endometrial cell autophagy level in a HIF-1a-dependent
manner.

As described above, both autophagy and EMT could be induced
by hypoxia. Yet the relationship between autophagy and EMT un-
der hypoxia conditions is unclear. The complex reciprocal interplay
between autophagy and EMT has gradually emerged in the past few
years [19, 41]. During the metastatic spreading process, autophagy
activation is essential for the activation of EMT. Li et al. reported
that autophagy enhances the invasion abilities of hepatocellular car-
cinoma through activation of EMT [42]. Inhibition of autophagy by
either genetic or pharmacological means prevented the acquisition of
the mesenchymal phenotype in breast cancer cells [43]. Conversely,
however, it was also reported that autophagy can inhibit the EMT
process. Induction of autophagy has been shown to attenuate EMT
by selectively promoting the degradation of the Snail and Twist in
hepatocyte [44] and human breast cancer [45]. In glioblastoma cells,
autophagy activation was able to impair migration and invasion by
reversing EMT process [46]. This discrepancy could be explained by
the fact that autophagy is a highly regulated process, which can be
perceived as acting like a double-edged sword in tumor metastasis,
either through promoting or reversing EMT process, depending on
the different cellular type and/or on stage of disease progression. In
the present study, we found the elevated LC3 expression is posi-
tively and strongly correlated with EMT process in the same cohort
of ectopic endometrium samples. Our data also demonstrate that
inhibition of autophagy dramatically mitigated hypoxia-enhanced
EMT and attenuated the migration and invasion of endometrial
cells. These results suggest that autophagy positively regulates the
hypoxia induced EMT and invasion of endometrial cells. However,
it is unclear at present how autophagy exactly regulates EMT in
human endometriosis under hypoxia conditions. Considered that
many EMT-related transcription factors, such as Snail and Twist,
account for the initiation of EMT process, it is possible that au-
tophagy may regulate their expression indirectly promoting the EMT
in endometriosis [18, 47]. Therefore, this point needs to be further
investigated.

However, on a cautionary note, it should be pointed out that
some limitations of our present study should be mentioned. First,
the endometrium samples were only collected during the prolifera-
tive phase and the sample size is relatively small, which may limit
the interpretable power of the current results. Thus, in future stud-
ies, the larger sample sizes collected from the entire menstrual cycle
should be used. Second, Ishikawa cells were used instead of primary
endometrial epithelial cells, which are very difficult to grow and pas-
sage for transfection and part of the transwell experiments. Third,
only late stage (stages IIl and IV) endometrioic cyst lesions were em-
ployed and thus results may not translate to lesions from stages I
and II. Fourth, the results may be unique to ovarian endometriomas
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Figure 7. Proposed model illustrating the effect of autophagy on hypoxia-
induced endometrial epithelial cells EMT.

and provide little insight into peritoneal and deep infiltrating lesions.
Thus, additional investigation is still needed.

In summary, to our knowledge, this is the first report to show
that autophagy promotes hypoxia-triggered EMT, which is required
for enhanced migration and invasion of endometrial cells (Figure 7).
These findings not only improve our understanding of the molecular
mechanisms underlying EMT induction in endometriosis, but also
provide evidence that inhibition of autophagy may be new potential
therapeutic targets for the treatment of endometriosis.

Supplementary data

Supplementary data are available at BIOLRE online.

Supplemental Figure S1. Identification of markers for isolation of
human endometrial epithelial cells. Immuofluorescence microscopy
staining of (A) vimentin in red represents and (B) E-cadherin in
green represents. (C) The slides incubated with isotype-matched im-
munoglobulin G from normal rabbits were applied as a negative con-
trol. Blue signal represents nuclear DNA staining by DAPI. Human
endometrial epithelial cells were judged by negative cellular staining
for vimentin and positive staining for E-cadherin. Photographs were
taken at magnifications of x1600. Data presented are from three
independent experiments.

Supplemental Table S1. Commercial sources and characteristics of
antibodies used.
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