
RESEARCH PAPER

CXADR promote epithelial–mesenchymal transition in endometriosis by 
modulating AKT/GSK-3β signaling
Hang-Jing Tana,b, Zi-Heng Denga,b, Chun Zhangc, Hong-Wen Dengd, and Hong-Mei Xiaoa,b

aInstitute of Reproduction and Stem Cell Engineering, School of Basic Medical Science, Central South University, Changsha, China; bCenter for 
Reproductive Health, and System Biology, Data Sciences, School of Basic Medical Science, Central South University, Changsha, China; 
cDepartment of Gynaecology and Obstetrics, Xiangya Hospital, Central South University, Changsha, China; dCenter of Biomedical Informatics 
and Genomics, Deming Department of Medicine, Tulane University School of Medicine, New Orleans, LA, USA

ABSTRACT
Endometriosis is a benign high prevalent disease exhibiting malignant features. However, the 
underlying pathogenesis and key molecules of endometriosis remain unclear. By integrating and 
analysis of existing expression profile datasets, we identified coxsackie and adenovirus receptor 
(CXADR), as a novel key gene in endometriosis. Based on the results of immunohistochemistry 
(IHC), we confirmed significant down-regulation of CXADR in ectopic endometrial tissues obtained 
from women with endometriosis compared with healthy controls. Further in vitro investigation 
indicated that CXADR regulated the stability and function of the phosphatases and AKT inhibitors 
PHLPP2 (pleckstrin homology domain and leucine-rich repeat protein phosphatase 2) and PTEN 
(phosphatase and tensin homolog). Loss of CXADR led to phosphorylation of AKT and glycogen 
synthase kinase-3β (GSK-3β), which resulted in stabilization of an epithelial–mesenchymal transi
tion (EMT) factor, SNAIL1 (snail family transcriptional repressor 1). Therefore, EMT processs was 
induced, and the proliferation, migration and invasion of Ishikawa cells were enhanced. Over- 
expression of CXADR showed opposite effects. These findings suggest a previously undefined role 
of AKT/GSK-3β signaling axis in regulating EMT and reveal the involvement of a CXADR-induced 
EMT, in pathogenic progression of endometriosis.
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1. Introduction

Endometriosis, characterized by dysmenorrhea, 
pelvic pain and infertility, is a common and refrac
tory gynecological disorder [1–4]. It is a benign 
disease resembling malignancies to some extent, 
including invasive, progressive and estrogen- 
dependent growth, greatly influencing the physical 
and mental health of affected women [5,6]. The 
widely accepted theory of Sampson proposes that 
endometriosis originates from retrograde men
struation of endometrial tissue entering the 
abdominal cavity through the fallopian tubes [7]. 
However, only 10%–15% of women develop endo
metriotic disease, whereas 90% of women suffer 
from retrograde menstruation [8], indicating that 
other cellular and molecular events contribute to 
the development of endometriosis but they remain 
largely unclear.

Bioinformatics tools, which can collate vast 
amounts of information about gene expression and 
gene function, have been used to explore pathogen
esis or improve the diagnosis of numerous diseases, 
such as colorectal cancer, lung adenocarcinoma and 
prostate cancer [9–11]. In this study, we mined and 
integrated three publicly available human endome
trial microarray datasets, revealing coxsackie and 
adenovirus receptor (CXADR), which was down- 
regulated in ectopic endometrium compared to nor
mal endometrium, to be a novel potentially gene in 
promoting development of endometriosis.

CXADR-mediated formation of an AKT- 
inhibitory signalosome at tight junctions (TJs) 
[12]. TJs regulate epithelial proliferation, polariza
tion, and differentiation [13]. Deregulation of TJs 
is a hallmark of epithelial – mesenchymal transi
tion (EMT), which is characterized by decreased 
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expression of epithelial markers and tight junction 
proteins, such as E-cadherin and claudins, respec
tively, and increased expression of mesenchymal 
markers, such as vimentin [14]. Migration and 
invasion are therefore enhanced, which is 
a prerequisite for the establishment of endometrio
tic lesions [15–18]. Specifically, in breast cancer, 
loss of CXADR led to the instability of PTEN and 
PHLPP2, and TJs were deregulated. PTEN and 
PHLPP2 are AKT inhibitors, so instability of 
PTEN and PHLPP2 causes phosphorylation of 
AKT. Glycogen synthase kinase-3β (GSK-3β) is 
a downstream target of AKT, which in its active 
state targets the EMT factor SNAIL1 (snail family 
transcriptional repressor 1). Therefore, phosphor
ylation of AKT resulted in phosphorylation of 
GSK-3β and stabilized SNAIL1, and thus EMT 
was induced [12]. However, the role of CXADR, 
and AKT/GSK-3β-Snail/signaling axis, in endome
triosis remains unclear.

Accordingly, in this study, we aimed to investi
gate the role of CXADR in endometriosis in vitro, 
which may aid in developing suitable therapeutic 
strategies.

2. Materials and methods

2.1 Study design

The study design is shown in Figure 1. In our 
current research, three datasets, including 
GSE7305, GSE25628 and GSE58178 were extracted 

from Gene Expression Omnibus (GEO) database 
(https://www. ncbi.nlm.nih.gov/geo). Three data
sets contained ectopic endometrium of endome
triosis patients and endometrium of healthy 
controls. In each dataset, differentially expressed 
genes (DEGs) were screened, and hub genes were 
identified by Weighted Gene Co-expression 
Network Analysis (WGCNA). Common DEGs in 
GSE7305, GSE58178, GSE25628 were selected to 
form Dataset 1. Common hub genes identified by 
WGCNA in GSE7305, GSE58178, GSE25628 were 
selected to form Dataset 2. Common genes in 
Dataset 1 and Dataset 2 were selected as final key 
gene, and we identified CXADR as a novel key 
gene in endometriosis. Then the in vitro functional 
verification, such as immunohistochemistry (IHC) 
for clinical samples, and related cell and molecular 
experiments for CXADR were carried out.

2.2 Microarray data

GSE7305 contained ectopic endometrium of 10 
endometriosis patients and endometrium of 10 
healthy controls, and the dataset was based on 
GPL570 (Affymetrix Human Genome U133 Plus 
2.0 Array) [19]. GSE58178 contained ectopic 
endometrium of six endometriosis patients and 
endometrium of six healthy controls, and the data
set was based on GPL6947 (Illumina HumanHT- 
12 V3.0 expression beadchip) [20]. GSE25628 con
tained ectopic endometrium of eight 

Figure 1. Study design. DEGs: differentially expressed genes. WGCNA: weighted gene co-expression network analysis. IHC: 
immunohistochemistry.
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endometriosis patients and endometrium of six 
healthy controls, and the dataset was based on 
GPL571([HG-U133A_2] Affymetrix Human 
Genome U133A 2.0 Array) [21]. The patients for 
microarray analysis suffer from endometriomas or 
deep infiltrating endometriosis.

2.3 Data processing and differentially expressed 
genes (DEGs) identification

These three raw datasets were analyzed by GEO2R 
(https://www.ncbi.nlm.nih.gov/geo/geo2r/), which 
is an online tool employed to compare two or 
more samples in different datasets. Genes that 
satisfied adjust P-value <0.05 and |logFC| >2 
were defined as DEGs, and common DEGs in 
GSE7305, GSE58178, GSE25628 were selected to 
form Dataset 1.

2.4 Weighted gene co-expression network 
analysis (WGCNA) network construction and key 
genes identification

Weighted Gene Co-expression Network Analysis 
(WGCNA) can be used for finding clusters (mod
ules) of highly correlated genes and for relating 
modules to sample trait (endometriosis) [22]. 
Correlation networks facilitate network-based 
gene screening methods that can be used to iden
tify candidate biomarkers or therapeutic targets 
[22]. We used the WGCNA R package to construct 
the coexpression network in each datasets 
(GSE7305, GSE58178, and GSE25628). First, we 
constructed a gene co-expression by R function 
pickSoftThreshold and calculated the soft thresh
olding power β. Second, we identified the genes 
clusters (modules) by hierarchical clustering and 
the dynamic tree cut function. Modules were dis
played in different colors. Third, module-trait 
associations were estimated using the correlation 
between the module eigengene and the trait. 
Fourth, the absolute value of gene significance 
(GS) and module membership (MM) of each 
gene, in the module which most positive or nega
tive related to endometriosis, were calculated. GS 
refers to the Pearson correlation coefficients 
between the expression levels of each gene and 
each clinical trait [23]. MM refers to the absolute 
value of the Pearson’s correlation between the gene 

and the eigengene [24]. Fifth, genes in each dataset 
with a GS over 0.6 and an MM over 0.8 in the 
most trait-relevant module were selected as hub 
genes. Sixth, common hub genes in GSE7305, 
GSE58178, GSE25628 were selected to form 
Dataset 2. Last, common genes in Dataset 1 and 
Dataset 2 were selected as final key genes.

2.5 Clinical specimens

Patients undergoing laparoscopy for endometriosis 
were recruited from the Department of Pathology, 
Xiangya Hospital, Central South University. In this 
study, 15 ovarian chocolate cyst (endometriotic tis
sue samples), and 10 samples of normal endome
trium in patients with cervical intraperitoneal 
neoplasia (CIN) III, were used for immunohisto
chemical (IHC) analysis. All patients had regular 
menstrual cycles (21–35 days), and none had 
received any hormone therapy for at least 3 months 
prior to the operation. All samples were collected 
during the proliferative phase of the menstrual cycle, 
as confirmed by both the date of the last menstrual 
period and histological diagnosis. Clinical character
istics of the patients and tissues used in the present 
study are shown in Supplementary materials.

2.6 Cell culture

Ishikawa cell line was purchased from Fenghui 
Biotechnology Co., Ltd (Hunan, China) and cul
tured in modified Eagle’s medium with 15% fetal 
bovine serum and 100 IU/mL penicillin 
(BasalMedia, Shanghai, China) in a humidified 
atmosphere with 5% CO2 at 37°C. EMT was 
induced by the addition of TGFβ (Peprotech, NJ, 
USA) at doses of 10 ng/mL for designated time.

2.7 Immunohistochemistry (IHC)

To validate the expression levels of CXADR, 
PHLPP2, PTEN and SNAIL1 in endometriosis, 
IHC was performed on paraffin-embedded tissue 
sections as described previously [25]. The primary 
antibodies used in the present study were rabbit 
polyclonal anti-CXADR (1:100; Affinity, MI, 
USA), rabbit polyclonal anti-PHLPP2 (1:100, 
Proteintech, Wuhan, China), rabbit polyclonal 
anti-SNAIL1 (1:100, Proteintech, Wuhan, China), 
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rabbit polyclonal anti-E-cadherin (1:200, Huaan, 
Hangzhou, China), rabbit polyclonal anti- 
vimentin (1:200, Immunoway, TX, USA), rabbit 
polyclonal anti-claudin-4 (1:400, Abcam, 
Cambridge, UK), and mouse monoclonal anti- 
PTEN (1:200, Proteintech, Wuhan, China). In 
brief, the paraffin sections were subjected to heat- 
induced antigen retrieval and then incubated over
night with the primary antibody at 4°C. After 
rinsing, the tissue sections were incubated with 
horseradish peroxidase (HRP)-conjugated second
ary antibody (1:200, Proteintech, Wuhan, China). 
Finally, all sections were incubated with DAB- 
Substrate (Origene, Shanghai, China) and counter
stained in hematoxylin before they were dehy
drated and mounted. Images were captured and 
analyzed using an optical microscope. The inten
sity of immunohistochemical staining was evalu
ated using a semi-quantitative grading system. The 
signal intensities of the positively stained tissues 
were analyzed using the mean integrated optical 
density (mean IOD) with the computer-assisted 
image system (Image Pro-Plus 6.0, Media 
Cybernetics, Bethesda, MD, USA).

2.8 siRNA and plasmid transfection

To further study the functional role of CXADR in 
endometriosis, we established a CXADR silencing 
or over-expression model in Ishikawa cell line. 
Pools of scrambled control or CXADR siRNA 
(Bochu, Changsha, China) were transfected at an 
end concentration of 100 nmol/L into cells using 
reagent (Ribobio, Guangzhou, China) according to 
standard protocol. An over-expression plasmid for 
CXADR (Fenghui Biotechnology, Changsha, 
China) was generated through the cloning of 
human CXADR cDNA into an empty pcDNA3.1 
vector, and the empty vectors were used as 
a negative control. The over-expression plasmid 

was transfected into Ishikawa cells using 
Lipofectamine 3 000 Reagent (Invitrogen, 
MA, USA).

2.9 RNA isolation and quantitative real-time PCR

To explore the effect of CXADR interference or 
overexpression on EMT and AKT/GSK-3β signal
ing pathway in vitro, quantitative real-time PCR 
(qRT-PCR) was conducted. Total RNA was 
extracted from cultured cells using RNA extraction 
Kit (Foregene, Chengdu, China) according to the 
standard procedure, from which cDNA was 
synthesized by employing GoScriptTM Reverse 
Transcription System (Promega, Beijing, China). 
Quantitative real-time PCR was performed on an 
Applied Biosystem 7 300 Real-time PCR system 
(Biorad, California, USA) using MonAmpTM 

chemoHS qPCR mix (Monad, Wuhan, China). 
The primer sequences for real-time PCR are 
shown in Table 1. GAPDH was used as an internal 
control to quantify mRNA expression.

2.10 Western blot analysis

To explore the effect of CXADR interference or 
overexpression on EMT and AKT/GSK-3β sig
naling pathway in vitro, western blot was con
ducted. Total protein of cells was extracted by 
RIPA Lysis Buffer (Beyotime Biotechnology, 
Shanghai, China) with protease inhibitor 
Phenylmethylsulfonyl fluoride (PMSF). 20 μg 
of the protein was first resolved by 10% sodium 
dodecyl sulfate polyacrylamide gel electrophor
esis, and the bands were then electro-blotted 
onto polyvinylidene difluoride membranes 
(Millipore, Shanghai, China). The membranes 
were blocked with 5% skim milk for 1 h and 
then incubated overnight at 4°C with the fol
lowing primary antibodies: rabbit polyclonal 

Table 1. Primers used in real-time PCR.
Gene Forward primer Reverse primer

CXADR CGCTTAGTCCCGAAGACCAG CTCGTAAAATGTACTCGGCCT
E-cadherin CTTTGACGCCGAGAGCTACA TCGACCGGTGCAATCTTCAA
Vimentin AAGCCGAAAACACCCTGCAA CTGCAGCTCCTGGATTTCCTCT
Claudin-4 CTTTGCTGCAACTGTCCACC CCTACCCGGAACAGAGGAGA
PTEN TGGATTCGACTTAGACTTGACCT TGCTTTGAATCCAAAAACCTTACTA
PHLPP2 CAGTGGCTTTTCCCTTCGGA CACTCTAGCAGGTTTCGGGA
Snail CTAGGCCCTGGCTGCTACAA GACATCTGAGTGGGTCTGGAG
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anti-CXADR (1:1 000, Affinity, MI, USA), anti- 
E-cadherin (1:1 000, Immunoway, TX, USA), 
anti-vimentin (1:1 000, Immunoway, TX, 
USA), anti-Claudin 4 (1:2000, Abcam, 
Cambridge, UK), anti-phospho-AKT (1:1 000, 
Immunoway, TX, USA), anti-GSK-3β (1:500, 
Proteintech, Wuhan, China), anti-phospho- 
GSK-3β (1:1 000, Proteintech, Wuhan, China), 
anti-PHLPP2 (1:1 000, Immunoway, TX, USA), 
anti-SNAIL1 (1:1 000, Proteintech, Wuhan, 
China), mouse monoclonal anti-AKT (1:1 000, 
Immunoway, TX, USA), anti-PTEN (1:2 000, 
Proteintech, Wuhan, China) and anti-GAPDH 
(1:20 000, Proteintech, Wuhan, China). 
Following this, the membranes were washed 
three times with Tris Buffered Saline Tween- 
20 (TBST) and incubated with HRP- 
conjugated goat anti-rabbit IgG (1:5 000, 
Proteintech, Wuhan, China) or goat anti- 
mouse IgG (1:5 000, Proteintech, Wuhan, 
China). Signals were visualized using the 
enhanced chemiluminescence reagent according 
to the manufacturer’s protocol.

2.11 Cell proliferation assay

After transfection, Ishikawa cells were seeded on 
96-well flat-bottomed microplates at a density of 5 
000 cells/well. The culture medium was regularly 
replaced. For analysis of cell proliferation, 100 μL 
of Cell Counting Kit-8 (CCK-8) reagent (New Cell 
& Molecular, Suzhou, China) was added into each 
well at different time points (0 h, 24 h, 48 h), fol
lowed by incubation for 1 h at 37°C. The absor
bance at 450 nm of each well was measured with 
a microplate reader.

2.12 Wound healing assay

After transfection, a scratch wound was made using 
a sterilized 10-μl pipette tip. The cells were subse
quently washed with Phosphate Buffered Saline 
(PBS) three times to remove cell debris. The cells 
were then incubated for 24 h, following which 
images were captured under a microscope 
(Olympus, Japan). Cell migration rate was calculated 
as 0h scrach width� 24h scratch width

0h scratch width � 100%.

2.13 Cell invasion assay

Cell invasion assays were performed using 
a Transwell system (Corning, NYC, USA). 
After dilution with serum-free medium, 100 μL 
Matrigel (cat. no. 356234; Corning, NYC, USA) 
was added to each transwell chamber and coa
gulated for 4 h at 37°C. After treatment for 48 h, 
Ishikawa cells were washed and cultured with 
serum-free medium for 12 h. Next, a 200-μL 
aliquot of the above single-cell suspension (2 ×  
104 cells) was placed into each upper chamber of 
a transwell plate. The lower chamber was filled 
with 700 mL of medium containing 10% FBS. 
Medium with TGFβ1 (10 ng/mL) was also 
added in the lower chamber. After 24 h of incu
bation, the cells that invaded into the membrane 
were fixed in 4% formaldehyde (Solarbio, 
Beijing, China) for 30 min, and then stained 
with Gimsa (Deshi, Hangzhou, China). 
A cotton swab was used to remove cells remain
ing in the upper chamber. Images of five ran
domly selected fields of the fixed cells were 
captured, and cells were counted under a 20 ×  
objective lens.

2.14 Statistical analysis

All experiments were performed in triplicate. The 
data were expressed as means ± standard errors of 
the means and analyzed by GraphPad Prism 9 (La 
Jolla, CA, USA). Differences between two groups 
were evaluated with Student’s t tests. P values of 
less than 0.05 were considered statistically 
significant.

3. Results

3.1 Identification of common DEGs in three 
datasets

In dataset GSE7305, 431 DEGs were sifted out in total 
(Figure 2(a)). In dataset GSE25628, 474 DEGs were 
sifted out in total (Figure 2(b)). In dataset GSE58178, 
62 DEGs were sifted out in total (Figure 2(c)). 
Common DEGs in GSE7305, GSE58178, GSE25628 
were selected to form Dataset 1 (Figure 2(d)), includ
ing AEBP1, CXADR and MME.
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3.2 Identification of key modules and hub genes 
by WGCNA

We correlated modules with clinical trait and 
searched for the most significant associations. 
The results showed that module dark gray and 
light green were most up-regulated and down- 
regulated module in endometriosis compared to 
control in GSE7305, respectively. Module blue 
and brown were most up-regulated and down- 
regulated module in endometriosis compared to 
control in GSE25628, respectively. Module cho
colate2 and goldenrod were most up-regulated 

and down-regulated module in endometriosis 
compared to control in GSE58178, respectively 
Figure 3(a–c). Using a GS over 0.6 and an MM 
over 0.8 as cutoff criteria, 2 320, 1 618 and 1 006 
genes in GSE7305, GSE25628 and GSE58178 were 
identified as hub genes, respectively. Common 
hub genes in GSE7305, GSE58178, GSE25628 
were selected to form Dataset 2, and 15 hub 
genes were identified Figure 3(d). AEBP1 and 
CXADR co-existed in Dataset 1 and Dataset 2 
Figure 3(e), but the association between AEBP1 
and endometriosis has been reported [26]. We 
therefore selected CXADR, which was down- 

Figure 2. Identification of DEGs from the three dataset. Panel a-c shows volcano plots of DEGs between ectopic endometrium of 
endometriosis patients and endometrium of healthy controls in GSE7305, GSE25628 and GSE58178, respectively. Red dots represent 
significantly up-regulated DEGs in endometrium of endometriosis, blue dots represent significantly down-regulated DEGs in endometrium 
of endometriosis, gray dots indicate no significant difference. Genes satisfying the criteria adjust P < 0.05 and |logFC| >2 were considered 
significant. Panel d is the venn diagram showing common DEGs among GSE7305, GSE25628 and GSE58178 (Dataset 1).
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regulated in ectopic endometrium compared with 
that in the normal endometrium, as the final key 
gene.

3.3 Verification the trends of CXADR, PTEN, 
PHLPP2, SNAIL1, E-cadherin, vimentin and 
Claudin-4 in endometriosis by IHC

IHC analysis showed that CXADR, PHLPP2, 
PTEN, E-cadherin, Claudin-4 expression was sig
nificantly decreased in ovarian endometriotic tis
sue compared with that in controls, while SNAIL1 
and vimentin was significantly increased in ovar
ian endometriotic tissue compared with that in 
controls Figure 4(a–h). Yanira et al. reported 
expression of AKT and GSK3β was identical in 
endometriotic samples and controls, whereas 
p-AKT and p-GSK3β remained over-expressed in 
endometriosis [27]. However, their results were 

solely based on immunohistochemistry stain data, 
and functional experiments were lacked.

3.4 CXADR regulates cell proliferation, 
migration and invasion in vitro

To identify whether CXADR affected the biologi
cal behaviors of endometrial cells, the endome
trial cell-line Ishikawa was transfected with 
cDNA containing CXADR and its negative con
trol (NC) for 48 h. The level of CXADR increased 
significantly after transfection Figure 5(a), which 
confirmed that the transfection was effective. To 
evaluate the effect of CXADR on cell viability, we 
performed CCK-8 assay on Ishikawa cell line 
after transfected with CXADR cDNA or NC. 
The results indicated that CXADR significantly 
suppressed cell viability Figure 5(b). We further 
performed transwell on cell line to evaluate the 

Figure 3. Weighted gene co-expression network analysis of genes in endometriosis. Panel a-c shows analysis of module–trait 
relationships of endometriosis. Each row represents a module eigengene, and each column represents a trait. Genes clusters 
(modules) were displayed in different colors. In each module, red and green blocks represents positive and negative correlation with 
the trait, respectively. The higher the absolute value of the number in the module, the more relevant the module is to the trait. 
Panel d is the venn diagram showing the common hub genes among GSE7305, GSE25628 and GSE58178 (Dataset 2). Panel e is the 
venn diagram showing common genes between the Dataset 1 and Dataset 2.
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Figure 4. Abnormal CXADR, PHLPP2, PTEN, SNAIL1, E-cadherin, vimentin and claudin-4 expression were observed in endometriosis. 
Panel a shows immunohistochemical analysis of the expression of CXADR, PTEN, PHLPP2, SNAIL1,E-cadherin, vimentin and claudin-4 
in endometrium of controls and ovarian endometriosis. Panel b-h shows mean IOD of the expression of CXADR, PTEN, PHLPP2, 
SNAIL1, E-cadherin, vimentin and claudin-4 respectively. Each dot refer to mean IOD in each section. The data were expressed as 
means ± standard errors of the means (**P < 0.01).

Figure 5. CXADR regulates cell proliferation, migration and invasion in vitro. Panel a and e shows the mRNA level of CXADR after 
transfected with cDNA containing CXADR or si-CXADR, respectively. Each dot refers to an independent experiment. Panel b and 
f shows CCK-8 assay of the viability of Ishikawa cells after transfected with cDNA containing CXADR or si-CXADR, respectively. Panel 
c and g shows transwell assay evaluating the invasion of Ishikawa cells after transfected with cDNA containing CXADR or si-CXADR, 
respectively. Photographs were taken at 4× or 20×magnification. Scale bars represent 500 μm and 100 μm, respectively. Each dot 
refers to one field of the fixed cells counted under a 20 × objective lens. Panel d and h shows wound assay of Ishikawa cells after 
transfected with cDNA containing CXADR or si-CXADR, respectively. Each dot refers to an independent experiment. Scale bars 
represent 200 μm. All experiments were performed in triplicate. The data were expressed as means ± standard errors of the means 
(*P < 0.05, **P < 0.01).
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effect of CXADR on cell invasion. The results 
indicated that CXADR inhibited cell invasion in 
Ishikawa cell lines, and the difference was statis
tically significant Figure 5(c). Wound healing 
assay also showed that CXADR inhibited cell 
migration significantly Figure 5(d).

We further transfected Ishikawa cell line with 
CXADR siRNA and inhibitor NC to see whether 
CXADR down-regulation had the opposite 
effects with CXADR over-expression. The trans
fection efficiency was verified by qRT-PCR 
Figure 5(e). CCK-8 assay showed that inhibiting 
CXADR promoted endometrial cell viability 
Figure 5(f). Transwell showed that the down- 
regulation of CXADR significantly increased 
the cell invasion ability Figure 5(g). Wound 
healing results showed that CXADR down- 
regulation could promote cell migration signifi
cantly Figure 5(h).

3.5 CXADR regulates EMT progression in 
Ishikawa cells by controlling AKT signaling 
pathway

To gain insight into the mechanisms underlying 
the function of CXADR in Ishikawa cell line, the 
expression of the AKT/GSK-3β signaling path
way and EMT markers in Ishikawa cells trans
fected with plasmid carrying a CXADR cDNA 
or CXADR siRNA were analyzed. The qRT-PCR 
and western blot results indicated the signifi
cantly increased expression of vimentin, and 
decreased expression of E-cadherin and 
Claudin 4 in the presence of the CXADR 
siRNA. In addition, we detected significantly 
decreased levels of PTEN and PHLPP2, and sig
nificantly increased level of SNAIL1 in CXADR 
knockdown compared with control. The levels 
of phosphorylated AKT (p-AKT), phosphory
lated GSK-3β (p-GSK-3β) were also increased 
in CXADR knockdown compared with control 
cells Figure 6(a,b).

Conversely, CXADR over-expression had the 
opposite effects with CXADR down-regulation. The 
results indicated significantly decreased expression 
of vimentin, and increased expression of E-cadherin 
and Claudin 4 in the presence of the CXADR over- 

expression. The levels of PTEN and PHLPP2 were 
significantly increased in CXADR over-expression 
compared with control. The levels of p-AKT, 
p-GSK-3β and SNAIL1 were decreased, in CXADR 
over-expression compared with control cells 
Figure 6(c,d).

4. Discussion

Increasing evidence suggests that the endome
trium obtained endometriosis exhibits abnormal 
molecular expression, which boost the endome
trium to invade and implant into other organs, 
such as ovary [13]. In this context, combined 
with in silico and in vitro study, we identified 
CXADR as a potential driver in endometriosis.

Previous study identified CXADR as a critical 
regulator of EMT in breast cancer [12], while we 
first showed that CXADR may also play an impor
tant role in endometriosis. To further investigate 
the influence of CXADR dysregulation on endo
metrial epithelial cell activities, a series of func
tional assays were conducted in Ishikawa cells. The 
results demonstrated that knockdown of CXADR 
promoted cell proliferation, migration, and inva
sion, whereas over-expression of CXADR inhib
ited these cellular bioactivities. Concomitantly, 
knockdown of CXADR increased the protein 
expression of vimentin but decreased the expres
sion of E-cadherin. Therefore, CXADR may exhi
bit oncogene-like properties in endometriosis by 
regulating the EMT process.

Importantly, EMT is activated when interacting 
with extracellular matrix components and soluble 
growth factors, such as TGF-β family members 
[25,28]. TGF-β-mediated EMT therefore plays 
a significant role in facilitating cell metastasis and 
invasion [29]. However, previous studies focused 
mainly on TGF-β/smad signaling pathway [30], the 
exact role of TGF-β-mediated AKT/GSK-3β signaling 
pathway in endometriosis was unclear, except that 
Yanira et al. reported expression of AKT and GSK3β 
was identical in endometriotic samples and controls, 
whereas p-AKT and p-GSK3β remained over- 
expressed in endometriosis [27]. However, their 
results were solely based on immunohistochemistry 
stain data, and functional experiments were lacked. In 
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Figure 6. CXADR regulates EMT progression in Ishikawa cells by controlling AKT/GSK 3β signaling pathway. Panel a and c shows 
the mRNA level of CXADR, E-cadherin, vimentin, claudin-4, PHLPP2, PTEN and SNAIL1 in Ishikawa cells after transfected with si- 
CXADR or cDNA containing CXADR, respectively. Each dot refers to an independent experiment. Panel b and d shows protein 
expression of E-cadherin, vimentin, claudin-4, AKT, p-AKT, GSK-3β, p-GSK-3β, PTEN, PHLPP2 and SNAIL1 in Ishikawa cells after 
transfected with si-CXADR or cDNA containing CXADR, respectively. All experiments were performed in triplicate. The data were 
expressed as means ± standard errors of the means (**P < 0.01).
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present study, through comprehensive in vitro experi
ments, we suggested that TGF-β-mediated AKT/ 
GSK-3β signaling pathway, with CXADR a leading 
role in controlling, may be another TGF-β-mediated 
signaling pathway to promote EMT in endometriosis. 
CXADR, PHLPP2 and PTEN expression were signifi
cantly decreased in ovarian endometriotic tissue com
pared with that in controls, while SNAIL1 was 
significantly increased in ovarian endometriotic tissue 
compared with that in controls. In Ishikawa cell line, 
loss of CXADR resulted in loss of PHLPP2 and PTEN, 
phosphorylation of AKT and GSK3β, and thus sensi
tized cells to TGF-β-induced EMT (Figure 7). 
A weakness of this study is Ishikawa cells were used 
instead of primary endometrial epithelial cells for 
transfection.

Epigenetic aberrations are involved in the 
pathogenesis of endometriosis [31,32], of which 
histone acetylation is the best studied form of 
epigenetic modification [31]. The balance between 
histone acetyltransferases and histone deacetylases 
(HDACs) controls the acetylation levels of histone 
[32]. Histone acetyltransferases transfer acetyl 
groups from acetyl-coenzyme A to lysine residues 
on the aminoterminal region of histones, and they 
activate genetic transcription. Conversely, 
HDACs, which target promoter sites through 
sequence-specific transcription, remove the acetyl 

groups and prevent transcription [33]. Valproic 
acid (VPA), a kind of histone deacetylases inhibi
tors (HDACIs), can prevent the transcriptional- 
inhibiting effects of HDAC. Our bioinformatics 
analysis showed CXADR was a VPA-targeted 
gene that were up-regulated by VPA treatment, 
indicating the cause of CXADR down-regulation 
is epigenetic aberrations (See Supplementary). In 
addition, these findings also suggested that 
HDACIs are promising agents for the treatment 
of endometriosis.

Endometriosis creates a significant clinical and eco
nomic burden on young women and society [5,6]. 
Therefore, the utility of resources and researches 
need to be maximized to enhance our understanding 
of the disease and to develop novel and effective treat
ments. At present, there is still a lot of mining space in 
publicly available data sets. This study also emphasized 
in silico combined with confirmatory “wet lab” data 
may provide new ideas on pathogenesis and find new 
promising therapeutic targets for not limited to 
endometriosis.

In conclusion, our research identified CXADR as 
a novel driver of EMT, via the AKT/GSK-3β signaling 
axis, in endometriosis. Further detailed studies, such 
as animal models and clinical trials, of the mechanisms 
and functions of CXADR in endometriosis are 
needed.

Figure 7. Mechanistic diagrams. CXADR controls epithelial–mesenchymal transition (EMT) in endometriosis by stabilizing the AKT 
regulators PTEN and PHLPP2.
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