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Abstract

Endometriosis (EM) is a common gynecologic condition that often leads to infertility in women of reproductive age. Cell adhe-
sion molecule 2 (CADM?2) is involved in maintaining cell adhesion and polarity, as well as suppressing tumors. However, the
role and mechanism of CADM2 in endometriosis is unclear. Therefore, this study evaluated the expression levels of CADM?2
and epithelial-mesenchymal transition (EMT)-related marker proteins (E-cadherin, a-SMA, and N-cadherin). Compared to
normal endometrial tissue, CADM2 was expressed at low levels in ectopic endometrial tissue from patients with EM. We per-
formed clone formation assays, wound healing assays, and Transwell cell invasion assays to investigate the effects of CADM?2
on the biological behavior of endometriosis epithelial cells (11Z) and ectopic endometrial stromal cells (EESCs). The growth,
migration, and invasion abilities of these cells were significantly inhibited by overexpression of CADM2. The results were
reversed after the knockdown of CADM?2. Finally, western blotting (WB) was utilized to detect the effect of CADM2 on EMT
in endometriosis cells. CADM?2 inhibited EMT in endometriosis cells. In conclusion, our study suggests that CADM?2 is a
negative regulator of endometriosis development and may inhibit endometriosis development by suppressing EMT.
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Introduction

Endometriosis (EM) is a long-term inflammatory disorder
that is dependent on estrogen [1]. Approximately one-tenth
of females of reproductive age experience endometriosis
[2]. The disease can affect the ovaries, fallopian tubes, and
endometrium in different ways, impairing their normal bio-
logical functions and causing dysmenorrhea, pelvic pain,
infertility, and other clinical symptoms [3]. There are various
theories that have been proposed to explain the pathogenesis
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of endometriosis [4]. Sampson's suggestion in the 1920s of
retrograde menstruation is the most broadly accepted [5].
Nevertheless, this theory cannot explain all endometriosis.
In clinical practice, non-invasive and accurate methods for
diagnosis are lacking, leading to low diagnostic rates and
poor clinical outcomes.

During tissue development, cells are divided into two
main categories: epithelial and mesenchymal. Epithelial
cells are usually tightly connected, forming an imperme-
able barrier. Mesenchymal cells, on the other hand, are
loosely connected and highly motile. Since most tumors
originate in the epithelium, the tight junctions between
the epithelial cells limit their motility. Therefore, primary
tumors need to undergo mesenchymal transformation in
order to metastasize to distant sites. It has been shown that
epithelial-mesenchymal transition (EMT) plays a crucial
role in the metastasis of tumor cells [6—8]. Endometriosis
resembles tumors in various biobehavioral characteris-
tics. Matsuzaki and Darcha found that the endometrium
in women forms during embryonic development from
mesodermal tissue through the transformation of mesen-
chymal cells to epithelial cells. The transformed endome-
trial epithelium retains some imprints associated with its

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s43032-024-01592-x&domain=pdf
http://orcid.org/0009-0006-6407-9063

Reproductive Sciences

mesenchymal origin. Therefore, it is particularly suscep-
tible to reverting to its original state through EMT [9]. In
addition, insufficient expression of markers on epithelial
cells in endometriotic foci in the pelvic peritoneum and
ovaries of patients with endometriosis. On the contrary,
the expression of markers in mesenchymal cells is upregu-
lated [10]. Chen et al. used bioinformatics to analyze the
key pathways related to the pathogenesis of endometriosis.
The EMT ranked first in Hallmark pathway enrichment
[11]. Therefore, we focused on investigating the effects of
the EMT signaling pathway on endometriosis in this study.
Cell adhesion molecules (CAMs) are a class of proteins
present on cell surfaces. They can mediate cell-to-cell or
cell-to-extracellular matrix (ECM) binding and adhesion and
then participate in cell migration, adhesion, signaling, and
other biological processes. The common CAMs are calreti-
culin, selectins, members of the immunoglobulin family, and
integrins [12, 13]. Normal functioning of these molecules
is important for maintaining tissue structure. In the early
twenty-first century, Witz et al. demonstrated that particular
CAMs participate in the progression of early endometriosis
lesions [14]. Furthermore, unique CAMs expressed by ectopic
endometrial tissue may contribute to the persistence of endo-
metriotic lesions. This was also demonstrated in a series of
subsequent studies. Cell adhesion molecule 2 (CADM?2) is
a member of the large immunoglobulin superfamily (IgSF).
It forms an immunoglobulin superfamily together with the
highly homologous CADM1, CADM3 and CADM4. The
CADM family has been reported to act as tumor suppressors.
Previous studies found CADM1 to promote communication
between neurons [15, 16]. Moreover, poor prognosis in neu-
roblastoma patients may be attributed in CADM1 deletions in
chromosomes [17]. In recent years, CADM1 expression has
been shown to be absent or significantly decreased in several
malignant tumors, such as ovarian cancer [18], cervical cancer
[19], malignant melanoma [20], breast cancer [21], and gastric
cancer [22]. Qin et al. found that the expression of CADM3-
AS1 was downregulated in smoke-induced malignant trans-
formed cells and lung cancer and correlated with poor patient
prognosis. In addition, CADM4 was found consistently in
a variety of tumor tissues or tumor cells [23-25]. CADM2
was the last member of the family to be discovered [26]. A
study found that CADM?2 expression levels were significantly
lower in hepatocellular carcinomas with venous metastases
than those without venous metastases [27]. In addition, low
expression of CADM?2 is an independent risk factor for recur-
rence after hepatectomy [28]. Meanwhile, Li et al. reported
that in hepatocellular carcinoma (HCC), CADM2 acts as a
tumor suppressor. Up-regulation of CADM?2 expression inhib-
its EMT in HCC cells, thereby affecting HCC cell metastasis
[29]. Although many studies have examined the association
between CADM family members and disease, little is known
about the association between CADM2 and endometriosis.
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Here, we identified CADM2 as a negative regulator of
endometriosis, inhibiting endometriosis progression by sup-
pressing the EMT process. Our findings indicate that CADM?2
might be a promising candidate for treating endometriosis.

Materials and Methods
Sample collection and preparation

Eutopic and ectopic endometrial tissues were obtained
from 35 patients undergoing laparoscopic ovarian cystec-
tomy between January and August 2021 at the Department
of Reproductive Medicine of the Affiliated Hospital of
Shandong Second Medical University. These patients were
subsequently diagnosed with endometriosis. Samples of
normal endometrial tissue from non-EM patients undergo-
ing hysterectomy for uterine fibroids or high-grade cervi-
cal intraepithelial neoplasia during the same period were
taken as controls [30]. The inclusion criteria were normal
menstrual cycle, complete case data, no hormonal therapy
within the previous three months, and no intrauterine device
(IUD). The ethics committee of the Affiliated Hospital of
Shandong Second Medical University approved all experi-
ments involving human tissue samples (approval number:
Wyfy-2023-ky-280). All patients were informed and pro-
vided signed consent prior to specimen collection.

Immunohistochemistry

The collected tissues were promptly fixed in 4% buffered
formalin. Immunohistochemistry (IHC) staining was done
with primary antibodies against CADM?2 (1:200; Genxspan,
USA), E-cadherin (1:200; Cell Signaling Technology, USA),
a-smooth muscle actin (a-SMA) (1:200, Abcam, USA), and
N-cadherin (1:200, Cell Signaling Technology, USA). Two
pathologists conducted the scoring in a double-blind manner,
taking into account the level of staining and the proportion of
positive cells. The ultimate score was obtained by adding the
two scores together: 1-2 (negative), 3—4 (weakly positive), 5—7
(moderately positive), and > 7 (strongly positive). The degree
of dyeing was categorized in the following manner: O (cell
uncolored), 1 (light yellow), 2 (pale brown), 3 (yellow—brown),
and 4 (tan). The grading of the percentage of positive cells was
as follows: 0 (0), 1 (<25%), 2 (25-50%), 3 (51-75%), and 4
("75%). The method was performed as previously outlined [31].

Cell culture

The endometriosis epithelial cell line (11Z) was created by
Prof. Anna Strazinski-Powitz [32] and provided by Prof.
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Sunwei Guo, Fudan University. Ectopic endometrial tissue
from patients with ovarian EM was collected and cut into
pieces of approximately 1 mm?>. Digested tissue fragments
with 4% type IV collagenase (Sigma, USA) for 90 min at
37 °C. At the end of digestion, ectopic endometrial stromal
cells (EESCs) were isolated by a 400-mesh wire sieve. The
above cells were cultured in Dulbecco’s modified Eagle
medium/Ham’s F-12 50/50 mix (DMEM/F-12), supple-
mented with 10% fetal bovine serum (FBS, Gibco), 100 U/
mL penicillin, and 100 pg/mL streptomycin. The cells were
maintained at 37 °C in a 5% CO, incubator with a humidify-
ing environment.

Transfection

Inoculate the cells in a 6-well plates and incubate for 24 h.
Lipo 2000 (Beyotime, Shanghai, China) was used accord-
ing to the manufacturer’s guidelines to transfect the plas-
mids and siRNA into the cells. The siRNA against CADM?2
was 5'-UUCAACAACGGUUACAUUCUG-3'. The siRNA
sequence used as the negative control was 5'-UUCUCCGAA
CGUGUCACGUTT-3".
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Colony formation assay

The cells that had been transfected were reintroduced into
6-well plates (400 cells per plate). After 9—12 days of culti-
vation, the cells were immobilized using 4% paraformalde-
hyde for a duration of 10 min, followed by a 15 min staining
with crystal violet, and photographed.

Wound healing assay

After the cells had been seeded again in 6-well plates, once
the cell growth fusion reached 100%, a line was drawn in
the center of the cells at the bottom of the petri dish using a
pipette tip. The cells were then washed with PBS and pho-
tographed. After 24 h, the cells were again photographed.

Transwell invasion assay

Matrigel (BD Biosciences, USA) diluent (40 pL) was added to
the Transwell upper chamber, where it underwent incubation
at 37 °C for 1 h for gel solidification. Resuspended cells were
inoculated into the Transwell upper chamber, and the lower
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Fig.1 The distribution of cell adhesion molecule 2 (CADM2) and
epithelial-mesenchymal transition (EMT)-related proteins in endome-
triosis. a Immunohistochemical analysis was performed for CADM2,
E-cadherin, a-smooth muscle actin (a-SMA), and N-cadherin across
normal, eutopic, and ectopic endometrium. (Scale bars, 50 pm). b
The normal, eutopic, and ectopic endometrium were subjected to
semi-quantitative immunohistochemical analysis for CADM?2, E-cad-
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herin, a-SMA, and N-cadherin. All experiments were repeated at
least three times. Data are shown as the mean+ standard deviation.
“P<0.05, " P<0.01, ™ P<0.001, and “"* P<0.0001. ¢ A Pearson
correlation assessment was performed to determine the relationship
between the expression of CADM?2 and those of E-cadherin, a-SMA,
and N-cadherin in ectopic tissues
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chamber was supplemented with DMEM (600 pL). The cells
were incubated in a cell incubator for 48 h. Paraformaldehyde
was added to the Transwell upper chamber to fix the submem-
brane cells, which were then dyed with crystal violet. Cells
were counted using a microscope.

Western blot analysis

Total protein was extracted from cells using P0013 lysis
buffer (Beyotime, Shanghai, China). The protein was then
separated by molecular size with SDS-PAGE, and trans-
ferred to a polyvinylidene fluoride (PVDF) membrane.
After blocking the PVDF membrane with 5% skim milk
at room temperature for 1 h, it was incubated with the
primary antibody overnight at 4 °C. The membrane was
washed three times with TBST and then incubated with
the secondary antibody at room temperature for at least
1 h. Detection and imaging of signals on membranes was
done using the Odyssey infrared imaging system, as previ-
ously outlined [31].
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Fig.2 Overexpression of CADM?2 inhibits cell growth, migration,
and invasion in endometriosis cells. 11Z and EESCs were transfected
with CADM2 overexpression plasmid (ex-CADM2) or empty vec-
tor (Vector), re-inoculated into 6-well plates the next day, and then
lysed for western blotting after 48 h. a The influence of CADM2 on
the growth of 11Z and EESCs was evaluated using a colony forma-
tion assay. b The influence of CADM2 on the migration abilities of

@ Springer

EESCH." el

EESC

Statistical analysis

This study’s results were derived from three separate
experiments. The analysis was conducted utilizing one-way
ANOVA and Student’s #-test through GraphPad Prism ver-
sion 9.0. P <0.05 was considered statistically significant.

Results

The distribution of CADM2 and EMT-related proteins
in endometriosis

THC techniques were employed to explore the distribution
of CADM2 and proteins associated with EMT in patients
with EM. Normal endometrial tissue from non-EM patients
was used as a control for comparison. The IHC staining
indicated that CADM2 was abundantly present in the glan-
dular and mesenchymal tissues of normal endometrium
and was localized predominantly to the cellular membrane
and cytoplasmic regions. Ectopic endometrium exhibited
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Relative wound healing

11Z and EESCs was evaluated using a wound healing assay. ¢ The
influence of CADM?2 on the invasive abilities of 11Z and EESCs was
evaluated using a Transwell invasion assay. All experiments were
repeated at least three times. Data are presented as the mean =+ stand-
ard deviation. The Student’s r-test was used for data analysis. =
P<0.01,and.”" P<0.001
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a significant decrease in CADM2 and E-cadherin levels
compared to normal and eutopic endometrium. In contrast,
a-SMA and N-cadherin expression levels were notably ele-
vated in ectopic endometrium (Fig. 1a and b). Moreover,
we examined the association between CADM?2 and proteins
implicated in EMT. As shown in Fig. 1c, there was a posi-
tive association between CADM?2 and E-cadherin expres-
sion and a negative correlation with a-SMA and N-cadherin
expression.

Overexpression of CADM2 inhibits cell growth,
migration, and invasion in endometriosis cells

To understand the role of CADM?2 in endometriosis, we
overexpressed CADM?2 in 11Z and EESCs by plasmid
transfection and examined its expression level by west-
ern blot assay. CADM?2 was successfully overexpressed
in the above two cells (Fig. 4a). The growth of 11Z and
EESCs was hindered by the overexpression of CADM?2,
as determined through a colony formation assay (Fig. 2a).
In addition, wound healing and Transwell invasion assays
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Fig.3 The knockdown of CADM2 promotes cell growth, migration,
and invasion of endometriosis cells. 11Z and EESCs were trans-
fected with CADM2 small interfering RNA (si-CADM?2) or control
siRNA (si-NC), re-inoculated into 6-well plates the next day, and then
lysed for western blotting after 48 h. a The influence of CADM2 on
the growth of 11Z and EESCs was evaluated using a colony forma-
tion assay. b The influence of CADM2 on the migration abilities of

EESC

EESC

revealed a decrease in cellular migration and invasion when
CADM2 was overexpressed (Fig. 2b and ¢). In conclusion,
the overexpression of CADM?2 had a detrimental effect on
the growth, migration, and invasion behavior of the endo-
metriotic cells.

Knockdown CADM2 promotes cell growth,
migration, and invasion in endometriosis cells

To explore the effect of CADM?2 knockdown on the biological
behavior of endometriosis cells, CADM?2 was knocked down
in 11Z and EESCs. Western blot results showed that CADM?2
was successfully knocked down in the two cell lines (Fig. 4b).
Inhibiting CADM?2 expression in the 11Z and EESCs pro-
moted cell growth, as determined by the colony formation
assay (Fig. 3a). Furthermore, as shown in Fig. 3b and c, the
downregulation of CADM?2 led to enhanced cell migration and
invasion, as demonstrated by the results of the wound healing
and Transwell invasion assays. In conclusion, the decreased
expression of CADM?2 facilitated the growth, migration, and
invasion of the endometrial cells.
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11Z and EESCs was evaluated using a wound healing assay. ¢ The
influence of CADM?2 on the invasive abilities of 11Z and EESCs was
evaluated using a Transwell invasion assay. All experiments were
repeated at least three times. Data are presented as the mean =+ stand-
ard deviation. The Student’s r-test was used for data analysis. ="
P<0.001, "™ P<0.0001
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CADM2 inhibits EMT in endometriosis cells

Cells acquire migratory and invasive capabilities through
EMT. In addition, EMT has been shown to be involved in
the pathogenesis of endometriosis [11]. Therefore, we used
western blotting to investigate whether CADM?2 affects the
EMT process in endometriosis. As shown in Fig. 4a and b,
the upregulation of CADM?2 expression in 11Z and EESCs
was followed by increased levels of E-cadherin and decreased
levels of a-SMA and N-cadherin. However, the knockdown of
CADM2 in 11Z and EESCs resulted in decreased E-cadherin
levels and increased a-SMA and N-cadherin levels. In conclu-
sion, CADM2 inhibited EMT in the endometriosis cells.

Discussion
Previous research has demonstrated that CADM?2 is

expressed at low levels in a variety of tumor tissues. It
is a tumor suppressor protein and acts as an important

negative regulator in tumorigenesis and progression. In
prostate cancer, the expression level of CADM?2 is sig-
nificantly reduced, possibly partly attributable to hyper-
methylation of the DNA promoter region [33]. CADM2
has low expression in esophageal squamous cell carci-
noma (ESCC) tissues and cell lines. The overexpression
of CADM2 inhibits proliferation and induces apoptosis
in ESCC cells [34]. In addition, some studies found that
ESCC patients with high CADM?2 expression have a
higher survival rate than those with low CADM2 expres-
sion. Meanwhile, CADM?2 expression in ESCC tissues
is closely associated with TNM stage and lymph node
metastasis [35]. CADM2 is predominantly enriched in the
central nervous system. However, studies have found that
in glioma tissues, CADM?2 expression levels are signifi-
cantly lower than in normal brain tissues. Tissue microar-
ray results showed that the intensity of CADM2 expres-
sion significantly correlates with the pathologic grading
of the patients. In higher-grade glioma tissues, the expres-
sion level of CADM2 is significantly lower. In addition,

Fig.4 CADM?2 inhibits EMT a
in endometriosis cells. a After
overexpression of CADM2 in 11Z EESC
11Z and EESCs, the expres-
sions of E-cadherin, a-SMA, ex-CADM2 = + ex-CADM2 - +
and N-cadherin were detected
by western blotting. b After CADM?2 | s = s |-48kDa CADM2 | s |-48kDa
knockdown of CADM2 in 11Z
and EESCs, the expressions of . .
E-cadherin, a-SMA, and N-cad- E-cadherin | e m— -120kDa E-cadherin “ S |120kDa
herin were detected by western
blotting. All experiments were . a-SMA .
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glioma patients with high CADM?2 expression exhibit
longer survival compared to those with low expression
[36]. Upregulation of CADM?2 in retinoblastoma inhibits
tumor cell viability, invasion, and angiogenesis [37]. Stud-
ies on cervical cancer have found that CADM?2 expression
levels in cervical cancer tissues are remarkably lower than
that in normal cervical tissues, with consistent findings in
cervical cancer cell lines [19]. Overexpression of CADM?2
results in cell cycle arrest at the GO/G1 phase and reduced
levels of metallo-matrix protease 2 (MMP2), cyclin D1,
and CDK4 proteins, and thus inhibits the malignant pro-
gression of cervical cancer. However, another study found
that CADM2 expression is upregulated in non-small cell
lung cancer (NSCLC) patients with brain metastases
compared to those without brain metastases. In addition,
CADM?2 knockdown inhibits the migration, invasion, and
EMT process of NSCLC cells. Therefore, in patients with
NSCLC with brain metastases, CADM?2 may contribute to
their poor prognosis [38]. In summary, various studies have
found that the biological function of CADM?2 is complex,
and it may have a bidirectional function as an oncogene or
an anti-oncogene. In the present study, we demonstrated
that CADM?2, which has low expression levels in ectopic
endometrial tissues of endometriosis patients, inhibits the
growth, migration, and invasion of endometriosis cells and
is a negative regulator of endometriosis. This enriches our
understanding of the pathogenesis of endometriosis.
CADM2 is probably engaged in biological processes
like cell adhesion, cell-cell interactions, and apopto-
sis. However, the first step in primary tumor metastasis
requires disruption of cell adhesion. CADM?2 inhibits
biological behaviors of glioma cells, such as prolifera-
tion and migration, possibly by suppressing the glioma
cell cycle and EMT process [36]. In hepatocellular carci-
noma, CADM2 affects HCC cells migration and invasion
by inhibiting their EMT [39]. Upregulation of CADM2
expression counteracts the promotion of miR-146a on cell
proliferation, migration, invasion, and the EMT process in
clear renal cell carcinoma (ccRCC) cells [40]. The present
study showed consistent findings. Our results showed a
positive correlation between CADM2 and the expression
of the EMT-associated epithelial marker E-cadherin but a
negative correlation with the expression of the mesenchy-
mal cell markers a-SMA and N-cadherin in the ectopic
endothelial group. We manipulated the expression of
CADM?2 in 11Z and EESCs to explore the effect of its
overexpression and knockdown on EMT in endometrio-
sis cells. The results showed that the expression level of
E-cadherin in endometriosis cells increased with over-
expression of CADM?2 and decreased with knockdown
of CADM2, while the opposite was true for a-SMA and

N-cadherin. These experimental results show that CADM2
may inhibit the occurrence and development of EM by
suppressing the EMT signaling pathway.

However, our study has some shortcomings. It has been
reported that CADM?2 promoter hypermethylation is one of
the causes of low CADM 2 expression in tumor tissues. In
our study, CADM2 had low expression in ectopic endome-
trial tissues of patients with endometriosis. However, we did
not explore the reasons for its low expression. In addition,
our study explored the effect of only CADM2 on the EMT
signaling pathway in endometriosis. Given the complex
pathogenesis of endometriosis, whether it participates in the
pathogenesis of endometriosis by influencing other signaling
pathways needs to be explored further. Finally, the effects
of CADM?2 on other biological functions in endometriosis
cells need to be added, such as the effects of CADM2 on
the apoptotic process of endometriotic cells. In the future,
we will research these aspects to find new ideas for better
treatment of the disease.

To summarize, our research indicates that CADM?2 is
expressed at a low level in ectopic endometrial tissues,
potentially contributing to the occurrence of endometrio-
sis. Furthermore, we showed that CADM?2 has a restrain-
ing effect on endometriosis by blocking EMT. CADM2
could be a promising new tool for diagnosing and treating
endometriosis.
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