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Possible Involvement of CD10 in the
Development of Endometriosis Due to Its
Inhibitory Effects on CD44-Dependent
Cell Adhesion
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Abstract
A reduced response to progesterone in the eutopic endometrium with endometriosis and in endometriotic tissues is considered
to be the underlying factor for endometriosis. CD10 is known to be expressed by endometrial and endometriotic stromal cells
and may be induced by progestins, although the function of CD10 is not fully revealed in endometrial or endometriotic tissues. In
the current study, the expression of CD10 was significantly increased by treatment of the cells with progesterone, 17b-estradiol,
and dibutyryl cyclic adenosine monophosphate (cAMP) in the endometrial stromal cells. On the other hand, the expression of
CD10 following treatment with progesterone, 17b-estradiol, and dibutyryl cAMP was not significantly increased in endometriotic
stromal cells. The adhesion assay for endometrial and endometriotic stromal cells to hyaluronan using 5- or 6-(N-succinimidy-
loxycarbonyl)-fluorescein 3’, 6’-diacetate–labeled cells demonstrated that the CD44-dependent adhesion of stromal cells was
inhibited by CD10. As far as the induction of CD10 is concerned, the effect of progesterone was different between endometrial
stromal cells and endometriotic stromal cells. CD10 might be involved in the development of endometriosis due to its influence
on CD44-dependent cell adhesion.
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Introduction

Endometriosis is a common gynecological disease, which affects

0.5% to 5% of fertile females and 25% to 40% of infertile

females of reproductive age.1 It is an enigmatic disease that dete-

riorates the health of patients by causing pain, infertility, and

ovarian cysts. Endometriosis is clinically defined by the pres-

ence of visible endometrium-like tissue outside the uterus, and

the implantation of endometrial tissues in retrograde menstrual

flux is widely accepted as an etiology of the disease.2,3 The

pathogenesis of endometriosis is not fully understood, although

decades of research have revealed the involvement of estrogen

dependency, inflammatory mediators, and the immune response

in the development of endometriosis and its symptoms.4-6

Progestins have been used for endometriosis, especially for

endometriosis-related pain, as have gonadotropin-releasing

hormone agonists. However, the development of therapeutic

agents for endometriosis has been limited due to the unclear

pathogenesis of the disease.7 Recently, molecular evidence has

emerged, indicating that the cellular responses to progesterone

differ among eutopic endometrium without endometriosis,

eutopic endometrium with endometriosis, and endometriotic

tissues.5,8,9 Progesterone resistance, which describes a reduced

response to progesterone in the eutopic endometrium with

endometriosis and in endometriotic tissues, is considered to

be the underlying factor for endometriosis.10 Dysregulation

of coactivators or the expression of the progesterone receptor

and progesterone-induced molecules may be involved in the

pathogenesis of endometriosis.11-15 Therefore, progesterone

resistance-related molecules might be implicated as possible

molecular targets for the treatment of endometriosis.
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Neutral endopeptidase 24.11 (CD10, EC 3.4.24.11) is a cell

surface metallopeptidase expressed by various tissues that con-

sists of an N-terminal short cytoplasmic domain and a large

extracellular catalytic domain. CD10 has been demonstrated

to play important roles in the proliferation and adhesion of

cells.16-18 In the human endometrium, CD10 regulates the local

function by inducing the catalytic inactivation of bioactive

peptides, such as endothelin 1.19 CD10 is also known to be

expressed by endometrial and endometriotic stromal cells20

and is upregulated by progestins during decidualization. On the

other hand, the function of CD10 in endometriotic tissues has

not been explored.

CD44 is another membrane protein expressed by human

endometrial cells, and it has been shown to promote the adhe-

sion of endometrial cells.21,22 In other types of cells, CD44 and

CD10 have been demonstrated to bind competitively to ezrin/

radixin/moesin (ERM) proteins, linker proteins of the cytoske-

leton, and membrane proteins. Therefore, in both human endo-

metrial cells and endometriotic cells, the expression of CD10

induced by progesterone might affect the cell function by alter-

ing the CD44-mediated cell adhesion.

In the present study, we demonstrate that progestins induce

the expression of CD10 in stromal cells of the eutopic endome-

trium but not in endometriotic tissues and that CD10 inhibits

the CD44-mediated adhesion of stromal cells to hyaluronan.

CD10 may be involved in the pathogenesis of endometriosis

as a key molecule that responds to progesterone stimulation.

Materials and Methods

Primary Culture of Endometrial Stromal Cells and
Endometriotic Cyst Stromal Cells and Decidualization

The stromal cells were taken from the eutopic endometrium of

patients without endometriosis (ESCs, n ¼ 16, pt 1-16), and the

eutopic endometrium (eESCs) and the chocolate cyst linings of

the ovaries (CSCs) of patients with endometriosis (pt e1-e12)

who had undergone surgery at Nagoya University Hospital as

described previously.19 In brief, the endometriotic cysts and

endometrial tissue were minced into small pieces (*1 mm3),

and these pieces were filtered through a cell strainer consisting

of a 100-mm pore size nylon mesh (Becton Dickinson, Franklin

Lakes, NJ) to remove the blood cells. Then, the minced tissue

was incubated by stirring at 37�C for 20 minutes in phosphate-

buffered saline (PBS) and 0.5% collagenase (Wako, Osaka,

Japan). The tissue digest was vigorously pipetted and passed

over a cell strainer consisting of 70-mm pore size nylon mesh

(Becton Dickinson). The ESCs, eESCs, and CSCs collected

from the lower receptacle were suspended and plated onto 60-

mm sterile dishes. The ESCs, eESCs, and CSCs were cultured

in Dulbecco-modified Eagle medium (DMEM; Sigma, St Louis,

Missouri) containing 10% fetal bovine serum (FBS; Sigma), 100

IU/mL penicillin, and 100 mg/mL streptomycin. The purity of

the ESCs, eESCs, and CSCs was assessed by a morphological

determination using light microscopy. Each cell population was

routinely 98% pure, as assessed by phase contrast microscopy.

The ESCs, eESCs, and CSCs were cultured with progesterone

(10�6 mol/L; Sigma), 17b-estradiol (10-8mol/L; Sigma), and

dibutyryl cyclic adenosine monophosphate (cAMP; 1 mmol/L;

Sigma) for 2 days (Western blotting), 4 days (Western blotting

and cell adhesion assay), and 4 to 6 days (prolactin measure-

ment) at 37�C in a humidified atmosphere of 5% CO2 in air to

induce in vitro decidualization. In vitro decidualization was

assessed by evaluating any morphological changes. The levels

of prolactin in the supernatants of endometrial and endometriotic

stromal cells were determined using a chemiluminescence

immunoassay (Architect prolactin; Abbott Laboratories, North

Chicago, IL). This study was approved by the ethics committee

of Nagoya University Graduate School of Medicine.

Western Blotting Analysis

Cultured ESCs, eESCs, and CSCs with or without decidualiza-

tion within the 5 passages were lysed in a radioimmunoprecipi-

tation buffer (10 mmol/L Tris-HCl, pH 7.4, 150 mmol/L NaCl,

1% Nonidet P-40, 5 mmol/L EDTA, 1% sodium deoxycholate,

0.1% sodium dodecyl sulfate [SDS], 1.2% aprotinin, 5 mmol/L

leupeptine, 4 mmol/L antipain, 1 mmol/L phenylmethylsulfo-

nylfluoride, and 0.1 mmol/L Na3VO4). The cell lysates were

clarified by centrifugation at 13 000g at 4�C for 15 minutes,

diluted in 2� sample buffer (125 mmol/L Tris-HCl, pH 6.8,

4% SDS, 10% glycerol, 0.2% bromphenol blue, and 4% 2-mer-

captoethanol), resolved by 10% SDS-polyacrylamide gel elec-

trophoresis, and immunoblotted with an anti-CD10 antibody

(Ab; NCL; NovocastraLaboratories Ltd, Newcastle, United

Kingdom; 1:100), anti-CD44s Ab (Ab-4; Thermo Fisher Scien-

tific, Waltham, Massachusetts; 1:200), or anti-b-actin Ab

(Santa Cruz Biotechnology, Inc, Santa Cruz, California). The

relative band density normalized to b-actin was determined

from light scans of the resulting films using a densitometric

analysis software program.

Small Interfering RNA

A small interfering RNA (siRNA) for CD10 was purchased from

Santa Cruz Biotechnology. The ESCs, eESCs, and CSCs with or

without decidualization were transfected with the siRNA for

CD10 or negative control siRNA (AF 488) at a final concentra-

tion of 20 nmol/L using Lipofectamine RNAiMax (Life Tech-

nologies/Invirtogen, Carlsbad, California), according to the

manufacturer’s instructions.

5- or 6-(N-Succinimidyloxycarbonyl)-Fluorescein 3’,
6’-Diacetate Labeling and Adhesion Assay

The ESCs, eESCs, and CSCs were harvested, washed with PBS,

and labeled with 5- or 6-(N-Succinimidyloxycarbonyl)-fluores-

cein 3’, 6’-diacetate (CFSE, according to the manufacturer’s

protocol (Vybrant CFDA SE Cell Trace Kit, Life Technolo-

gies/Molecular Probes).23 Briefly, the target cell suspensions

were resuspended at 2 � 105 cells/100 mL and labeled with 1

mL of 1 mmol/L CFSE for 30 minutes at 37�C with rotation.
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After 2 washes, the CFSE-labeled cells were resuspended in

DMEM for an adhesion assay.

An assay of the adhesion of the cells to hyaluronic acid was

performed as described previously,24 with some modifications.

In brief, flat bottom 96-well plates were coated with 100 mL

of hyaluronic acid (1 mg/mL in PBS) with or without 5 mL of

1.0 mg/mL CD44-neutralizing Ab (BU75, Ancell Corporation,

Bayport, Minnesota) for 1 hour at 37�C, followed by rinsing with

PBS. The CFSE-labeled cells were seeded at 10 000 cells per

well, and the fluorescent intensity was measured immediately

(F0) at an excitation wavelength of 485 nm and an emission

wavelength of 527 nm with a microplate fluorometer (Fluoros-

kan Ascent CF, Thermo-Labsystems, Finland). Nonadherent

cells were removed by gentle washing with PBS after 2 hours,

and the fluorescent intensity was measured (F2). The percentage

of adherent cells (F2/F0 � 100) was calculated.

Statistical Analysis

One-way repeated-measure analysis of variance (ANOVA)

with Dunnett posttest was used to determine the differences

in the densitometric analysis of the results of the Western

blotting analysis. One-way ANOVA with the Holm-Sidak test

was used to analyze the differences in the concentrations of

prolactin. The statistical analyses were performed using the

SigmaPlot software program (Systat Software, Inc, San Jose,

California).

Results

The CSCs Demonstrated Reduced Induction of CD10
and Prolactin Secretion by Progesterone

Endometrial stromal cells and endometriotic stromal cells

undergo decidualization in response to sex steroid hormones.

CD10 is a well-known marker of decidualization as are prolac-

tin and insulin-like–growth factor binding protein 1. We inves-

tigated the expression of CD10 and CD44 in ESCs (n ¼ 16),

eESCs (n¼12), and CSCs (n ¼ 12) by immunoblotting. Figure

1A shows representative images of the Western blotting analy-

sis. We performed a densitometric analysis to assess the

expression of CD10 quantitatively (Figure 1B). We found that

the expression of CD10 was significantly increased by pro-

gesterone, 17b-estradiol, and dibutyryl cAMP but not 17b-

estradiol alone in ESCs and eESCs. On the contrary, the

expression of CD10 after exposure of the CSCs to progester-

one, 17b-estradiol, and dibutyryl cAMP was not increased sig-

nificantly. CD44 did not show any change in expression

following the exposure of cells to progesterone, 17b-estradiol,

or dibutyryl cAMP.

Figure 1. A, Representative images of immunoblotting against b-actin, CD44s, and CD10 expressed by ESCs, eESCs and CSCs. B, The results of
the densitometric analysis of the expression of CD10. CD10 was significantly induced by stimulation of cells with progesterone, 17b-estradiol,
and dibutyryl cAMP for 48 hours and 96 hours (EPA48 h and EPA96 h) in ESCs and eESCs, but not in CSCs, compared with control (cont) cells.
The stimulation with 17b-estradiol for 48 hours and 96 hours (E48 h and E96 h) did not lead to a significant increase in CD10. The boxes and
bars represent the means and SD of 12 and 16 samples of ESC and eESC/CSC, respectively. Asterisks show a significant increase compared with
each cont (P < .05). ESCs indicates the stromal cells taken from the eutopic endometrium of patients without endometriosis; eESCs, the stromal
cells taken from the eutopic endometrium of patients with endometriosis; CSCs, the stromal cells taken from the chocolate cyst linings of the
ovaries of patients with endometriosis ; cAMP, cyclic adenosine monophosphate; SD, standard deviation.
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We next assayed the concentration of prolactin in the media

from 2 cultured cell lines of each type of stromal cells. The con-

centrations of prolactin were significantly decreased in the cul-

ture media of CSCs compared to that of eESCs (96 hours) and

of eESCs and ESCs (144 hours; Figure 2).

CD10 Inhibits the CD44-Dependent Adhesion of Stromal
Cells to Hyaluronic Acid

To investigate the effects of CD10 on cell adhesion, we sup-

pressed the expression of CD10 induced by progesterone using

siRNA. As shown in Figure 3A, the expression of CD10 was

suppressed by the siRNA, while the expression of CD44 did not

show any significant changes.

The adhesion of ESCs, eESCs, and CSCs to hyaluronic acid,

one of the extracellular matrix molecules, was evaluated by an

in vitro cell adhesion assay using CFSE. Decidualization treat-

ment using progesterone, 17b-estradiol, and dibutyryl cAMP

inhibited the adhesion of all types of stromal cells to approxi-

mately 60% of the level of controls (Figures 3B-E). The cell

adhesion to hyaluronic acid was partially recovered in the

ESCs, eESCs, and CSCs in which the CD10 expression was

suppressed using siRNA. A neutralizing Ab targeting CD44

attenuated the cell adhesion capacity to approximately 40%.

These results showed that the CD10 induced by progesterone

inhibited the CD44-dependent adhesion of endometrial and

endometriotic stromal cells.

Discussion

Decidualization is induced by progestins and is characterized

by morphological and functional changes in endometrial stro-

mal cells.25 CD10 is one of the frequently used markers of

decidualization, in addition to prolactin and insulin-like growth

factor–binding protein 1. However, the function of CD10 has

not been investigated in association with the pathogenesis of

endometriosis nor has its progestin-inducible expression been

fully examined. However, the transcriptional regulation of the

CD10 gene has been well explored using prostate cancer cell

lines. Two androgen-responsive elements (ARE1 and ARE2)

exist in the promoter region of the CD10 gene, and their activ-

ities have been reported to be increased 3.6-fold (ARE1) and 5-

fold (ARE2) by androgen, 4.2-fold (ARE1) and 8.2-fold

(ARE2) by dexamethasone, and 3-fold (ARE1) and 4.1-fold

(ARE2) by progesterone, respectively.26 We confirmed that

androgens also upregulated CD10 in the endometrial and ESCs

(data not shown). Taken together, these findings suggest that

androgen-responsive elements might be involved in the induc-

tion of CD10 by progestins in the endometrial and endometrio-

tic stromal cells.

We herein demonstrated that there was reduced induction of

CD10 by progesterone in ESCs in comparison with eESCs. The

decidualization of endometrial stromal cells is an example of

the mesenchymal–epithelial transition (MET), which is a biolo-

gical process that bestows an epitheloid phenotype on

mesenchymal cells with a spindle shape. The endometrial stro-

mal cells that undergo decidualization become dependent on

continuous progesterone signaling. We simultaneously added

cAMP to increase the decidualization. The cAMP has been

used to induce decidualization by itself, or in combination with

progesterone, due to its bypass of progesterone signaling.

Klemmt et al have shown that stromal cells derived from differ-

ent endometriotic lesions exhibited a decreased capacity for

decidualization, which suggests that the signaling cascade lead-

ing to decidualization might be impaired.27 In the current study,

we found that the concentration of prolactin, a marker of decid-

ualization, was significantly decreased in the endometriotic

stromal cells compared to the endometrial stromal cells. There-

fore, the decrease in or disappearance of the induction of CD10

expression might be attributed not only to the decrease in pro-

gesterone responsiveness but also to a decrease in the decidua-

lization capacity in endometriotic stromal cells. All things

considered, the CD10 in endometriotic stromal cells, which

might be relevant to the decreased capacity for decidualization,

may be involved in the pathogenesis of endometriosis.

Decidualization affects cell characteristics, such as their

capacity for adhesion and migration and their resistance to

apoptosis and oxidative stress,28-31 which are possibly involved

in the formation of ectopic endometrial implants due to retro-

grade menstrual flux.27 CD10, a well-known marker of decid-

ualization, has not been fully characterized with regard to its

Figure 2. The secretion of prolactin by ESCs, eESCs, and CSCs. The
concentrations of prolactin in the culture media were significantly
increased by stimulation with progesterone, 17b-estradiol, and dibu-
tyryl cAMP for 96 hours in eESCs and for 144 hours in ESCs and
eESCs, compared to CSCs (*P < .05). Bars represent the SEM. ESCs
indicates the stromal cells taken from the eutopic endometrium of
patients without endometriosis; eESCs, the stromal cells taken from
the eutopic endometrium of patients with endometriosis ; CSCs, the
stromal cells taken from the chocolate cyst linings of the ovaries of
patients with endometriosis ; cAMP, cyclic adenosine monophosphate;
SEM, standard error of the mean.
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function in endometrial and endometriotic stromal cells. We

found that the expression of CD10 influences the CD44-

mediated adhesion of endometrial and endometriotic stromal

cells to hyaluronan. It is also known that the interaction

between hyaluronan and its receptor, CD44, plays an important

role in various physiological and pathological processes, such

as lymphocyte homing and cancer cell metastasis.32 Peritoneal

cells secrete hyaluronan, and, therefore, the attachment of

endometrial cells expressing CD44 to peritoneal mesothelial

cells might be an initial step in the development of endometrio-

sis following retrograde menstruation.21 Taken together, our

results suggest the possible involvement of CD10, which is not

significantly induced by progesterone in endometriotic stromal

cells, in the pathogenesis of endometriosis due to its regulation

of cell adhesion.

We investigated the cell adhesion using ESCs from 5

patients and eESCs and CSCs from 6 patients and demonstrated

that there was a similar tendency, regardless of the cell types;

that is the decidualization treatment impaired cell adhesion to

hyaluronan without significant differences among ESCs,

eESCs, and CSCs. The recovery of cell adhesion using CD10

siRNA was up to 30% in the all types of stromal cells. In addi-

tion, the decrease in or disappearance of the induction of CD10

by progesterone did not cause any significant difference in the

CD10-meidated suppression of cell adhesion. These results

suggest that CD10 suppresses the CD44-mediated cell adhe-

sion only partially and that other cell adhesion molecules,

which are not affected by CD10, might be involved in cell

adhesion.

CD44 can promote cell adhesion, migration, and invasiveness

by binding to and localizing with hyaluronan and matrix metal-

loproteinases at the cell surface33,34 and by interacting with

ERM proteins that are linker proteins to the cytoskeleton.35,36

CD10 has a positively charged amino acid cluster, similar to a

previously identified region located in the intracellular portion

of CD44, which serves as the binding domain to ERM

proteins.24 The overlap of the binding sites in CD10 and

CD44 provides the structural basis for the suppression of cell

adhesion through the interaction between CD10 and ERM pro-

teins.37 Further studies are needed to investigate the possible

competitive binding of ERM proteins to CD10 and CD44 in

endometrial and endometriotic stromal cells.

Recent studies have demonstrated that there are different

characteristics between the eutopic endometrial cells of patients

with endometriosis and those of patients without endometriosis.

These differences, such as reduced progesterone responsive-

ness,8,13 increased resistance to apoptosis,38 and increased cell

adhesion capacity,39 are considered to increase the survival of

endometriotic tissues developed as a result of retrograde men-

strual flux. In the current study, as far as the induction of

CD10 by progesterone is concerned, we did not find any differ-

ences between the endometrial stromal cells associated with

endometriosis and those not associated with endometriosis,

although we demonstrated that there was a significant difference

between endometrial stromal cells and endometriotic stromal

cells. We speculate that the induction of CD10 by progesterone

Figure 3. A, Representative images of immunoblotting against b-actin,
CD44s, and CD10 expressed by ESCs, eESCs, and CSCs. The expres-
sion of CD10 was suppressed by the siRNA. B-D, Adhesion assays using
ESCs (B), eESCs (C) and CSCs (D) to hyaluronan. Each ESC from
patients 1 to 5 (pt 1-5), and each eESC and CSC from the patients with
endometriosis (pt e1-e5) showed decreased adhesion following treat-
ment with progesterone, 17b-estradiol, and dibutyryl cAMP (EP), which
was partially recovered by the suppression of CD10 expression using
siRNA (EPþsi). A neutralizing antibody targeting CD44 attenuated the
adhesion of cells (EPþsiþAb). E, A comparison of the adhesion rates in
ESCs, eESCs, and CSCs. ESCs indicates the stromal cells taken from the
eutopic endometrium of patients without endometriosis; eESCs, the
stromal cells taken from the eutopic endometrium of patients with
endometriosis ; CSCs, the stromal cells taken from the chocolate cyst
linings of the ovaries of patients with endometriosis ; cAMP, cyclic ade-
nosine monophosphate; siRNA, small interfering RNA.
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might be decreased or may completely disappear during the

development of endometriotic lesions.

In the present study, we demonstrated that CD10 inhibits

CD44-mediated adhesion of endometrial and endometriotic stro-

mal cells and that the progesterone-inducible CD10 expression is

decreased in endometriotic stromal cells compared to endome-

trial stromal cells. CD10 possesses antiproliferative functions

through both kinase-dependent and kinase-independent actions40

in addition to its influence on cell adhesion. Moreover, it has

been reported that dexamethasone stimulates the promoter activ-

ity of the CD10 gene through androgen-responsive elements

similar to progesterone and androgen26 which have been used

as therapeutic agents for endometriosis. The induction of

CD10 and the CD10 by itself might be promising molecular tar-

gets for the development of novel treatments for endometriosis.
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