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Abstract: Endometriosis, diagnosed with ectopically implanted endometrial stromal cells (ESC) and epithelial cells 
to a location outside the uterine cavity, seriously threaten the quality of life and reproductive ability of women, yet 
the mechanisms and the pathophysiology of the disease remain unclear. Specially, the functional changes of ESC 
during endometriosis progression need in-depth investigation. In this study, we characterized mechanical properties 
of normal ESC (NESC) from healthy women and eutopic ESC (EuESC) and ectopic ESC (EcESC) from endometriosis 
patients. We found the collagen lattice contractile ability of EuESC was significantly stronger than that of NESC, and 
the cell mobility of EuESC and EcESC was significantly greater than that of NESC. Furthermore, the expression of 
F-actin and vinculin in NESC, EuESC and EcESC cells progressively increased, and the Rho GTPase activity, of which 
RhoA exhibited the highest activity, in the three cells gradually increased. Collectively, these results suggest that 
the mechanical characteristics of NESC, EuESC and EcESC cells exhibited progressive abnormalities. Therefore, the 
biomechanics of endometrial stromal cells may be a potent target for intervention in patients with endometriosis. 
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Introduction

Endometriosis is a common, benign gyneco-
logical lesion in which endometrial stromal 
cells and epithelial cells ectopically implant in a 
location outside the uterine cavity. Clinical 
manifestations include dysmenorrhea, pelvic 
mass, and infertility and can seriously threaten 
the quality of life and reproductive ability of 
women. The classic doctrine of endometriosis 
maintains that endometriosis is caused by 
reflux menstruation or immunity, without full 
elucidation of the etiology. In clinical practice, 
endometriosis is typically treated with surgery 
and sex hormone drugs, but the efficacy of con-
servative medical or surgical treatment with 
preservation of ovarian function is poor, and 
the recurrence rate is as high as 40% [1]. 
Endometriosis is one of the scientific issues in 

the field of obstetrics and gynecology that 
remains to be solved, and in-depth studies of 
the pathophysiology of the disease are 
needed. 

In the tissue structure of the endometrium, epi-
thelial cells and stromal are separated by a 
basement membrane. Thus, although epithelial 
cells are not directly in contact with the vascula-
ture, stromal cells and vascular are in direct 
contact. Signaling molecules, including hor-
mones and cytokines in the blood circulation, 
are first in contact with stromal cells, resulting 
in autocrine and paracrine activities in stromal 
cells. These newly released signaling mole-
cules, together with the original signal mole-
cules, act on epithelial cells through the base-
ment membrane, which is the main mode of 
crosstalk between epithelial and stromal cells 
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[2]. Stromal cells play an important role in the 
growth and apoptosis of epithelial cells. In 
recent years, research on endometriosis has 
paid increased attention to the changes in 
endometrial stromal cell function. Clinical path-
ological studies have revealed that some endo-
metriosis-like lesions have only stromal cells 
and no epithelial cells [3]. In clinical practice, 
the presence of stromal cells is also the prima-
ry basis for the diagnosis of endometriosis. 
Studies have discovered active contraction and 
migration of endometrial stromal cells in 
patients with endometriosis [4, 5]. 

Cell contraction, adhesion, and migration fall 
into the scope of cell mechanics. The core 
structure of cellular mechanical movement is 
the focal adhesion complex. The extracellular 
matrix (ECM) and cytoskeleton are connected 
via focal adhesion complexes and integrins, 
and cell morphology and movement are thus 
altered [6]. Vinculin, a focal adhesion protein, 
can bind to actin and connect actin to integrin 
through other protein molecules, enabling the 
transmission of force and signal [7]. Within 
cells, the activated Rho-GTP enzyme RhoA, 
Racl, and Cdc42 allow the actin cytoskeleton to 
reassemble and form different cell structures, 
namely stress fibers, the focal adhesion com-
plex, lamellar pseudopodia, and membrane 
folds [8]. In addition, the Rho-GTP enzyme also 
plays roles in transcriptional activity, mem-
brane transport, and the regulation of microtu-
bules and cell cycle, controlling cell morpholo-
gy, cell migration, cytokinesis, cell-cell and 
cell-extracellular matrix adhesion, and cell 
transformation and invasion, thereby regulating 
the biomechanical state of cells. Small 
G-protein kinases such as RhoA act as one of 
the switches between mechanical and molecu-
lar signals [9]. 

This study systematically investigated the 
changes in the biomechanical characteristics 
of stromal cells in the endometrium of patients 
with endometriosis, and the results suggest 
that disorders of biomechanical characteristics 
of endometrial stromal cells may be a patho-
physiological link that has not yet been explored 
in endometriosis. 

Materials and methods

Clinical samples

Human endometrium and endometrial cysts 
tissues used in this paper were provided by 

Obstetrics and Gynecology Hospital of Fudan 
University with written informed consent signed 
by the patients according to Declaration of 
Helsinki Principles. All subsequent cellular 
experiments were conducted in Shanghai 
Cancer Institute, Renji Hospital, Shanghai Jiao 
Tong University School of Medicine and 
approved by the Ethics Committee of Renji 
Hospital Shanghai Jiaotong University School of 
Medicine.

Cell culture

Primary NESC, EuESC and EcESC cells were cul-
tured in Dulbecco’s modified Eagle’s medium 
(DMEM) supplemented with 10% fetal bovine 
serum (FBS), 200 mM glutamine and antibiot-
ics (streptomycin and penicillin).

Antibodies

Rabbit anti human RhoA and mouse anti human 
Cdc42 antibodies were purchased from Cell 
Signaling Technology. Mouse anti human Rac1 
antibody was purchased from Millipore and vin-
culin antibody was provided by Dr. M. Aumailley, 
Institute Curie, Paris, France. Mouse anti tubu-
lin antibody was from Sigma-Aldrich, Taufkir- 
chen, Germany. 

Isolation of primary endometrial stromal cells

Fresh endometrium or endometrial cysts from 
patients were washed with DMEM/F12 medi-
um for three times and infused in diluted povi-
done iodine liquid for 1 minute, sheared to little 
pieces and digested with type I collagenase 
(Sigma-Aldrich). After that, undigested tissues 
and mucous were removed by filtration. The fil-
trate was centrifuged at 500 rpm for 5 minutes 
and the precipitation was suspended with 
DMEM medium containing 10% fetal bovine 
serum. Isolated cells were then cultured at 
37°C in a humidified 5% CO2 atmosphere.

Collagen lattice contraction assay

Collagen gel contraction assay was done as 
previously described [10]. Briefly, primary NESC 
and EuESC cells at 90% confluent were serum-
free starved overnight, detached with trypsin 
and counted. NESCs or EuESC cells at a density 
of 5 × 104 per ml were seeded onto 3.5 cm bac-
teriological plates (2 ml per dish) in completed 
growth medium supplemented with 0.3 mg 
ml-1 of acid-extracted collagen I from rat tail. 
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The cells were cultured at 37°C for 45 minutes 
to allow collagen polymerization and the gels 
were released from plates by slightly tilting the 
plates. After 24 hours, gel contraction was pho-
tographed and gel area was measured. The 
experiment was performed in triplicate and 
repeated 3 times using NESC and EuESC from 
different individuals.

Cell migration and time-lapse video micros-
copy

Confluent NESC, EuESC and EcESC cells in 6 
cm dishes were serum-starved overnight, 
detached with trypsin and suspended with 150 
μl growth medium. 12 μl of this cell suspension 
were inoculated to the center of the 24-well 
plate and cultured at 37°C for 30 minutes to 
allow attachment. After that, unattached cells 
were washed away and 500 μl of growth medi-
um was supplemented to each well. The plate 
was placed to the live cell station for observa-
tion and cell motility was recorded at the border 
of colonies by time-lapse video-microscopy for 
24 hours. Images were captured every 30 min 

using a CCD camera. Cell movements were 
measured by computing the increased cell cov-
erage area. The experiment was performed in 
triplicate and repeated 3 times using cells iso-
lated from different individuals.

Immunofluorescence cell staining

Serum-starved NESC, EuESC and EcESC cells 
were seeded on cover slides in 24-well plates 
and incubated for 24 hours. Cells were fixed 
with 2% paraformaldehyde for 15 minutes, per-
meabilized with 1% Triton X-100 for 1 minute. 
For F-actin staining, cells were incubated with 
phalloidin-FITC (Sigma-Aldrich) for 75 minutes 
at room temperature. For vincullin staining, 
cells were incubated with primary antibodies 
against vinculin, followed by an Alexa Fluor 
594-conjugated secondary antibody. Immuno- 
fluorescence signals were captured using con-
focal microscopy (LSM 510, METALaser 
Scanning Microscope, Zeiss). The experiment 
was repeated 3 times using the three types of 
cells isolated from different individuals.

Western blotting and GTPase pull-down assays

GTPase pull-down assays were performed 
according to standard procedures as described 
[11]. Proteins were separated by SDS-PAGE 
under reducing condition, followed by immu-
noblotting with specific primary antibodies and 
species-specific secondary antibodies. Bound 
secondary antibodies were revealed by Odyssey 
imaging system (LI-COR Biosciences, Lincoln, 
NE).

Statistical analysis

The results were presented as the means and 
SDs. Statistical differences were calculated 
using the two-tailed Student’s t-test. P<0.05 
was considered statistically significant.

Results

The collagen lattice contractility of EuESC was 
stronger than NESC

NESC and EuESC cells were isolated from 
healthy women and endometriosis patients as 
described in the Materials and Methods. EcESC 
cells were not included in this experiment due 
to the limited number of cells. After 24 hours of 
3-dimensional culture, the average area of the 

Figure 1. Comparison of the area of the collagen 
lattice containing NESC or EuESC after 24 hours of 
3-dimensional culture. The diagram above shows 
the representative collagen contraction of NESC 
and EuESC. The diagram below demonstrates the 
statistical analysis of the collagen lattice area. The 
white spots outlined the gels. The experiment was 
performed in triplicate and repeated 3 times using 
NESC and EuESC from different individuals. 
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collagen lattice containing EuESC cells was 
1.27 ± 0.20 cm2, significantly smaller than that 
of NESC (3.84 ± 0.40 cm2), and the difference 
was highly statistically significant (P=0.001, 
indicated as **), as shown in Figure 1. 

The collagen lattice containing NESC or EuESC 
continued to be cultured, and the collagen lat-
tice was progressively contracted. During the 
process, the area of the collagen lattice con-
taining NESC was consistently larger than that 
of EuESC, until both contracted to the minimal 
size (grain size) at 120 hours (data not shown). 
This result indicated that the collagen contrac-
tility of EuESC was significantly higher than that 
of NESC. 

The cell motility of EuESC and EcESC was 
significantly greater than that of NESC

Next, we performed cell migration assay with 
primary NESC, EuESC and EcESCs, as described 
in the Materials and Methods. After 24 hours of 
culture, the area covered by NESC cell move-
ment increased by 1.00 ± 0.33 × 105 µm2, sig-
nificantly smaller than those of EuESC (2.15 ± 
0.55 × 105 μm2) and EcESC (2.30 ± 0.23 × 105 
μm2); the P values were both less than 0.05 
(indicated as *), as shown in Figure 2. The area 
covered by EuESC was smaller than that of 
EcESC, though the difference was not 
significant.

Figure 2. The cell motility of NESC, EuESC and EcESC. 
The pictures left show representative cell movement of 
3 types of cells after 24 hours of culture. The dotted line 
outlined cell boundary at 0 hour and the black line out-
lined cell boundary at 24 hour of culture. The area be-
tween the lines is the increased area covered by the out-
ward movement of the cells and was analyzed on the right 
panel. The experiment was performed in triplicate and re-
peated 3 times using NESC, EuESC and EcESC cells from 
different individuals.
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The cell tension of NESC, EuESC and EcESC 
progressively increased

Actin and focal adhesion complexes are inte-
gral parts of the cytoskeleton, and they repre-
sent the mechanical tension of the cells. 

Vinculin was detected by immunofluorescence, 
and the results indicate that vinculin expres-
sion also gradually increased in these 3 types 
of cells (Figure 3). F-actin was labeled with 
green fluorescent dye-labeled phalloidin, and 
the results indicate that in the 3 types of cells, 

Figure 3. Immunostaining of F-actin and vinculin in NESC, EuESC and EcESC. The upper 3 pictures represent phal-
loidin-stained green F-actin, and the lower 3 pictures represent vinculin -stained red focal adhesion complexes. In 
all 3 types of cells, the phalloidin and vinculin staining intensities gradually increased.



Cell mechanical properties of ESCs

653 Int J Clin Exp Pathol 2014;7(2):648-655

NESC, EuESC and EcESC, the density and 
strength of the cell actin filaments, represented 
by F-actin, gradually increased (Figure 3).

The activity of small GTPases, particularly 
RhoA, gradually increased in NESC, EuESC 
and EcESC 

As shown in Figure 4, among the 3 types of 
small GTPases in endometrial stromal cells, the 
activity of RhoA was dominant and higher than 
that of Rac1 and Cdc42. Rac1 and Cdc42 
exhibited measurable activity only in EcESC. 
The activity of RhoA in NESC, EuESC and EcESC 
gradually increased.

Discussion

The challenge in the treatment of endometrio-
sis is the high recurrence rate. Guo [12] 
reviewed the literature and calculated the 
recurrence rate of endometriosis at 2 years 
after surgical treatment to be 21.5%, with a 
5-year recurrence rate of 40%-50%. In the clini-
cal studies reviewed in this study, many patients 
received drug treatments after surgery, but the 
recurrence rate remained high. 

Endometriosis is an estrogen-dependent dis-
ease, and current drug treatments are primarily 
anti-estrogen [13]. Among premenopausal 

women, long-term anti-estrogen therapy can 
result in perimenopausal symptoms, such as 
hot flashes and bone loss, which affect the 
patient’s quality of life [14]. The high recurrence 
rate may be associated with the problems with 
long-term anti-estrogen therapy in premeno-
pausal patients. 

Avoiding the anti-estrogen effect and finding 
new treatments and breakthroughs has been a 
topic of recent endometriosis studies. Soares 
et al [15] summarized the new progress of drug 
treatments for endometriosis. A considerable 
number of cytokines drugs and anti-angiogenic 
drugs are effective in in vitro experiments, but 
few have progressed to clinical trials due to 
many issues associated with in vivo studies.

In this study, we performed a collagen lattice 
contraction experiment and cell motility experi-
ment and found that compared to NESC, EuESC 
exhibited stronger contractility and better 
mobility. During the same time frame and using 
the same number of cells, the area of collagen 
lattice containing EuESC was significantly 
smaller than that of NESC. In mobility experi-
ments with live cells, at 24 hours, the area cov-
ered by the outward movement of EuESC and 
EcESC was also larger than that of NESC. These 
results were consistent with the results of liter-
ature [5, 16]. 

Figure 4. RhoA, Rac1 and Cdc42 expression in NESC, EuESC and EcESC. The first row demonstrates the expres-
sion levels of the active small GTPase, the second row shows the total GTPase expression level, and the third row 
demonstrates the internal reference (ACTB). The left column reports the RhoA expression. The EcESC exhibited the 
highest level of activity, followed by EuESC, and the activity of NESC was the weakest. The diagrams below were 
densitometric analysis of activated GTPases from above western images. 
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Due to the limited number of cells, this study 
did not conduct collagen lattice contraction 
experiments with EcESC. According to the liter-
ature [17], EcESC exhibit stronger contractility 
than EuESC and NESC. The mobility of NESC, 
EcESC and EuESC gradually increased, which 
may reflect the gradual nature of the progres-
sive development of the disease. The imbal-
ance in the mechanical movement of the endo-
metrial stromal cells plays an important role in 
endometriosis and may be involved in the 
development of the disease. 

In our study, we observed a regular pattern of 
progressive disorder of the biomechanical 
characteristics of endometrial stromal cells in 
normal subjects and patients with endometrio-
sis. In the 3 types of cells, NESC, EuESC and 
EcESC, the density of F-actin gradually incre- 
ased, and the staining intensity of focal adhe-
sion complexes, as shown by vinculin staining, 
also gradually increased. In addition, cell con-
tractility and mobility progressively increased, 
and the activity of 3 types of Rho GTPases, par-
ticularly RhoA, gradually increased. In the cel-
lular mechanical movement system, a variety of 
regulatory factors cause changes in the expres-
sion and activity of Rho GTPase, regulating 
actin polymerization into actin bundles or pro-
moting the depolymerization of actin bundles, 
as well as regulating the assembly or disassem-
bly of focal adhesion complexes. These chang-
es alter cell tension and mobility, reflecting 
changes in the mechanical state [18]. Our study 
demonstrated significant changes in the 
mechanical characteristics of eutopic and ecto-
pic endometrial stromal cells in patients with 
endometriosis. Cell contractility and mobility 
gradually increased from normal to eutopic to 
ectopic endometrial cells, demonstrating pro-
gressive changes. Nasu et al [19, 20] found 
that simvastatin and heparin sodium exert an 
inhibitory effect on the growth of endometrial 
cells in vitro and may be used for the treatment 
of endometriosis. One mechanism underlying 
this effect is the inhibition of the contraction of 
the collagen lattice containing endometrial 
stromal cells in vitro. 

The inhibition of mechanical movement of 
endometrial stromal cells may become a new 
method and means of intervention for endome-
triosis. Using inhibitors of Rho GTPase to treat 
animal models of endometriosis or using inhibi-
tors of Rho GTPase and hormone drugs syner-

gistically may help identify effective treatment 
options for endometriosis management.
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