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Abstract. Cell motility is a critical step in the metastasis 
cascade. However, the role of cancer‑associated fibroblasts 
(CAFs) in facilitating endometrial cancer (EC) cell motility 
remains unclear. The present study aimed to investigate 
the role of CAFs in EC motility in a 3D environment. A 
co‑culture model was established using an EC cell line 
(ECC‑1) and CAFs on a Matrigel® matrix and compared to 
the respective individual monocultures. It was demonstrated 
that endometrial CAFs increased the motility of the EC cell 
line, compared with the monoculture. Using live cell imaging, 
CAFs were observed to form cell projections that served as 
contact guidance for ECC‑1 cell locomotion in the spheroid 
formation process. These effects were specific to CAFs, as 
fibroblasts isolated from benign endometrial tissue samples 
did not form cell projections. Molecular analysis revealed 
that RhoA/Rho‑associated, coiled‑coil containing protein 
kinase 1 (ROCK1) signaling activation partly contributed 
to CAF‑mediated ECC‑1 cell migration. The presence 
of Matrigel® increased the mRNA expression of RhoA, 
and the mRNA and protein expression levels of its down‑
stream effectors, ROCK1 and p‑MLC, respectively, in the 
ECC‑1 and CAF co‑culture, as well as the ECC‑1 and CAF 
monocultures. Interestingly, high phosphorylation levels of 

myosin light chain mediated the activation of RhoA/ROCK1 
signaling in the ECC‑1 and CAF co‑culture. The ROCK1 
inhibitor Y‑27632 attenuated the motility of tumor cells in 
ECC‑1 and CAF co‑cultures. However, similar treatment 
led to a significant inhibition in the motility of the CAF 
monoculture, but not the ECC‑1 monoculture. Moreover, 
tumor spheroid formation was inhibited due to a reduction 
in stress fiber formation in ECC‑1 and CAF co‑cultures. 
Altogether, these findings suggest that the regulation of the 
RhoA/ROCK1 signaling pathway is required for CAFs to 
serve as cellular vehicles in order for EC cells to migrate and 
form spheroids in a 3D environment.

Introduction

Endometrial cancer (EC) is the most common gynecological 
carcinoma among women worldwide. In 2018, The American 
Cancer Society estimated there to be 63,230 new cases and 
11,350 EC‑related deaths in the United States (1), and almost 
500,000 cases will be diagnosed worldwide by 2035 (2). EC is 
rare in women under the age of 45, as 75% of cases are found in 
women aged 55 and above (3). EC is categorized according to 
its etiology and clinical behavior (4). Type‑1 EC is a low‑grade 
tumor associated with long‑duration unopposed estrogenic 
stimulation and has a favorable prognosis, while type‑2 EC is a 
high‑grade tumor, either poorly differentiated endometrioid or 
non‑endometrioid, with high risk of relapse (5). In both types, 
progressive invasion and metastasis remain the key hallmarks 
for advanced stage, where the primary tumor typically spreads 
to the cervix, lymph nodes and abdomen, as well as distant 
organs such as the lung, liver and brain (6). According to the 
National Institutes of Health, EC can be divided into four 
molecular subtypes: Polymerase ε ultramutated, microsatellite 
instability hypermutated, copy number low and copy number 
high (7). A previous study (8) suggested that uterine serous 
tumors and ~25% of high‑grade endometrioid tumors had 
extensive copy number alterations, few DNA methylation 
changes, low estrogen receptor/progesterone receptor levels 
and frequent TP53 mutations, as well as mutations in PTEN, 
catenin β1, PIK3 catalytic subunit α, AT‑rich interaction 
domain 1A and K‑RAS.
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EC cells must acquire motile capabilities to successfully 
disseminate to distant sites (9,10). Cancer cell migration is 
often triggered by extracellular cues, such as soluble factors and 
signals from the tumor microenvironment (11). Surrounding the 
tumor, various effectors are released from the immune system 
(such as platelets) and from neighboring host cells (including 
fibroblasts) (12). It has been reported that fibroblasts in the 
tumor microenvironment are activated, and these are known 
as cancer‑associated fibroblasts (CAFs) (13,14). CAFs have 
a significant impact on cancer progression by remodeling the 
ECM, inducing angiogenesis, recruiting inflammatory cells and 
directly stimulating cancer cell proliferation and cell migra‑
tion (15). Our previous study demonstrated that CAFs isolated 
from human EC tissue secreted high levels of IL‑6, which 
promoted EC growth via the activation of the IL‑6/STAT‑3/
c‑Myc pathway (16). However, the mechanistic roles of CAFs in 
EC cell motility and migration remain unknown.

The aim of the present study was to examine the effect of 
CAFs on EC cells motility in an in vitro 3D tumor‑fibroblast 
co‑culture model.

Materials and methods

Chemical and reagents. Matrigel® was obtained from Corning, Inc. 
The ROCK1 inhibitor Y‑27632 was purchased from Merck & Co., Inc.

Human EC cell line and primary culture establishment. The 
human EC cell line, ECC‑1 was purchased from American 
Type Culture Collection (cat. no. CRL‑2923) and was 
cultured in medium consisting of RPMI‑1640 (Thermo Fisher 
Scientific, Inc.) supplemented with 10% FBS and 1% peni‑
cillin/streptomycin. The ECC‑1 cell line was authenticated 
using STR profiling. The immortalized human normal endo‑
metrial fibroblast cell line, T‑HESC (ATCC® CRL‑4003™), 
was purchased from the American Type Culture Collection 
and cultured with Dulbecco's modified Eagle's medium 
supplemented with 10% fetal bovine serum and 1% peni‑
cillin/streptomycin.

The sources of CAFs and BAFs and patient age are shown 
in Table I. All samples were collected from women undergoing 
surgery at University of Malaya Medical Centre. The study was 
approved by The Ethical Committee of University of Malaya 
Medical Centre (approval no. 865.19). Written informed consent 
was obtained from all participants. The fibroblast lines were 
labelled using an arbitrary number assigned to each recruited 
patient. CAF and BAF cultures were established as previously 
described (16). First, ~1 g of tissue samples was transported 
to the laboratory in RPMI‑1640 supplemented with 10% FBS 
and 1% penicillin/streptomycin. The samples were washed 
twice with PBS and minced to 1‑mm3 size, then digested with 
2 mg/ml collagenase (Worthington Biochemical Corporation) 
in a rotator for 1 h at 37˚C. After digestion, the tissue samples 
were washed with PBS and cultured in RPMI‑1640 supple‑
mented with 10% FBS and 1% penicillin/streptomycin at 
37˚C. The medium was changed every 72 h, and the cells were 
subcultured when they reached confluence.

Second, CAFs or BAFS were further isolated from the 
primary cell culture using human anti‑fibroblast magnetic 
microbeads (cat. no. 130‑050‑601; Miltenyi Biotec GmbH). 
Briefly, 1x106 cells were centrifuged at 300 x g for 10 min, at 

room temperature. The cell pellets were resuspended in 100 µl 
calcium‑ and magnesium‑free PBS (pH 7.2) containing a final 
concentration of 0.5% BSA and 2 mM EDTA dissolved, then 
incubated with 20 µl human anti‑fibroblast microbeads for 1 h. 
The cells were then separated using MiniMACS™ cell sepa‑
rator (Miltenyi Biotec, Inc.). The isolated cells were cultured 
in the aforementioned medium and maintained below passage 
10, to maintain a phenotype close to that of the primary tissues. 
These fibroblasts were characterized by high expression of 
fibroblast markers (vimentin and α‑SMA) and low expression 
of epithelial markers (EpCAM and E‑cadherin) (Fig. S1).

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was extracted from cultured cells using TRIzol® 
(Invitrogen; Thermo Fisher Scientific, Inc.). A total of 1 µg 
RNA was converted into cDNA using Revert Aid RT Kit 
(Thermo Fisher Scientific, Inc.), according to the manufac‑
turer's instructions. The primer sequences used to quantify the 
mRNA expression levels of Rho GTPases, fibroblast markers 
and epithelial markers are listed in Table II. GAPDH was 
used as the internal control gene. The specificity of the primer 
sequences was validated using Primer‑BLAST (National 
Center for Biotechnology Information). The qPCR was 
performed using ABI StepOne Plus (Applied Biosystems) in 
40 cycles using 5X HOT FIREPol EvaGreen qPCR Mix (Solis 
Biodyne), 10 pmol/µl forward and reverse primer, 10 ng/µl 
cDNA template and PCR‑grade water. The following thermo‑
cycling conditions were used for qPCR: Initial denaturation 
for 10 min at 95˚C, followed by 40 cycles of denaturation at 
95˚C for 15 sec and annealing/extension at 55˚C for 45 sec. 
The relative expression levels were calculated using the 2‑∆∆Cq 

method (17). For ECC‑1 and CAF monoculture, the relative 
fold‑changes in gene expression were normalized to the 
non‑Matrigel cultures (2D cultures), whereas for the ECC‑1 
and CAF co‑cultures, the relative fold changes in gene expres‑
sion were normalized to those of the ECC‑1 monoculture 
to obtain the expression levels of the CAFs. The relative 
fold changes from three different CAF lines were averaged 
(EC48Fib, EC49Fib, and EC50Fib).

Cell isolation from 3D culture. The spheroids formed at 
day 1 and day 14 were digested with 2 mg/ml collagenase 
(Worthington Biochemical Corporation) in a rotator for 1 h 
at 37˚C. After digestion, the cells were centrifuged at 300 x g 
for 10 min, at room temperature. The cell pellets were resus‑
pended in 100 µl calcium‑ and magnesium‑free PBS (pH 7.2) 
containing a final concentration of 0.5% BSA and 2 mM EDTA 
dissolved, then incubated with 20 µl human anti‑fibroblast 
microbeads and 20 µl human CD326 (EpCAM) microbeads 
(cat. no. 130‑061‑101, Miltenyi Biotec, Inc.) for 1 h at 4˚C. The 
cells were then separated using MiniMACS™ cell separator 
(Miltenyi Biotec, Inc.).

Lentiviral transduction. ECC‑1 cells and fibroblasts were 
transduced with pre‑made lentiviral particles for red fluores‑
cence protein (RFP; cat. no. LVP429) and green fluorescence 
protein (GFP; cat. no. LVP426) obtained from GenTarget 
Inc., respectively. Briefly, the cells were seeded at a density of 
5x104 cells/well in a 24‑well plate. After 24 h, 15 µl pre‑made 
lentiviral particles (1x107 IFU/ml) were added, together with 
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235 µl of serum‑free medium. A 250 µl volume of complete 
medium was added after 6 h. Selection was carried out by 
supplementing the cultures with a final concentration of puro‑
mycin of 1 µg/ml (MilliporeSigma) for 2 weeks.

3D culture establishment. RFP‑expressing ECC‑1 cells 
were co‑cultured with GFP‑expressing fibroblasts at 1:1 
ratio (2x104 cells per dish) each on Matrigel® (Corning, 
Inc.)‑precoated glass bottom cell culture dish (WillCo Wells 
B.V.). The cells were cultured using DMEM F12 (Thermo 
Fisher Scientific, Inc.) supplemented with 10% FBS and 1% 
penicillin/streptomycin. The culture medium was changed 
every 3‑4 days over a period of 14 days.

Immunofluorescence staining. Immunofluorescence staining 
was performed on ECC‑1 and CAF monocultures, as well as 
ECC‑1 and CAF co‑cultures on day 1 and day 14. The 3D spher‑
oids were fixed with 4% paraformaldehyde at 4˚C for 20 min, 
followed by permeabilization with 0.01% Triton‑X at 4˚C for 
20 min. The spheroids were stained with anti‑phosphorylated 
(p‑) MLC primary antibody at 4˚C, overnight (cat. no. 3671S; 
diluted 1:500; Cell Signaling Technology, Inc.), and then with 
Alexa Fluor® 647‑conjugated secondary antibody at 4˚C for 
1 h (cat. no. A32733; diluted 1:1,000, Thermo Fisher Scientific, 
Inc.). The primary and secondary antibodies were diluted 
with ImmunoDetector Protein Blocker/Antibody Diluent 
(BIOTnA), which included bovine serum albumin as the 
blocking reagent. The slides were mounted with Vectashield 
Antifade Mounting Medium with DAPI (Vector Laboratories, 
Inc.). The images were analysed using a DeltaVersion decon‑
volution microscope (GE Healthcare).

Confocal microscopy and 3D projection analysis. Fluorescence 
images of the 3D spheroids were analyzed using a Leica TCS 

SP5 II laser confocal microscope (Leica Microsystems GmbH). 
The Helium‑Neon (543 nm) and Argon (488 nm) lasers were 
used to detect RFP and GFP signals, respectively. The images 
were acquired sequentially to avoid crosstalk between fluores‑
cence channels. A stack of optical sections was acquired by 
changing the position of the focal plane in the z‑direction with 
a step size of 2.98 µm using a 10X air objective. Images taken 
in each z‑plane were combined into one single picture using the 
maximum intensity projection function. The 3D reconstruction 
of z‑planes was then analyzed using LAS X 3D Visualization 
version 3.1.0.15537 (Leica Microsystems GmbH). The 3D 
reconstruction of the x, y and z planes of the 3D sphere were 
adjusted to the center of the plane in the cross‑section analysis. 
The distance between the outermost edges of the z‑plane was 
measured as the diameter of spheroids.

Live cell imaging. Live cell imaging was performed 
using a Nikon Eclipse Ti fluorescence microscope (Nikon 

Table II. Primer sequences.

Gene 
name Orientation Sequence, 5'‑3'

RhoA Forward AATCTGGGTGCCTT
  GTCTTG
 Reverse GTGCAGAGGAGGG
  CTGTTAG
ROCK1 Forward AGGAAAATCGAAA
  GCTGCAA
 Reverse GTTTAGCACGCAAT
  TGCTCA
Vimentin Forward GGCACGTCTTGACC
  TTGAA
 Reverse GGTCATCGTGATGC
  TGAGAA
α‑SMA Forward GACGAAGCACAGA
  GCAAAAGAG
 Reverse TGGTGATGATGCCA
  TGTTCTATCG
EpCAM Forward AATGTGTGTGCGTG
  GGA
 Reverse TTCAAGATTGGTAA
  AGCCAGT
E‑cadherin Forward TTTGTACAGATGGG
  GTCTTGC
 Reverse AAGCCCACTTTTCA
  TAGTTCC
GAPDH Forward CCCATCACCATCTT
  CCAGGAG
 Reverse GTTGTCATGGATGA
  CCTTGGC

ROCK1, Rho‑associated, coiled‑coil containing protein kinase 1; 
EpCAM, epithelial cell adhesion molecule; SMA, smooth muscle 
actin.

Table I. CAF and BAF origin and patient age.

A, CAFs  
‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
  Patient age
Fibroblast line Tissue origin (years)

EC48Fib Endometrial cancer 51
EC49Fib Endometrial cancer 53
EC50Fib Endometrial cancer 40
‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
B, BAFs  
‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
  Patient age
Fibroblast line Tissue origin (years)
‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
EF2Fib Endometrial Fibroid 51
EH6Fib Endometrial hyperplasia 42
NE14Fib Normal endometrium 46

CAF, cancer‑associated fibroblast; BAF, benign tissue‑associated 
fibroblast.
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Corporation). The hardware was controlled using NIS Element 
version 4.30. To maintain cell viability during imaging, an 
environmental chamber at 37˚C with 5% CO2 supply was 
mounted on the microscope. A z‑stack of images with a step 
size of 8 µm was taken at 1‑h intervals using a 10X S plane 
Fluor dry objective. The entire imaging process was performed 
over 16 h. To create videos illustrating of cell motility, a sharp 
and focused single z‑plane image was selected at each time 
point. The velocity (µm/h) of the cells was calculated as the 
distance travelled by the cells (µm) divided by time (h) (18).

Wound healing assay. ECC‑1 cells were cultured in RPMI1640 
supplemented with 10% FBS and 1% penicillin/streptomycin 
in a 24‑well plate until they reached 100% confluence. A small 
linear scratch was created in the middle of the well using a 
10 µl pipette tip. The ECC‑1 cells were treated with 2% FBS 
medium or conditioned medium collected from the CAFs over 
3 days. The wound width was measured using a Nikon Eclipse 
Ti fluorescence microscope (Nikon Corporation).

Phalloidin staining. ECC‑1, CAFs and BAFs were seeded at 
5x104 cells/well on fibronectin pre‑coated coverslips in 24‑well 
plates. After overnight incubation, the cells were treated with 

Y‑27632 at 50, 75 or 100 µM for 24 h. The cells were washed 
with PBS and fixed for 20 min in 3.7% formaldehyde solu‑
tion in PBS at 4˚C. The cells were further permeabilized 
with 0.1% Triton X‑100 in PBS. The cells were stained with 
50 µg/ml phalloidin‑TRITC (MilliporeSigma) in PBS for 
40 min at room temperature. The cells were washed with 
PBS three times. The slides were mounted with Vectashield 
Antifade Mounting Medium with DAPI (Vector Laboratories). 
The cells were analyzed using a Nikon Eclipse Ti fluorescence 
microscope (Nikon Corporation).

MTT assay. Cell viability was assessed using an MTT assay. 
ECC‑1, CAFs and BAFs were seeded at 5x103 cells/well in 
96‑well plate overnight. The cells were treated with Y‑27632, 
at concentrations ranging from 0.2 to 100 µM or vehicle (0.01% 
DMSO) for 24 h. At the end of treatment, 20 µl MTT solution 
(5 mg/ml) was added to each well. Following 4 h of incuba‑
tion at 37˚C, 100 µl 10% sodium dodecyl sulfate was added to 
dissolve the formazan crystals in an additional 4 h of incuba‑
tion at 37˚C. Absorbance was measured using a spectrometer 
at 575 nm, with a reference of 650 nm.

ROCK1 inhibitor Y‑27632 treatment for cell motility 
assessment. In cell seeding, RFP‑expressing ECC‑1 cells were 
co‑cultured with GFP‑expressing fibroblasts at a 1:1 ratio 
(2x104 cells per dish) on a Matrigel® (Corning, Inc.)‑precoated 
glass bottom cell culture dish (WillCo Wells B.V.). A total of 
100 µM Y‑27632 and control (10% FBS) was added during cell 
seeding. Live cell imaging was performed as aforementioned.

Statistical analysis. Statistical analysis was carried out to 
assess the differences between the means of the control and 
test groups using unpaired Student's t‑test. One‑way ANOVA 
followed by Tukey's post hoc test or Bonferroni's correction 
was performed when there were >2 comparison groups. All 
statistical analyses were performed using GraphPad Prism 
version 6 (GraphPad Software, Inc.). P<0.05 was considered to 
indicate a statistically significant difference.

Results

CAFs enhance the motility of ECC‑1 cells in 3D culture 
models. The isolated fibroblast cells were first characterized 
for the expression of fibroblast and epithelial markers. Both 
isolated CAFs (EC48Fib, EC49Fib and EC50Fib) and BAFs 
(EF2Fib, EH6Fib and NE14Fib) showed high expression 
of vimentin and α‑SMA, with low expression of EpCAM 
and E‑cadherin (Fig. S1). The effects of these fibroblasts 
on EC cell motility were examined using wound healing 
assays. ECC‑1 tumor cells were treated with conditioned 
medium collected from CAFs. As shown in Fig. S2, there 
was no significant ECC‑1 cell migration following treatment 
with conditioned medium treatment, except that the condi‑
tioned medium collected from EC48Fib led to a small but 
significant increase in migration at day 3. Thus, the effects 
of CAFs on EC cell motility were further investigated using 
live cell imaging of the ECC‑1 and CAF co‑cultures in 
Matrigel®‑coated dishes over 16 h.

In order to visualize the individual movement of EC cells 
and fibroblasts in 3D co‑culture, the cells were transduced 

Table III. Velocity of ECC‑1 cells, CAFs and BAFs.

A, ECC‑1 cells  
‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
  P‑value
Group Velocity (µm/h) (vs. monoculture)

Monoculture 2.68±0.72  
Co‑culture with  7.86±0.6 P<0.001
CAFs   
Co‑culture with  4.0±1.01 P=0.28
BAFs  
‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
B, CAFs  
‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
  P‑value
Group Velocity (µm/h) (vs. monoculture) 
‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Monoculture 9.39±1.30  
Co‑culture with  7.14±0.97 P=0.71
ECC‑1  
‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
C, BAFs  
‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
  P‑value
Group Velocity (µm/h) (vs. monoculture)
‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑ 
Monoculture 3.56±0.51  
Co‑culture with  2.95±0.61 P=0.47
ECC‑1  

CAF, cancer‑associated fibroblast; BAF, benign tissue‑associated 
fibroblast.
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with RFP and GFP lentivirus, respectively. Selection was 
performed by supplementing the cultures with puromycin 
with a final concentration of 1 µg/ml for 2‑8 weeks. Fig. 1A 
demonstrates that the EC cells and fibroblasts expressed 
RFP and GFP, respectively, following puromycin selection. 
Approximately 80% of ECC‑1 cells and fibroblasts expressed 
RFP and GFP, respectively.

In the monoculture, the ECC‑1 tumor cells migrated in 
an amoeboid mode without forming cell projections, with an 
average velocity of 2.68±0.72 µm/h (Fig. 1B and O; Table III; 
Data S1). The CAFs formed long projections, and ECC‑1 cells 
could move on top of these projections. The ability of CAFs to 
form long cell projections was not influenced by the tumor cells 
(Fig. 1C, E and G), with an average velocity of 9.39±1.30 µm/h 

Figure 1. CAFs enhance ECC‑1 cell motility in a 3D environment. (A) Efficiency of RFP and GFP transduction was assessed using fluorescence microscopy 
following 2 weeks of puromycin selection. (B) RFP‑labeled ECC‑1 cells were cultured individually on Matrigel®. The monocultures of CAFs or co‑cultures 
with RFP‑labeled ECC‑1 on Matrigel® are shown for (C) EC48Fib monoculture, (D) ECC‑1 co‑cultured with EC48Fib, (E) EC49Fib monoculture, (F) ECC‑1 
co‑cultured with EC49Fib, (G) EC50Fib monoculture and (H) ECC‑1 co‑cultured with EC50Fib. All fibroblasts were labeled with GFP. The monocultures 
of BAFs or co‑cultures with RFP‑labeled ECC‑1 on Matrigel® are shown for (I) EF2Fib monoculture, (J) ECC‑1 co‑cultured with EF2Fib, (K) EH6Fib 
monoculture, (L) ECC‑1 co‑cultured with EH6Fib, (M) NE14Fib monoculture and (N) ECC‑1 co‑cultured with NE14Fib. Scale bar, 100 µm. (O) The velocity 
of the cells was measured using live cell imaging for 24 h. ECC‑1 monoculture was used as baseline in statistical analysis. Data are representative of three 
independent experiments and shown as the mean ± SEM. *P<0.05, **P<0.01, ***P<0.001 vs. ECC‑1 monoculture; one‑way ANOVA followed by Bonferroni's 
correction. CAF, cancer‑associated fibroblast; BAF, benign tissue‑associated fibroblast; RFP/GFP, red/green fluorescence protein; NS, not significant. 
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(Fig. S3A; Table III; Data S2, S3 and S4). However, in the 
presence of CAFs, the velocity of ECC‑1 increased 3‑fold 
(7.86±0.6 µm/h, P<0.0001) (Fig. 1D, F, H and O; Table III; 
Data S5, S6 and S7). The pro‑migratory effects were not 
observed with BAFs. The tumor cells could not move on top 
of the BAFs, likely due to the lack of cell projections (Fig. 1I, 
K and M). There were no significant changes observed in tumor 
cell velocity when co‑cultured with BAFs (4.06±1.01 µm/h, 
P=0.28) (Fig. 1J, L, N and O; Table III; Data S8, S9 and S10). 
To examine whether the tumor cells affect fibroblast motility, 
the velocity of CAFs and BAFs was examined in the presence 
of ECC‑1 cells. The motility of the CAFs was not affected 
by the tumor cells. Indeed, there was no significant change 
in CAF velocity when co‑cultured with ECC‑1 (7.14±0.97, 
P=0.71) compared with monocultures (9.39±1.30 µm/h) 
(Fig. S3A; Table III; Data S2, S3 and S4). Similarly, the velocity 
of the BAFs did not change significantly when co‑cultured 
with tumor cells (2.95±0.61 µm/h, P=0.47) compared with 
monocultures (3.56±0.51 µm/h), except that the EH6Fib line 
showed an increase in velocity from 2.26±0.52 in monoculture 
to 4.53±0.85 µm/h (P=0.0349) in the presence of tumor cells 
(Fig. S3B; Table III; Data S11, S12 and S13). Altogether, these 
findings indicated that the ability of CAFs to mobilize EC cells 
through cell projections was likely a CAF‑specific property and 
not the result of reciprocal interactions with the tumor cells.

CAFs promote EC spheroid formation. To examine the effects 
of enhanced EC cell motility in the presence of CAFs, the 3D 
tumor‑fibroblast co‑culture duration was prolonged. Tumor 
spheroid formation was observed 24 h post co‑culture, and 
the cells within the spheroids began to dissociate after 14 days 
of co‑culture. Thus, the diameter and number of tumor spher‑
oids were examined between day 1 and 14 in the presence or 
absence of CAFs.

In ECC‑1 monocultures, tumor spheroids were observed on 
day 1 with a mean diameter of 66.67±4.17 µm, which gradually 
increased from day 7 to 14 (191.7±18.16 µm) (Fig. 2A and D). 
The number of tumor spheroids in this monoculture decreased 
from 49.00±3.21 to 26.00±4.50 from day 1 to 14 (Fig. 2F). 
According to the 3D image reconstruction, from day 7 to 14, 
the ECC‑1 spheroids formed were compact (Fig. 2A). This 
may explain the consistent RFP signal observed from ECC‑1 
spheroid throughout this time period. However, in CAF 
(EC48Fib) monocultures, the cells grouped and formed clus‑
ters. The GFP signal from CAFs gradually decreased, and the 
cells were loosely packed as seen from the 3D reconstruction 
analysis (Fig. 2B).

Interestingly, when co‑cultured with EC48Fib, some 
ECC‑1 cells were observed along the protrusions and projec‑
tions of EC48Fib. ECC‑1 and EC48Fib formed at least 
10‑fold larger spheroids on day 7, with a mean diameter 
708.3±110.2 µm, compared with that of ECC‑1 monocul‑
tures. From the 3D reconstruction analysis, the cells in the 
co‑culture formed irregular spheroids (Fig. 2C). The diameter 
of the spheroids remained stable, as no apparent change in 
mean diameter was observed from day 7 to 14 (652±97.25 µm; 
Fig. 2A), although GFP signals from the EC48Fib within the 
spheroids was reduced substantially. For ECC‑1 and EC48Fib, 
the mean diameter of the spheroids from the co‑cultures was 
significantly higher than that of ECC‑1 monoculture on day 1 

(708.33±110.2 µm) and day 14 (652±97.25 µm), respectively. 
Interestingly, ECC‑1 and EC49Fib or EC50Fib co‑culture only 
formed spheroids from day 7 onwards, with a mean diameter 
of 177.6±38.68 and 500±212 µm, respectively (Fig. 2D and E; 
Fig. S4A). On day 1, ECC‑1 and CAF co‑culture did not show 
an increase the number of spheroids compared with the ECC‑1 
monoculture (49.00±3.21) (Fig. 2F and G). On day 14, the 
number of spheroids in ECC‑1 and CAF co‑cultures slightly 
increased (4.0±0.58), although there were no significant 
changes compared with the ECC‑1 monoculture (26.00±4.50) 
(Fig. 2F and G). Similar observations were obtained when 
the experiment was repeated with other CAF lines (EC49Fib 
and EC50Fib), as the CAFs promoted EC spheroid formation 
over 14 days (Fig. S4A). These observations indicated that 
CAFs may facilitate EC spheroid formation because of their 
pro‑migratory effects on EC cells.

BAFs did not promote EC spheroid formation. To further 
determine whether the observed effects on spheroid formation 
were specific to CAFs, the aforementioned experiments were 
carried out using BAFs. Similar with the previous section, 
in ECC‑1 monoculture, tumor spheroids were observed on 
day 1, and gradually increased from day 7 to 14 (Fig. 3A). In 
BAF monocultures, the EF2Fib protruded from the cellular 
membrane and formed clusters at day 1 (141.7±8.33 µm), 
with no significant change in the mean diameter from day 1 
to 14 (125.0±0.00 µm) (Fig. 3B). Interestingly, in ECC‑1 and 
EF2Fib co‑cultures, some ECC‑1 cells were detected along 
the protrusion and projection of the fibroblasts (Fig. 3C). 
The spheroid diameters increased only slightly from day 1 
to 14 (152.9±27.92 µm). However, there was no significant 
change compared with the ECC‑1 monoculture at day 14 
(Fig. 3D and E). The number of spheroids did not significantly 
change between day 1 and 14. Interestingly, BAFs suppressed 
the number of spheroids compared with the ECC‑1 mono‑
culture (Fig. 3F and G). Similar observations were obtained 
when the experiments were repeated with the NE14Fib line 
(Fig. S5A and B).

Co‑culture of ECC‑1 with another BAF line (EH6Fib) 
resulted in spheroids with an average diameter of 
95.83±15.02 µm on day 1 (Fig. S5D). There was a slight increase 
in diameter at day 14 (166.7±20.83 µm) (Fig. 3D and E) but 
no significant change in the number of spheroids compared 
with day 1 (Fig. 3F and G). However, unlike EF2Fib and 
NE14Fib, EH6Fib did not form cell protrusions and projec‑
tions (Fig. S5C). Altogether, our data suggested that BAFs 
were not able to promote EC spheroid formation.

Upregulation of RhoA expression and activation of 
RhoA/ROCK1 signaling in CAF‑mediated motility and 
spheroid formation. To delineate the mechanisms underlying 
CAF‑mediated EC tumor cell motility and spheroid formation, 
the expression of RhoA was examined. The primary function 
of this protein is to govern actin cytoskeleton reorganiza‑
tion (11). The involvement of these proteins was examined on 
day 1 when the tumor cells were actively migrating towards 
each other, and for spheroid formation on day 14 when the 
tumor cells had formed spheroids.

A previous study showed that the presence of the basement 
membrane in Matrigel® culture may affect the expression of 
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Figure 2. CAFs promote ECC‑1 tumor cell spheroid formation in 3D culture. (A) ECC‑1, (B) EC48Fib and (C) ECC‑1 and EC48Fib in combination were 
cultured on Matrigel® for 14 days. The formation of spheroids was analyzed using confocal analysis (Max. Pro, upper panel) and 3D reconstruction analysis 
(Cross Sec., bottom panel). Scale bar, 50, 200 and 250 µm. (D) The diameter of the spheroids was measured on day 1, 7, 10 and 14 using LAS X 3D 
Visualization. (E) The diameters of the spheroids were compared between the ECC‑1 monoculture and the ECC‑1 and CAF co‑cultures on day 1, 7, 10 and 
14. (F) The number of spheroids was calculated on day 1, 7, 10, and 14 using NIS Element version 4.30. (G) The number of spheroids was compared between 
the ECC‑1 monoculture and the ECC‑1 and CAF co‑cultures on day 1, 7, 10 and 14. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001; one‑way ANOVA followed by 
Bonferroni's correction. Data are representative of two independent experiments and shown as the mean ± SEM. CAF, cancer‑associated fibroblast; NS, not 
significant; Max pro, maximum projection; Cross Sec, cross section. 



VOON et al:  FIBROBLASTS ACT AS VEHICLES IN CANCER CELL MOTILITY8

Figure 3. BAFs did not promote EC spheroid formation in 3D culture. (A) ECC‑1, (B) EF2Fib or (C) ECC‑1 and EF2Fib were cultured on Matrigel® for 14 days. 
Confocal analysis (Max. Pro, upper panel) and 3D reconstruction analysis (Cross Sec, bottom panel) were performed over 14 days. Scale bar, 50, 200 and 
250 µm. (D) The diameter of the spheroids was measured on day 1, 7, 10 and 14 using LAS X version 2.0. (E) The diameter of the spheroids were compared 
between the ECC‑1 monoculture and the ECC‑1 and BAFs co‑culture on day 1, 7, 10 and 14. (F) The number of spheroids was calculated on day 1, 7, 10 and 14 
using NIS Element version 4.30. (G) The number of spheroids was compared between the ECC‑1 monoculture and ECC‑1 and BAFs co‑culture on day 1, 7, 10 
and 14. *P<0.05, **P<0.01, ***P<0.001; one‑way ANOVA followed by Bonferroni correction. Data are representative of two independent experiments and shown 
as the mean ± SEM. BAF, benign tissue‑associated fibroblast; NS, not significant; max. pro, maximum protection; cross sec, cross section. 
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RhoA (19). Compared with the non‑Matrigel® cultures (2D 
cultures), the ECC‑1 3D monoculture showed a 1.5‑fold upregu‑
lation of RhoA mRNA expression on day 1, and that increased 
to 3‑fold on day 14 (Fig. 4A). Moreover, when compared with the 
non‑Matrigel cultures (2D cultures), in the CAF monocultures, 
RhoA expression was upregulated 4‑fold on both day 1 and 14. In 
the ECC‑1 and CAF co‑cultures, a 5‑fold upregulation of RhoA 
expression was observed on day 14 compared with the ECC‑1 
monoculture on day 1 (P<0.05; Fig. 4A).

The expression of ROCK1, a downstream effector of 
RhoA (11), was then evaluated. ROCK1 was not upregu‑
lated in ECC‑1 and CAF monocultures on day 1 and 
14 (Fig. 4B). Surprisingly, in the presence of CAFs, the 

expression of ROCK1 increased 2.5‑fold on day 1, and this 
was maintained on day 14 (Fig. 4B). Immunofluorescence 
staining was then performed to evaluate the expres‑
sion of p‑MLC, a downstream effector of ROCK1 in 
RhoA/ROCK1 signaling (14,15). The p‑MLC protein was 
highly expressed in ECC‑1 and CAF co‑cultures at day 14 
compared with day 1 (Fig. 4C). However, the expression of 
p‑MLC observed in ECC‑1 monoculture and CAF mono‑
cultures was low in day 1 and 14 when compared to that 
in ECC‑1 and CAF co‑culture, respectively. Collectively, 
these data suggested that RhoA/ROCK1 signaling in 
fibroblasts was likely involved in EC motility and spheroid 
formation in the 3D culture system.

Figure 4. RhoA expression and RhoA/ROCK1 signaling activation in ECC‑1 cells, CAFs and ECC‑1 and CAF co‑cultures. Total RNA from ECC‑1 monocul‑
tures, CAF monocultures and ECC‑1 and CAF co‑cultures was used for reverse transcription‑quantitative PCR analysis of (A) RhoA and (B) ROCK1 mRNA 
expression on day 1 and 14. mRNA expression levels in the ECC‑1 and CAF monocultures were normalized to those of ECC‑1 and CAF 2D monocultures, 
respectively, whereas mRNA expression in ECC‑1 and CAF co‑culture was normalized to that of the ECC‑1 3D monoculture. GAPDH was used as house‑
keeping gene. *P<0.05; two‑tailed Student's t‑test. Data are representative of two independent experiments and shown as the mean ± SEM. (C) The expression 
of p‑MLC, a downstream effector of ROCK1 was examined using immunofluorescence in the ECC‑1 monoculture, CAF monoculture, and the ECC‑1 and CAF 
co‑cultures on day 1 and 14. ECC‑1 (RFP, red); CAFs (GFP, green); nucleus (DAPI, blue), p‑MLC (Alexa Fluor® 647, grey). Images shown are representative 
of two independent experiments. Scale bar, 10 µm. CAF, cancer‑associated fibroblast; RFP/GFP, red/green fluorescence protein; NS, not significant; ROCK1, 
Rho‑associated, coiled‑coil containing protein kinase 1; p‑MLC, phosphorylated myosin light chain. 
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ROCK1 inhibitor Y‑27632 abrogated CAF‑mediated ECC‑1 
cell motility and spheroid formation. Y‑27632, a selective 
ROCK1 inhibitor that targets ATP‑competitive p160ROCK 
and ROCK1, was used to determine whether RhoA/ROCK1 
signaling was required for the CAF‑mediated increase in EC 
motility. Cell viability assays and phalloidin‑TRITC staining 
were carried out in ECC‑1, CAFs and BAFs in order to 
determine the optimal concentration of Y‑27632 to be used. 
When Y‑27632 was used at concentrations ranging from 0.2 
to 50 µM, the viability of ECC‑1 cells did not significantly 
change compared with vehicle‑treated cells. However, at 
100 µM, ECC‑1 cell viability was reduced to 67.20±4.75% 
(Fig. S6A). CAFs and BAFs treated with concentrations 
ranging from 0.2 to 100 µM did not show significant changes 
in cell viability when compared with vehicle‑treated cells 
(Fig. S6B and C). Moreover, ECC‑1 cells showed no changes 
in morphology or in actin structures from concentration of 

50 to 100 µM (Fig. S6D). Interestingly, fine and elongated 
cytoplasmic processes from the cell body were observed in 
CAFs, possibly due to the inhibition of stress fiber formation 
following Y‑27632 treatment. Such an inhibitory effect was 
shown in a concentration‑dependent manner and stress fiber 
formation was completely inhibited following treatment with 
100 µM of Y‑27632 (Fig. S6E‑G). Similar observations were 
made in BAFs (Fig. S6H‑J).

ECC‑1 cells did not show significant changes in mean 
velocity following 16‑h treatment with 100 µM Y‑27632 
(0.82±0.07 µm/h) compared with vehicle‑treated cells 
(1.24±0.07 µm/h, P=0.0866) (Fig. 5A). However, this treat‑
ment significantly inhibited the mean velocity of the EC48Fib, 
EC49Fib and EC50Fib CAF lines, resulting in 63.52, 53.33 
and 50.42% inhibition, respectively (Fig. 5B). In some of the 
ECC‑1 and CAF co‑cultures, Y‑27632 significantly inhibited 
tumor cell velocity with an average 86.36 and 78.3% reduction, 

Figure 5. ROCK1 inhibitor Y‑27632 reduces ECC‑1 and CAF velocity in 3D co‑cultures. ECC‑1 and fibroblasts 3D cultures were treated with the ROCK1 
inhibitor Y‑27632 (100 µM) for 16 h, then velocity was measured using live cell imaging software. (A) ECC‑1 monoculture. (B) CAF monoculture. (C) ECC‑1 
and CAF co‑culture. (D) BAF monoculture. (E) ECC‑1 and BAF co‑culture. **P<0.01, ***P<0.001; unpaired Student's t‑test. Data are representative of two 
independent experiments and shown as the mean ± SEM. Each data point represents an individual cell. CAF, cancer‑associated fibroblast; BAF, benign 
tissue‑associated fibroblast; ROCK1, Rho‑associated, coiled‑coil containing protein kinase 1. 
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in ECC‑1 and EC49Fib and ECC‑1 and EC50Fib co‑cultures, 
respectively (Fig. 5C). The inhibition was predominantly 
mediated by CAFs, as motility of ECC‑1 cells alone were not 
affected.

Inhibition of ROCK1 did not alter BAF velocity in 
monoculture compared with the vehicle‑treated cells, except 
in EH6Fib, resulting in a 33.35% increase (Fig. 5D). There 
was no significant change observed in ECC‑1 velocity in the 
co‑culture with BAFs (Fig. 5E). Taken together, these results 
suggested that activation of ROCK1 signaling was required 
for CAF motility, which subsequently also affected EC cell 
motility in the co‑culture model.

The next experiments fur ther assessed whether 
RhoA/ROCK1 signaling was required for tumor spheroid 
formation. Compared with the control (10% FBS culture 
medium), in CAFs treated with 100 µM Y‑27632 for 24 h, 
fine and elongated cytoplasmic processes from the cell body 
were observed, likely due to inhibition of stress fiber forma‑
tion (Fig. 6A‑C; Data S14, S15 and S16). Although there was 
no change in ECC‑1 monoculture morphology following 
Y‑27632 treatment (Fig. 6D; Data S17), the formation of 
tumor spheroids in the ECC‑1 and CAF co‑culture model was 
markedly inhibited (Fig. 6E‑G; Data S18, S19 and S20). The 
formation of fine cytoplasmic processes from CAFs restricted 
ECC‑1 movement across CAF cell projections, thus inhibiting 
spheroid formation. Although BAFs also formed cytoplasmic 
processes upon treatment with Y‑27632 (Fig. 6H‑J; Data S21, 
S22 and S23), no spheroid formation was observed in ECC‑1 
and BAF co‑cultures (Fig. 6K‑M; Data S24, S25 and S26). 
Altogether, these data suggested that RhoA/ROCK1 signaling 
was required for CAF motility and formation of tumor spher‑
oids in 3D cultures.

Discussion

The present study evaluated the effect of CAFs on EC cell 
motility and spheroid formation in a 3D culture system. The 
findings demonstrated that i) CAFs, but not BAFs, provided 
contact guidance to EC cells to move along their long axes in 
3D cultures; ii) CAFs enhanced EC cell motility and promoted 
spheroid formation in 3D cultures; and iii) RhoA/ROCK1 
signaling pathway was partly involved in CAF‑mediated EC 
cell motility. This supports the notion that CAFs may have an 
important role in the EC metastatic cascade by enabling the 
tumor cells to move towards each other in forming spheroids 
in a 3D environment.

It has long been recognized that crosstalk between 
tumor cells and their microenvironment alters the mecha‑
nistic property of tumor cells in proliferation, motility and 
metastasis (20). Secretion of exosomes and microRNA from 
cancer cells can turn normal fibroblasts into CAFs (21). 
CAFs govern epithelial‑to‑mesenchymal transition (EMT) by 
remodeling the ECM and secreting growth factors or cyto‑
kines to stimulate cancer cell growth (21). CAFs also secrete 
pro‑tumorigenic factors, including IL‑6, IL‑8, stromal‑derived 
factor‑1 α, VEGF, tenascin C, and matrix metalloproteinases, 
which recruit additional tumor and pro‑tumorigenic cells to 
the developing microenvironment (21). CAFs have been shown 
to exhibit pro‑malignant properties and to promote EC tumor 
growth, migration and invasion (16,22,23). In the present 

study, BAFs served as a control fibroblast type originating 
from benign endometrial tissue. Using similar experimental 
settings, it was observed that, when co‑cultured with EC cells 
for 24 h, CAFs exhibited a very different phenotype and could 
migrate top of EC cells on the basement membrane. However, 
this observation was not seen with BAFs, indicating that the 
co‑culture duration was not sufficient to induce a change from 
BAFs to CAFs to show similar migratory phenotype.

In previous studies, despite the different levels of CAF acti‑
vation and the heterogeneity between patients (24,25), CAFs 
isolated from patients with EC have been suggested to promote 
tumor cell proliferation by regulating the secretory cytokine 
IL‑6 to activate STAT3/c‑Myc signaling in EC cells (16,26). 
However, fibroblasts isolated from proliferative normal 
endometrium could suppress the growth of the Ishikawa EC 
cell line, even in the presence of estrogen and in cultures on 
basement membranes (27,28). In BAFs, Luo et al (29) showed 
that the proliferation activity of fibroblast isolated from 
uterine fibroid was enhanced post estrogen stimulation. The 
estrogen‑mediated MEK, ERK1/2 and AKT signaling path‑
ways involved in cell proliferation were also activated.

Pineda et al (30) suggested that treatment of benign stromal 
cells with estrogen and progesterone significantly inhibited 
stromal cells proliferation. In contrast, proliferation of stromal 
cells from high‑grade EC was minimally affected by the 
addition of estrogen and progesterone. Stromal cells from 
low‑grade EC exhibited a more varied proliferative response. 
In CAFs, the effect of estrogen alone on CAFs growth remains 
unclear. In EC cells, estrogen alone promoted tumor growth 
over a period of 32 days in vivo (30). Similarly, Yang et al (31) 
demonstrated that estrogen could promote EC cell prolifera‑
tion in a dose‑dependent manner by upregulating prohibitin 
expression.

The present study identified another pro‑tumorigenic role 
for CAFs: Mediating EC cell motility and spheroid forma‑
tion. In the present study, the 3D tumor‑fibroblast co‑culture 
model used Matrigel® as a surrogate basement membrane. This 
method promoted direct cell‑to‑cell contact, allowing CAFs 
to make cellular networks via cell projections and provided 
contact guidance for EC cells to move towards each other 
during spheroid formation. Such observations are novel in EC, 
as fibroblasts were previously shown to facilitate cancer cell 
migration either via secretory factors to induce EMT in tumor 
cells (32‑34) or to generate tracks in the ECM for collective 
tumor cell migration (35). In 3D spheroid formation, concentra‑
tion gradients of nutrients, oxygen and catabolites are generated 
in necrotic areas (36‑38). As the ECC‑1 and CAF co‑cultures 
form 3D spheres, hypoxic cores were generated in the center 
of the spheres. This may explain the loss of GFP signal from 
the fibroblasts over time, whereby the hypoxic core may induce 
necrosis or apoptosis in CAFs encapsulated in the core.

The present findings suggested that direct cell‑to‑cell 
contact between fibroblasts and cancer cells is crucial in 
enhancing cancer cell motility. In non‑small cell lung cancer 
(NSCLC), Choe et al (39) showed that CAFs could enhance 
the motility of NSCLC cells through direct cell‑to‑cell 
contact via the Hedgehog signaling pathway. Interestingly, 
increased tumor cell migration was only shown in a direct 
co‑culture system, suggesting that CAF‑mediated NSCLC 
cell migration is mediated by direct cell‑to‑cell contact (33). 
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Henriksson et al (40) further demonstrated that, in 
cell‑to‑cell contact, a heterotypic E‑cadherin/N‑cadherin 
adhesion complex between CAFs and squamous cell 
carcinoma cells is crucial for CAF‑mediated cancer cell 
migration and invasion. This occurs through the ECM 

via integrin‑mediated cytoskeleton remodeling and acto‑
myosin reassembly, while dragging tumor cells through 
CAF‑cancer cell interactions (40). Compared with their 
benign counterparts, CAFs from the EC tissue exhibit 
migratory phenotypes.

Figure 6. Inhibition of RhoA/ROCK1 signaling inhibits CAF‑mediated spheroid formation. ECC‑1 and fibroblast 3D cultures were used for spheroid forma‑
tion analysis using live cell imaging following treatment with the ROCK1 inhibitor Y‑27632 (100 µM) for 24 h. (A) EC48Fib, (B) EC49Fib and (C) EC50Fib 
CAF monoculture. (D) ECC‑1 monoculture. (E) ECC‑1 and EC48Fib co‑culture. (F) ECC‑1 and EC49Fib co‑culture. (G) ECC‑1 and EC50Fib co‑culture. 
(H) EF2Fib, (I) EH6 Fib, (J) NE14Fib monoculture. (K) ECC‑1 and EF2Fib co‑culture. (L) ECC‑1 and EH6Fib co‑culture. (M) ECC‑1 and NE14Fib co‑culture. 
Scale bar, 100 µm. The images shown are representative of two independent experiments. CAF, cancer‑associated fibroblast; ROCK1, Rho‑associated, 
coiled‑coil containing protein kinase 1. 
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However, it is unknown why CAFs acquire these pheno‑
types differently from BAFs, including the ability to form 
cellular networks via cell projection to facilitate tumor cell 
migration. Reciprocal influence between cancer cells and 
fibroblasts may alter certain molecular and functional char‑
acteristics related to cell adhesion, induction of membrane 
fluidity, migration velocity and directionality (41). For example, 
an increase in N‑cadherin was observed in breast cancer cells 
after interacting with CAFs, but not with BAFs (41). It is 
indeed an interesting observation that BAF velocity increased 
following co‑culture with tumor cells. This may be explained 
by evidence from Bussard et al (21) that show certain cyto‑
kines secreted from cancer cells promote the conversion of 
resident fibroblast into highly migrating fibroblasts. Treatment 
with conditioned medium from colon cancer cells activates 
fibroblasts, as revealed by increased fibroblast activation 
protein α expression, a marker of fibroblast activation (40). 
Indeed, direct cell‑to‑cell physical contact and interaction with 
the basement membrane endow tumor cells with metastatic 
behavior (35,42), including formation of spheroids to survive 
the extravasation process into the bloodstream (43,44). It may 
then be worthwhile to investigate the profile of cell adhesion 
molecules in BAFs and CAFs and determine their effects on 
the metastatic potential of EC cells.

Our 3D model reveals that the regulation of stress fiber in 
cell projection formation may be a key factor in CAF‑mediated 
motility in EC cells. Initially, ECC‑1 tumor cells and fibroblasts 
were isolated from the mixed co‑culture using human CD90 
anti‑fibroblast and human CD326 (EpCAM) magnetic micro‑
beads, with the aim of analyzing the gene expression in each cell 
type separately. Due to the limited quantity and quality of the RNA 
obtained, gene expression from isolated single cell types was not 
possible. Thus, the level of gene expression shown was from mixed 
RNA from the two cell types in ECC‑1 and CAF co‑culture.

Reorganization of actin cytoskeleton during cell motility 
is governed by the Rho family of GTPases (11). In terms 
of single‑cell motility, these GTPases are required for 
membrane protrusion in the cell front (lamellipodia, filopodia 
and/or membrane blebs), formation of new adhesion, cell 
body contraction and detachment of the cell tails (45). The 
Rho/ROCK1 signaling pathway can be activated by various 
activated membrane receptors, such as G protein‑coupled 
receptors, tyrosine kinase receptors, and intracellular recep‑
tors (46). RhoA has also been shown to be activated by several 
cytokines and inflammatory mediators (46). Both IL‑4 and 
‑13 upregulate RhoA via activator transcription factor 6 in 
smooth muscle cells (47,48). In addition, angiotensin II can 
activate the Rho/ROCK1 signaling pathway (49).

Overexpression of the Rho family of GTPases, RhoA, 
Rac1 and CDC42 in human tumors has been associated with 
cytoskeleton rearrangements for cell motility (50). Among 
them, ROCK1 is one of the most important effector molecules 
downstream of RhoA. There are two homologous isomers in 
the cell: ROCK1 and ROCK2. Although ROCK1 and ROCK2 
have different upstream signals, their substrates include myosin 
light chain (MLC). However, in gene silencing experiments, 
Yoneda et al (51) and Wang et al (52) suggested different 
cellular functions for these two proteins. ROCK1 appears to 
be essential for the formation of stress fibers, whereas ROCK2 
appears to be necessary for phagocytosis and cell contraction. 

In fact, the formation of stress fiber in CAFs requires activa‑
tion of ROCK1 by RhoA (53). Thus, one of the aims of the 
present study was to examine the role of stress fiber formation 
in CAF cell projection on EC cell motility. The inhibition of 
ROCK1 activity using Y‑27632 resulted in a complete loss of 
stress fiber formation and development of long cytoplasmic 
processes in endometrial CAFs, in accordance with previous 
studies (54,55). Ishizaki et al (56) suggested that Y‑27632 
inhibited ROCK1 by competing with ATP for its binding to 
the kinase, causing induction of thin processes extending over 
the original size of the cells, as evidenced by ROCK1 protein 
inactivation. Currently, there is no treatment with ROCK1 
inhibition or clinical trial conducted on EC. However, in a 
phase‑1 clinical study, ROCK inhibition using K‑115, a Rho 
kinase inhibitor, lowered intraocular pressure in health adult 
eyes (57). Furthermore, Okumura et al (58) also demonstrated 
that ROCK1 inhibitors treatment improved corneal endothe‑
lial diseases in preclinical and clinical study (58). Lastly, two 
ROCK1 inhibitors have been licensed for clinical use in Japan; 
fasudil for the treatment of cerebral vasospasms and ripasudil 
for glaucoma treatment (59,60).

ROCK1 signaling is also crucial for CAF‑mediated physical 
remodeling of the ECM, a process favoring tumor aggressive‑
ness and dissemination. Gaggioli et al (61) showed that CAFs 
utilize the Rho/ROCK1 pathway to create force‑dependent 
movements, in which they migrate and form tracks in the 
matrix for the neighboring neoplastic cells to follow. Stimulated 
by extracellular signals such as Yes‑associated protein, 
ROCK1‑driven actomyosin contractility is also required to 
promote transformation of fibroblasts into CAFs (62). This 
may explain how interferences on Rho/ROCK1 pathway could 
lead to the inhibition of breast cancer cell migration and prolif‑
eration in vitro and bone metastasis in vivo (63).

In conclusion, the present study described how CAFs 
can support processes in EC early dissemination. Using a 
3D model, it was demonstrated that CAFs facilitate EC cell 
motility, via their cell projections, to allow EC cells migra‑
tion towards each other in forming spheroids. These processes 
were in part dependent on RhoA/ROCK1 signaling pathway, 
as chemical inhibition of ROCK1 diminished CAF‑mediated 
EC motility and subsequently the spheroid formation in a 3D 
in vitro model. Thus, it is worth exploring the therapeutic 
potential of RhoA/ROCK1 pathway inhibitors in metastatic 
EC in vivo models, in which their application may provide a 
new paradigm in treating aggressive EC.
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