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E-cadherin promotes proliferation of human ovarian 
cancer cells in vitro via activating MEK/ERK pathway
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Aim: E-cadherin is unusually highly expressed in most ovarian cancers.  This study was designed to investigate the roles of E-cadherin 
in the carcinogenesis and progression of ovarian cancers.
Methods: Human ovarian adenocarcinoma cell line SKOV-3 was examined.  E-cadherin gene CDH1 in SKOV-3 cells was knocked 
down via RNA interference (RNAi), and the resultant variation of biological behavior was observed using CCK-8 and colony formation 
experiment.  E-cadherin-mediated Ca2+-dependent cell-cell adhesion was used to study the mechanisms underlying the effects of 
E-cadherin on the proliferation and survival of SKOV-3 cells.  The expression levels of E-cadherin, extracellular signal-related kinase 
(ERK), phosphorylated ERK (P-ERK) were measured using Western blot assays.
Results: Transfection with CDH1-siRNA for 24–96 h significantly suppressed the growth and proliferation of SKOV-3 cells.  E-cadherin-
mediated calcium-dependent cell-cell adhesion of SKOV-3 cells resulted in a rapid increase of P-ERK, but did not modify the expression 
of ERK protein.  The phosphorylation of ERK in the cells was blocked by pretreatment with the MEK1 specific inhibitor PD98059 (50 
μmol/L), but not by the PI3K inhibitor wortmannin (1 μmol/L) or PKA inhibitor H89 (10 μmol/L).  
Conclusion: E-cadherin may function as a tumor proliferation enhancer via activating the MEK/ERK pathway in development of ovarian 
epithelial cancers.
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Introduction
Cadherins are a family of cell surface glycoproteins that 
mediate calcium-dependent intercellular adhesion, and 
are involved in cell differentiation and morphogenesis[1, 2].  
E-cadherin is a 120 kDa transmembrane protein, encoded 
by the CDH1 gene at 16q22.1.  E-cadherin can not only help 
establish calcium-dependent cell-cell contact through its extra-
cellular domain, but also link the extracellular environment 
to the contractile cytoskeleton inside cells by the interaction 
of its short intracellular tail with catenins, which in turn bind 
to actin filaments and play an important role in certain nuclear 
responses[3–5].

E-cadherin has been generally regarded as a tumor suppres-
sor in various malignancies, such as lung, gastric, laryngeal, 
pancreatic, and bladder cancers.  This is based on the fact that 
E-cadherin can prevent tumorigenesis, invasion, and metasta-

sis via promoting cell-cell adhesions and inhibiting epithelial-
mesenchymal transition (EMT)[6–11].  However, a growing body 
of studies has recently emerged to challenge this view.  For 
instance, E-cadherin is reported to be necessary for anchorage-
independent growth and suppression of apoptosis in oral 
squamous cancer cells[12].  Expression of the E-cadherin-
catenin cell adhesion complex is shown to be vital for disease 
progression in primary squamous cell carcinomas of the head 
and neck and their nodal metastases[13].  Most importantly, 
E-cadherin appears to function differently in the development 
of ovarian cancers.  E-cadherin is not expressed by the normal 
human ovarian surface epithelium (OSE), whereas it can be 
detected in the OSE located in the deep clefts, inclusion cysts, 
and invaginations[14], where over 90% of the ovarian cancers 
arise[15].  E-cadherin expression has been found in malignant 
ovarian tumors of all stages and its level is significantly higher 
in ovarian cancer tissues than in normal ovarian tissues[14, 16, 17].  
Furthermore, when introduced into OSE, E-cadherin stimu-
lates the secretion of the ovarian cancer-associated marker 
CA125 and the anchorage-independent growth in vitro and 
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induces the growth, invasion, and metastasis of adenocarci-
noma[18, 19].

The above results suggest that the up-regulation of 
E-cadherin may be an early event in the initial development 
of ovarian epithelial cancers, which is opposite to its hypoth-
esized role as a tumor suppressor.  However, the mechanism 
that how E-cadherin plays its role during the development of 
ovarian cancer still remains unclear.  Moreover, contradictory 
data have suggested that E-cadherin could inhibit tumor cell 
growth by suppressing phosphatidylinositol 3-kinase (PI3K)/
Akt signaling in ovarian cancer cells[20].  In the present study, 
to determine the possible functions of E-cadherin in ovarian 
cancer cells, we knocked down the CDH1 gene expression via 
RNA interference (RNAi) in the SKOV-3 ovarian cancer cells.  
We also established an E-cadherin-mediated calcium-depen-
dent cell-cell adhesion model by a method described before[21], 
to detect its role and related signaling mechanism in the regu-
lation of ovarian cancer cell growth and proliferation.

Materials and methods
Cell culture and reagents
The human ovarian adenocarcinoma cell line, SKOV-3, was 
kept in our laboratory and maintained in RPMI-1640 (Gibco, 
Paisley, UK) supplemented with 10% fetal calf serum (Gibco) 
at 37 °C in a 5% CO2 humidified atmosphere.  To establish the 
calcium-dependent cell-cell adhesion model, SKOV-3 cells 
were serum starved overnight, and then were suspended in 
serum-free medium containing 4 mmol/L EGTA for 30 min 
to disrupt the calcium-dependent and E-cadherin-mediated 
cell-cell contacts.  Thereafter, intercellular interactions were 
allowed to reestablish while the cells were re-suspended in 
fresh CaCl2 solution (final concentration of CaCl2, 1.8 mmol/L) 
for different periods ranging from five to thirty minutes.  To 
block the function of certain kinases in signaling transduc-
tion experiments, cells were pretreated with kinase inhibitors 
before EGTA treatment.  The SKOV-3 cells transfected by plas-
mids including siRNA targeting E-cadherin were treated in 
the same way as above 48 h after transfection.

The MEK1 inhibitor, PD98059, was purchased from Cell 
Signaling Technologies (Danvers, MA, USA).  The PKA inhibi-
tor, H89, was from Upstate Biotechnology (Boston, MA, USA).  
The PI3K inhibitor, wortmannin, was from Santa Cruz Bio-
technology (Santa Cruz, CA, USA). The mouse anti-human 
E-cadherin monoclonal antibody and mouse monoclonal 
antibody to β-actin were purchased from BD Transduction 
Laboratories (SanJose, CA, USA).  Neutralizing antibody to 
E-cadherin, SHE 78-7, was from Takara (Shiga, Japan).  Rab-
bit polyclonal antibodies to p44/42 ERK, and phosphorylated 
p44/42 ERK (Thr202/Tyr204), were obtained from Cell Sig-
naling Technologies (Beverly, MA, USA).  Rabbit anti-mouse 
IGG-FITC secondary antibodies were from Zymed Laborato-
ries, Inc (South San Francisco, CA, USA).  Lipofectamine 2000 
for transfection of small interfering RNA (siRNA) oligonucle-
otides was obtained from Invitrogen (Carlsbad, CA, USA).

RNA interference (RNAi)
SKOV-3 cells were seeded in 24-well plates 24 h before trans-
fection at a density of 3×104 cells/well.  Plasmids (1 μg per 
well) including siRNA targeting E-cadherin were mixed 
with Lipofectamin 2000 for transfection according to the 
manufacturer’s instructions.  The sequence of the double-
stranded E-cadherin-specific siRNA was 5’-GGCCTCTACG-
GTTTCATAA-3’.  The E-cadherin siRNA expressing plasmid 
and the negative control plasmid HK were purchased from 
Wuhan Gensil Biotechnology (Wuhan, China) and used 
directly for transfection.  

Immunofluorescence staining
SKOV-3 cells cultured on glass coverslips were washed with 
PBS, fixed in 4% paraformaldehyde for 20 min at room tem-
perature, and permeabilized with 0.5% Triton X-100 for 10 min 
at room temperature.  The cells were then washed with PBS, 
sequentially stained with mouse anti-E-cadherin monoclonal 
antibody (1:100) for 1 h followed by fluorescent isothiocya-
nate (FITC)-labeled anti-mouse IgG antibody (1:50) (Zymed 
Laboratories, San Francisco, CA, USA) for 30 min at 37 oC, and 
mounted for visualization under a Zeiss Axiophot microscope 
(Carl Zeiss, Thornwood, NY, USA).

Western blot
To test the possible role of E-cadherin, MEK, PI3K and PKA, 
cells were pretreated with corresponding protein kinase 
inhibitors such as E-cadherin-specific neutralizing antibody 
SHE 78-7 (20 μg/mL), MEK1 specific inhibitor PD98059 (50 
μmol/L), PI3K inhibitor wortmannin (1 μmol/L) or PKA 
inhibitor H89 (10 μmol/L) respectively for 30 min before 
being restored with fresh calcium for 10 min.  At different 
time points after calcium restoration, certain cells were har-
vested and lysed in TNES buffer: 50 mmol/L Tris-HCl (pH 
7.5), 2 mmol/L EDTA, 100 mmol/L NaCl, 1.0 mmol/L sodium 
orthovanadate, and 1% NP40 containing protease inhibitors 
(20 µg/mL aprotinin, 20 µg/mL leupeptin, and 1.0 mmol/L 
phenylmethylsulfonyl fluoride).  The amount of protein was 
quantified by a colorimetric assay (Bio-Rad, Hercules, CA, 
USA).  Fifty micrograms of total proteins from cell lysates 
were separated by SDS-PAGE and transferred onto a nitrocel-
lulose membrane (Promega).  The membrane was blotted in 
5% bovine serum albumin (BSA)-Tris TBS containing 0.1% 
Tween 20 and probed with antibodies against E-cadherin, 
ERK, phosphorylated ERK (P-ERK) or β-actin (Santa Cruz).  
The signals were developed by using an enhanced chemilumi-
nescence system (Pierce, Rockford, IL, USA).

Cell proliferation analysis 
SKOV-3 cells transfected with CDH1 siRNA or HK, untrans-
fected cells incubated with or without SHE 78–7 (20 μg/mL) 
were prepared separately for proliferation assay.  The Cell 
Counting Kit-8 (CCK-8, Dojindo Molecular Technologies, 
Shanghai, China) was used to measure cell proliferation with 
an enzyme-labeled minireader (Bio-Rad, Japan) at 450 nm at 
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24, 48, 72 and 96 h.  For the colony-formation assay, approxi-
mately 0.5×102 cells which had been transfected by plasmids, 
including the siRNA or HK, were seeded into each well of six-
well plates and cultured for two weeks.  Certain control cells 
were incubated simultaneously with SHE 78–7 (20 μg/mL) 
or PD98059 (50 μmol/L), respectively.  Colonies were stained 
with gentian violet and counted under a microscope.  All the 
experiments were done three times in triplicate wells.

Statistical analysis
All experiments were repeated at least three times.  For West-
ern blot, a representative blot from three independent experi-
ments is shown.  For numbers of cells and colonies, data were 
expressed as mean value±standard deviation (SD) and sta-
tistically analyzed with student’s t-test, and a difference was 
considered significant at P<0.05.  Data were analyzed using 
Graphpad Prism 4.

Results
E-cadherin expression was down-regulated markedly after the 
RNAi targeting CDH1 gene
We performed RNAi targeting the CDH1 gene in SKOV-3 
cells that had been reported to highly express E-cadherin[22].  
We found that the level of E-cadherin was markedly down-
regulated in SKOV-3 cells (Figure 1A).  As shown in Figure 
1B, E-cadherin staining was intense and restricted to cell-cell 
contacts in HK, the negative group, as the anti-E-cadherin 
antibody used for immunofluorescence recognized the intrac-
ellular tail of E-cadherin.  Meanwhile, the fluorescence signal 
was much weaker after CDH1 gene was knocked-down via 
RNA interference (Figure 1B).

Growth and proliferation of SKOV-3 cells was efficiently 
suppressed after knocking-down of E-cadherin expression 
We then studied whether down-regulation of E-cadherin 
may affect the behavior of SKOV-3 cells, using both CCK8 
and colony formation assay.  As shown in Figure 2, growth of 
SKOV-3 cells transfected with CDH1 siRNA was suppressed at 
all time points (24, 48, 72, and 96 h) compared to the negative 
control SKOV-3-HK cells (P<0.05 for all).  Also as shown in 
Figure 2, there was marked suppression of cell growth in the 
positive control cells incubated with SHE 78-7, an E-cadherin 
neutral antibody, at all time points compared to the SKOV-
3-HK cells (P<0.05 for all).

Marked inhibition of colony formation ability was also 
detected.  As shown in Figure 3A, colony numbers decreased 
significantly in the CDH1-RNAi group, SHE 78-7 group and 
PD98059 (a MEK1 specific inhibitor) group in contrast to the 
HK group respectively (P<0.01 for all).  The colony numbers in 
RNAi group were less than both the SHE 78-7 group (P>0.05) 
and PD98059 group (P<0.05), but only the latter had a statisti-
cal difference (Figure 3B).  The size difference of cancer cell 
colony formed between the two groups (CDH1-RNAi vs HK) 
was also noticeable, because the colonies shrank and included 
much fewer cells after E-cadherin was knocked-down by 
RNAi (Figure 3C).  

E-cadherin promotes ovarian cancer cell proliferation through 
MEK/ERK signaling pathway
To investigate the underlying mechanism that how E-cad-
herin functioned to affect the proliferation and survival 
of ovarian cancer cells, we used a calcium-dependent 

Figure 2.  Shutdown of E-cadherin inhibits the proliferation of SKOV-3 
cells.  After transfection of the CDH1-siRNA and the control plasmids, the 
proliferation ability of SKOV-3 was monitored by CCK8 assay, at 0, 24, 48, 
72 and 96 h, respectively.  SKOV-3 cells incubated in the presence of SHE 
78-7, a neutral antibody of E-cadherin, were treated in the same way.  As-
say for every time points was repeated 3 times and the mean±SD of the 
OD reading value was shown in the figure.  The difference of OD values 
between the control group and CDH1-siRNA group or SHE 78-7 group at 
every time point was analyzed by student’s t-test.  bP<0.05 compared with 
the HK group.  eP<0.05 compared with the CDH1-siRNA group. 

Figure 1.  RNA interference of CDH1 gene inhibits E-cadherin expression 
in SKOV-3 cells.  (A) Western blot assay shows that E-cadherin protein 
level in SKOV-3 cells was markedly reduced 48 h after the transfection of 
CDH1-siRNA plasmids compared with control plasmid HK.  (B) Immuno-
fluorescence staining assay using anti-E-cadherin antibody demonstrates 
the decrease of E-cadherin protein staining on the cell membrane after 
RNA interference of CDH1 (magnification of ×40).  The scale bar stands 
for 20 μm.



820

www.nature.com/aps
Dong LL et al

Acta Pharmacologica Sinica

npg

E-cadherin-mediated cell-cell adhesion model[21].  In SKOV-3 
cells, E-cadherin-mediated Ca2+-dependent cell-cell adhesion 
can be disrupted by a calcium chelator EGTA, and then the 
cell-cell adhesion can be restored by addition of physiologi-
cal concentration (1.8 mmol/L) of fresh calcium solution.  As 
shown in Figure 4A, the level of phosphorylated ERK was 
low in SKOV-3 cells after calcium depletion (Figure 4A, lanes 
1 and 2).  The restoration of calcium-dependent cell-cell adhe-
sion, however, resulted in a rapid increase on the level of 
phosphorylated ERK, which lasted for nearly 20 min, and 

then gradually decreased to the basal level at 30 min after 
restoration (Figure 4A, lanes 3–6).  However, when cells were 
pretreated with an E-cadherin-specific neutralizing antibody 
SHE 78-7 (20 μg/mL) for 30 min and then restored with fresh 
calcium for 10 min, the phosphorylation of ERK could hardly 
be detected (Figure 4B, lane 7).  This result indicated a role 
of E-cadherin to activate the ERK signaling pathway.  Mean-
while, no change was detected in the levels of total ERK pro-
tein regardless of any treatments in our experiment (Figure 4A 
and 4B).  These data demonstrates that E-cadherin-mediated 
calcium-dependent cell-cell adhesions activate ERK signaling 
by the phosphorylation of ERK, but they do not modify the 
expression of ERK protein in ovarian cancer cells.

To examine how E-cadherin mediates the activation of ERK, 
cells were pretreated with several kinase inhibitors separately 
before restoration of calcium-containing media.  As shown 
in Figure 4B, the phosphorylation of ERK was blocked by 
the pretreatment of the cells with the MEK1 specific inhibitor 
PD98059 (Figure 4B, lane 6), while it was not affected by the 
PI3K inhibitor wortmannin (Figure 4B, lane 4) or PKA inhibi-
tor H89 (Figure 4B, lane 5).  To further determine whether 
MEK activation is also mediated by E-cadherin, we examined 
the possible alteration of MEK phosphorylation after CDH1 
was knocked-down.  The results showed that, the same as the 
activation of its downstream protein ERK, MEK phosphory-
lation was both calcium dependent (Figure 4D, lane 3) and 
E-cadherin dependent, for MEK failed to be activated in the 
CDH1-knocked-down SKOV-3 cells even after calcium restora-
tion (Figure 4D, lane 4).  As shown in Figure 4C, no activation 
of ERK was observed during the disruption and restoration 
course of cell-cell adhesion after the expression of E-cadherin 
was suppressed by RNAi.  Hence, we suggest that E-cadherin-
mediated MEK/ERK activation may act as a major mechanism 
for ovarian caner cell survival and proliferation.  

Discussion
To elucidate the functional implications of the distinct expres-
sion pattern of E-cadherin in ovarian cancer cells, we first 

Figure 3.  Inhibition of E-cadherin or MEK suppresses the colony formation 
ability of SKOV-3 cells.  (A, B) Representative result and the quantitative 
analysis of colony formation assay in SKOV-3 cells showed the obviously 
decreased colony numbers in not only CDH1-siRNA group but also the SHE 
78-7 group and PD98059 group, in contrast to the HK group.  Mean±SD 
of three independent experiments was shown.  PD98059, a MEK1 
inhibitor.  bP<0.05 compared with the HK group, eP<0.05 compared with 
the CDH1-siRNA group.  (C) Colony of SKOV3 cells 48 h after transfection 
with CHD1-siRNA plasmid displayed the smaller sizes and contained much 
less cells compared with HK group, the negative control (magnification of 
×10).  The scale bar stands for 200 μm.

Figure 4.  Cell-adhesion-mediated MEK/ERK activation is 
E-cadherin dependent in SKOV-3 cells.  (A) E-cadherin-me-
diated cell adhesion activates ERK during the time course 
of calcium restoration in SKOV-3 cells.  P-ERK, phospho-
rylated ERK.  T-ERK, total ERK.  (B) E-cadherin is required 
for cell-cell adhesion mediated MEK-ERK activation. Wort, 
wortmannin (1 μmol/L). H89, PKA inhibitor, 10 μmol/L in 
concentration.  PD, PD98059, MEK1 inhibitor, 50 μmol/L 
in concentration.  SHE 78-7, E-cadherin-specific antibody, 
20 μg/mL in concentration.  (C, D) After E-cadherin 
expression was inhibited by siRNA, MEK/ERK failed to 
be activated after calcium restoration in SKOV-3 cells, for 
neither ERK (C) nor MEK (D, lane 4) was observed to be 
phosphorylated.  P-MEK, phosphorylated MEK.  T-MEK, 
total MEK.
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established a calcium-dependent cell-cell adhesion model in 
E-cadherin expressing ovarian cancer cell lines such as SKOV-3 
and CAOV-3 (data not shown) by a published method[21].  
Then we knocked down E-cadherin expression by RNAi to 
provide a platform to investigate the role of E-cadherin in 
activating intracellular proliferation and survival-related sig-
nals in ovarian cancer cells.  We found that down-regulation 
of E-cadherin expression resulted in marked suppression of 
survival and of colony formation abilities in ovarian cancer 
cells.  As excessive proliferation and growth are characteristics 
of malignant cells, we suggest that E-cadherin may play an 
important role in the growth and proliferation of ovarian car-
cinoma.  It has been previously determined in ovarian cancer 
that E-cadherin-mediated cellular adhesions and the succes-
sive activation of proliferation-related signaling may enhance 
the transformation of a single layer of normal epithelial cells to 
neoplastic cells, as well as the stimulation of tumor growth[14].  
Therefore, our results suggest that E-cadherin may function as 
a tumor proliferation enhancer in the development of ovarian 
epithelial cancers.  

Consistently, the up-regulation of E-cadherin expression 
has been considered as a new epithelial feature for OSE at the 
early stages of neoplastic transformation[23].  The E-cadherin 
expression is diminished at later stages of tumor progression 
as cells de-differentiate and acquire mesenchymal properties 
associated with a more aggressive phenotype[23–25].  Further-
more, a growing volume of data indicate that cell-cell adhe-
sion mediated by E-cadherin is involved in the suppression of 
anoikis and maintenance of cellular survival in both epithelial 
cells, such as normal enterocytes[26], oral squamous carcinoma 
cells[12] and nonepithelia such as Ewing tumor cells[27].  Instead 
of distant hematogenous metastasis like most other tumors, 
regional growth and superficial invasion restricted in the peri-
toneal cavity are the prominent characteristics of ovarian epi-
thelial cancer.  It may result from the formation of E-cadherin-
dependent multicellular spheroids, which could manifest a 
cell-cell adhesion mediated survival and transit to a second 
anchoring site even in the absence of ascites after detaching 
from the extracellular matrix (ECM)[28].

Meanwhile, our results convincingly indicate that in 
SKOV-3 cells the activation of MEK/ERK triggered by cell-cell 
adhesion is E-cadherin-dependent, evidenced by the fact that 
both siRNA targeting E-cadherin and its specific neutralizing 
antibody are able to markedly prevent the phosphorylation 
of MEK or ERK.  We suggest that the activation of prolifera-
tion and survival-related signal pathways of E-cadherin may 
be a ubiquitous phenomenon in ovarian cancer cells.  Previ-
ously E-cadherin has been reported to activate MEK/ERK in 
squamous cell carcinoma via physically interacting with and 
activating EGFR[29].  E-cadherin may also contribute to PI3K-
AKT activation by directly engaging the PI3K-p85 regulatory 
subunit to the adherens junctions of ovarian carcinoma cells[22].  
Although in the current study we have no evidence to demon-
strate that E-cadherin can directly interact with EGFR or MEK 
in ovarian cancer cells, our results strongly demonstrated that 
E-cadherin mediated activation of MEK/ERK exists in many 

E-cadherin expressing ovarian carcinoma cells such as SKOV-3 
and OVCAR-3[17].  Upon activation, MEK/ERK is known to 
sustain cell survival and proliferation via phosphorylating 
a series of downstream molecules.  The activation of EGFR/
MEK/ERK signaling has been demonstrated to support sur-
vival in squamous cell carcinoma cells by inducing the anti-
apoptotic protein Bcl-2[29].  In addition, MEK/ERK singling 
has been reported to help cells escape anoikis and maintain 
anchorage-independent growth in several ovarian cancer cell 
lines which are deprived of ECM in an in vitro environment 
that intimates the conditions of metastatic cells detached from 
ovaries and able to survive in the ascites of ovarian cancer 
patients[30].  These reports may partially explain the underly-
ing mechanism of how E-cadherin promotes ovarian cancer 
cell survival and proliferation, which may help to clarify the 
unique role of E-cadherin in ovarian cancer progression.  We 
suggest that E-cadherin plays a pro-oncogenic role during the 
development and progression of ovary cancer via a cell-cell 
adhesion activated MEK/ERK signaling pathway, which may 
serve as a potential therapeutic target to be exploited for ovar-
ian cancer treatment in future.  

Although research findings have been accumulating to 
reveal the ubiquitous expression of E-cadherin and its exact 
role in ovarian cancers, there are still many opposite opin-
ions[20] as well as lots of unsolved questions.  For instance, 
Sawada reported that loss of E-cadherin promotes ovar-
ian cancer cells metastasis via alpha 5-integrin[31].  Undoubt-
edly E-cadherin acts as an inhibitor in tumor metastasis, 
mainly for which it has been traditionally regarded as a tumor 
suppressor.  But the relationship between its proliferation 
enhancer and metastasis inhibitor roles, in other words, the 
final counterbalance outcome of its two contrary functions, 
is still not well-understood.  In our colony formation assay, 
CDH1 knocked-down SKOV-3 cells had suppressed colony 
formation ability, even though they ‘should’ tend to migrate 
after escaping from the E-cadherin-mediated adhesion of 
neighbor cells.  Similarly in HT29 cells as reported, colony 
formation ability diminished remarkably after E-cadherin 
was blocked by SHE 78-7[32].  Consistently, it is reported that 
Ewing tumor cells transfected by a dominant negative form 
of E-cadherin plasmid formed fewer and significantly smaller 
colonies compared with non-transduced cells[27].  Therefore, 
further research needs to be performed to try to elucidate the 
exact function of E-cadherin in ovarian cancer development 
and progression, especially the relationship between its con-
trary roles in regulating cell mobility and cell viability.
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