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a b s t r a c t

Overexpression of HER2 is correlate d with a poor prognosis in many types of human cancers. Due to the 
interaction between HER2 and other ErbB receptors, HER2 is implicated in the EGF family of ligands-reg- 
ulated tumor progression. In ovarian cancer, although the relationships between HER2 amplification and 
patient prognosis remain controversial, the underlying molecular mechanisms of HER2-mediated tumor 
progression are not fully understood. Our previous studies demonstrated that EGF induces ovarian cancer 
cell invasion by down-regulating E-cadherin expression through the up-regulation of its transcriptional 
repressors, Snail and Slug. It has been shown that overexpression of HER2 down-regulates E-cadherin 
expression in human mammary epithelial cells. However, whether HER2 mediat es EGF-induc ed down- 
regulation of E-cadherin remains unknown. In this study, we examine d the potential role of HER2 in 
EGF-induced down-regulation of E-cad herin and increased cell invasion. We show that EGF treatment 
induces the interaction of EGFR with HER2 and increases the activation of HER2 in human ovarian cancer 
cells; we also show that these effects are diminished by knockdown of EGFR. Importantly, treatment with 
HER2-specific tyrosine ki nase inhibitor, AG825, and HER2 siRNA dimini shed the up-regulation of Snail 
and Slug as well as the down-regulation of E-cadherin by EGF. Finally, we also show that EGF-induced 
cell invasion was attenuated by treatment with HER2 siRNA. This study demonstrates an important role 
for HER2 in mediating the effect s of EGF on Snail, Slug and E-cadherin expression as well as invasiveness 
in human ovar ian cancer cells.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction 

The ErbB family comprises four members: epidermal growth 
factor receptor (EGFR; ErbB1), HER2 (ErbB2), HER3 (ErbB3) and 
HER4 (ErbB4). These receptors belong to the family of receptor 
tyrosine kinases (RTKs), which have an extracellular ligand-bind- 
ing domain and a cytoplasmic tyrosine kinase-cont aining domain.
The EGFR family not only regulates normal biological functions 
such as cell proliferation , migration, invasion and differentiation 
but also plays important roles in regulatin g tumorigenes is [1,2].
A number of different EGF family of ligands bind to ErbB receptors,
and based on their receptor specificity, they can be divided into 
three groups [3]. EGF, transforming growth factor a (TGF-a) and 
amphireguli n belong to the first group, which binds specifically 
to EGFR [2]. Despite having no direct identified ligand, HER2 can 
be activated via dimerization with other ligand-bound ErbB family 
receptors [4,5].
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ErbB receptors, in particular EGFR and HER2, have been impli- 
cated in the developmen t and progression of many types of hu- 
man cancer, including ovarian cancer [2,6–8]. In human ovarian 
cancer, overexpression and activating mutations of EGFR have 
been detected and correlate d with more aggressive clinical 
behavior and a poor prognosis [7,9–11]. However, a recent study 
demonst rated that amplification of HER2 is rare in ovarian can- 
cer and is not associated with patient prognosis, contradic ting 
earlier studies [12,13]. Despite this controversy , heterodime riza- 
tion of HER2 and EGFR potentiates EGFR-media ted signaling 
[14,15]. Pertuzumab , a monoclonal antibody, binds to HER2 
and inhibits the dimeriza tion of HER2 with other ErbB family 
receptors [16]. In this context, pertuzumab can be used for treat- 
ment with tumors expressing HER2 at a lower level. A recent 
study shows that treatment with pertuzumab modulates the 
expression of a variety of genes and decreases tumor volume 
in ovarian cancer xenografts [17]. These results indicate that,
regardles s of the levels of HER2, dimeriza tion of HER2 with other 
ErbB receptors also plays important roles in regulating of tumor 
progression .

The loss of E-cadherin is the most important event in epithelial–
mesenchy mal transition (EMT) and is associate d with epithelial tu- 
mor cell invasion [18]. We have previousl y shown that treatment 
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Fig. 1. EGF induces formation of EGFR/HER2 heterodimers and activation of HER2.
(A) SKOV3 cells were treated with vehicle control (Ctrl) or 100 ng/mL EGF for 1 h,
and the interaction between EGFR and HER2 was analyzed by immunoprecipitation.
The total cell lysates were used as a positive control for the Western blot. (B) SKOV3 
cells were treated with vehicle control (Ctrl) or 100 ng/mL EGF, and phosphory- 
lation levels of HER2 were analyzed at different time points by Western blot. (C)
SKOV3 cells were transfected for 48 h with 50 nM control siRNA (si-Ctrl) or EGFR 
siRNA (si-EGFR) and then treated for 10 min with vehicle control (Ctrl) or 100 ng/ 
mL EGF. The phosphorylation levels of HER2 were analyzed at different time points 
by Western blot.
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with EGF increases invasiveness of human ovarian cancer cells by 
down-regul ating E-cadherin expression [19–21]. The effect of 
EGF on the down-re gulation of E-cadherin is mainly caused by 
the up-regulation of Snail and Slug, the transcriptional repressors 
of E-cadherin [19–21]. It has been shown that overexpress ion of 
HER2 down-regul ates E-cadher in expression in human mammary 
epithelial cells [22]. However, in ovarian cancer, the involvement 
of HER2 in EGF-induce d down-re gulation of E-cadherin and cell 
invasion remains unknown . In the current study, we tested the 
hypothesis that HER2 mediates the EGF-induce d suppression of 
E-cadherin expression in human ovarian cancer cells. Our results 
indicate that EGF treatment increases phosphoryla tion of HER2 
and dimerizatio n of HER2 and EGFR in human ovarian cancer cells.
Consistent with our previous study, EGF down-re gulates E-cad- 
herin expression and increases cell invasivenes s. Moreover, by 
using HER2 siRNA, our results reveal that HER2 mediates EGF-in- 
duced changes in Snail, Slug, E-cadherin and cell invasion.

2. Materials and methods 

2.1. Cell culture 

The SKOV3 human ovarian cancer cell line was obtained from 
American Type Culture Collectio n (Manassas, VA). OVCAR5 ovarian 
cancer line was kindly provided by Dr. T.C. Hamilton (Fox Chase 
Cancer Center, Philadelphia, PA). Cells were grown in a 1:1 (v/v)
mixture of M199/MCDB105 medium (Sigma–Aldrich, Oakville,
ON) supplemented with 10% fetal bovine serum (FBS; Hyclone Lab- 
oratories Inc., Logan, UT). Cultures were maintained at 37 �C in a
humidified atmosph ere of 5% CO 2 in air.

2.2. Antibodies and reagents 

The monoclonal anti-E-ca dherin antibody was obtained from 
BD Biosciences (Mississauga, ON). The polyclonal anti-phospho- 
HER2 (1:1000) and monoclonal anti-HER2 (1:3000) antibodies 
were obtained from Cell Signaling Technology (Danvers, MA). Poly- 
clonal anti-EGFR (1:1000) and anti-actin (1:5000) antibodies were 
obtained from Santa Cruz Biotechnolo gy (Santa Cruz, CA). Horse- 
radish peroxidase-con jugated goat anti-mouse IgG and goat anti- 
rabbit IgG were obtained from Bio-Rad Laboratories (Hercules,
CA). Horseradish peroxida se-conjugated donkey anti-goat IgG 
was obtained from Santa Cruz Biotechn ology. Human epidermal 
growth factor (EGF) was obtained from Sigma.

2.3. Immunoprec ipitation 

Cells were lysed in lysis buffer (Cell Signaling Technology ), and 
the total cell lysates were used for immunopreci pitation. Immuno- 
precipitatio n was conducted using the Catch and Release v2.0 kit 
(Millipore, Temecula, CA) according to the manufactur er’s protocol.

2.4. Small interfering RNA (siRNA) transfectio n

To knockdown endogenous EGFR and HER2, cells were transfec- 
ted with 50 nM ON-TARGET plus SMARTpool EGFR or HER2 siRNA 
(Dharmacon Research, Inc., Lafayette, CO) or siCONTROL NON-TAR- 
GETING pool siRNA (transfection control, Dharmacon) using Lipo- 
fectamine RNAiMAX (Invitrogen, Burlington, ON).

2.5. Western blots 

Cells were lysed in lysis buffer (Cell Signaling Technology ), and 
protein concentr ations were determined using a DC protein assay 
kit with BSA as the standard (Bio-Rad Laboratories ). Equal amounts 
of protein were separated by SDS polyacrylami de gel electrophor e- 
sis and transferred to PVDF membranes . Following blocking with 
Tris-buffer ed saline containing 5% non-fat dry milk for 1 h, mem- 
branes were incubated overnight at 4 �C with primary antibodie s
followed by incubation with HRP-conjugate d secondary antibody .
Immunor eactive bands were detected with enhanced chemilumi- 
nescent substrate (Pierce, Rockford, IL). Membranes were stripped 
with stripping buffer at 50 �C for 30 min and reprobed with anti- 
actin as a loading control.

2.6. Reverse transcription quantitative real-time PCR (RT-qPCR)

Total RNA was extracted using TRIzol reagent (Invitrogen)
accordin g to the manufactur er’s instructions. Reverse transcrip tion 
was performed with 3 lg RNA, random primers and M-MLV re- 
verse transcriptas e (Promega, Madison, WI). The primers used for 
SYBR Green RT-qPCR were as follows: E-cadher in, 50-ACA-
GCCCCGCCT TATGATT-3 0 (sense) and 50-TCGGAA CCGCTTCCTTCA -3 0

(antisense); Snail, 50-CCCCAATCGG AAGCCTAAC T-3 0 (sense) and 
50-GCTGGAAGGT AAACTCT GGATTAGA-3 0 (antisense); Slug, 50-TTC
GGACCCACA CATTACCT-3 0 (sense) and 50-GCAGTGAGGG CAAGAAA 
AAG-30 (antisense); and GAPDH, 50-GAGTCAAC GGATTTGGTCG T-3 0

(sense) and 50-GACAAGCTTCCC GTT CTCAG-3 0 (antisense). RT-qPCR 
was performed on an Applied Biosystems 7300 Real-Time PCR Sys- 
tem (Perkin-Elmer) equipped with a 96-well optical reaction plate.
All RT-qPCR results are a mean of at least three independen t exper- 
iments, each of which was assayed in triplicate . Relative quantifi-
cation of mRNA levels was performed using the comparative Ct 
method with GAPDH as the reference gene and with the formula 
2–DDCt.

2.7. Invasion assay 

Invasion assays were performed in Boyden chambers with min- 
or modifications [23]. Cell culture inserts (24-well, pore size 8 lm;
BD Biosciences , Mississauga , ON) pre-coated with growth factor- 
reduced Matrigel (40 lL, 1 mg/mL; BD Biosciences ) were used for 
invasion assays. Cell culture inserts were seeded with 1 � 105 cells
in 250 lL of medium with 0.1% FBS. Medium with 10% FBS (750 lL)
was added to the lower chamber and served as a chemota ctic 
agent. After 24 h incubation, non-invad ing cells were wiped from 
the upper side of the membrane, and cells on the lower side were 
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fixed with cold methanol and air dried. Cell nuclei were stained 
with Hoechst 33258 and counted by epifluorescence microscopy 
using Northern Eclipse 6.0 software (Empix Imaging, Mississauga ,
ON). Triplicate inserts were used for each individual experiment,
and five microscopic fields were counted per insert.

2.8. MTT assay 

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-dipheny ltetrazolium 
bromide) (Sigma) was used to determine cell number. Cells were 
seeded in a 24-well plate (1 � 104/well) with 500 lL of medium 
and were treated next day with 100 ng/mL EGF for 24, 48 and 
72 h. MTT was added at different time points to a final concentra- 
tion of 0.5 mg/mL and then incubated for 4 h. The medium was re- 
moved, and DMSO was added into each well to dissolve the 
crystals. The absorbance values were examined by spectrophot om- 
eter microplate reader.

2.9. Statistical analysis 

The results are presented as the mean ± SEM of at least three 
independen t experime nts; they were analyzed by one-way ANOVA 
Fig. 2. Inhibition of HER2 attenuates EGF-induced down-regulation of E-cadherin.
(A and B), Cells were pretreated with 10 lM AG825 for 30 min and then treated 
with 100 ng/mL of EGF for 24 h. The mRNA (A) and protein (B) levels of E-cadherin 
were analyzed by RT-qPCR and Western blot, respectively. (C and D), Cell were 
transfected for 48 h with 50 nM control siRNA (si-Ctrl) or HER2 siRNA (si-HER2) and 
then treated for 24 h with vehicle control (Ctrl) or 100 ng/mL EGF. The mRNA (C)
and protein (D) levels of E-cadherin were analyzed by RT-qPCR and Western blot,
respectively. RT-qPCR results are expressed as the mean ± SEM of at least three 
independent experiments. ⁄p < 0.05 compared with Ctrl. #p < 0.05 compared with 
EGF in DMSO group or EGF in si-Ctrl group.
followed by Tukey’s multiple comparis on test. Significant differ- 
ences were defined as p < 0.05.
3. Results 

3.1. EGF induces formation of EGFR/HER2 heterodimers and activation 
of HER2 

EGF can induce more potent signaling through EGFR/HER2 het- 
erodimer s than EGFR homodimers [14,15]. To investigate whether 
EGF treatment induces the formation of EGFR/HER2 heterodime rs,
SKOV3 ovarian cancer cells were treated with EGF, and the interac- 
tion of EGFR and HER2 was examine d by immunopreci pitation. As 
shown in Fig. 1A, a minimal level of EGFR/HER 2 interaction was de- 
tected in the control cells, whereas treatment with EGF signifi-
cantly increased this interaction. Because there is no known 
ligand for HER2, the activation of HER2 is mainly dependent upon 
dimeriza tion with other ligand-boun d ErbB members [2]. Treat- 
Fig. 3. HER2 mediates EGF-induced Snail and Slug expression. (A) Cells were 
pretreated with 10 lM AG825 for 30 min and then treated with 100 ng/mL of EGF 
for 3 h. The mRNA levels of Snail and Slug were analyzed by RT-qPCR. (B) Cell were 
transfected for 48 h with 50 nM control siRNA (si-Ctrl) or HER2 siRNA (si-HER2) and 
then treated for 3 h with vehicle control (Ctrl) or 100 ng/mL EGF. The mRNA levels 
of Snail and Slug were analyzed by RT-qPCR. RT-qPCR results are expressed as the 
mean ± SEM of at least three independent experiments.⁄p < 0.05 compared with 
Ctrl. #p < 0.05 compared with EGF in DMSO group or EGF in si-Ctrl group.



84 J.-C. Cheng et al. / Biochemical and Biophysical Research Communications 434 (2013) 81–86
ment with EGF induced phospho rylation of HER2 in a time-depen- 
dent manner (Fig. 1B). To further confirm that this EGF-induced 
activation of HER2 was mediated by EGFR, specific siRNA for EGFR 
was used to knockdown the expression of endogen ous EGFR. As 
shown in Fig. 1C, EGFR siRNA significantly down-re gulated protein 
levels of EGFR without affecting HER2 protein levels. In addition,
the EGF-induce d phosphoryla tion of HER2 was abolished. These re- 
sults indicated that EGFR is required for EGF-induce d HER2 activa- 
tion in SKOV3 ovarian cancer cells.
3.2. Inhibition of HER2 attenuates EGF-induced down-regula tion of E- 
cadherin

To investiga te the involvement of HER2 in the EGF-induced 
reduction of E-cadherin, we first used HER2-specific tyrosine ki- 
nase inhibitor, AG825, to examine the requirement of HER2 activa- 
tion in the EGF-induced down-re gulation of E-cadherin. Consisten t
with our previous studies [19–21], EGF treatment decreased E-cad- 
herin mRNA levels in two ovarian cancer cell lines, SKOV3 and OV- 
CAR5. Meanwhile, the EGF-induce d down-regul ation of E-cadherin 
mRNA levels was attenuated in the presence of AG825 (Fig. 2A).
Western blot analysis showed similar results (Fig. 2B). To avoid 
the off-target effects of AG825, cells were transfected with siRNA 
targeting HER2 to knockdow n endogen ous HER2 expression. As 
shown in Fig. 2C and D, HER2 siRNA treatment attenuated EGF-in- 
Fig. 4. HER2 participates in EGF-induced cell invasion. (A) Cell were transfected with 50 
the cells were treated with vehicle control (Ctrl) or 100 ng/mL EGF, seeded into Matrigel-c
wiped from the upper side of the filter, and the nuclei of invading cells were stained w
invasion assay. Scale bar represents 200 lM. The bottom panel shows summarized quant
experiments. (B) Cells treated with 100 ng/mL EGF every 24 h and cultured up to 72 h. T
Ctrl in si-Ctrl group. #p < 0.05 compared with EGF in si-Ctrl group.
duced down-re gulation of E-cadherin mRNA and protein levels.
Both AG825 and HER2 siRNA did not affect the basal levels of E- 
cadherin (Fig. 2).

3.3. HER2 mediates EGF-induced Snail and Slug expression 

We have previously shown that EGF induces Snail and Slug 
expression to repress the expression of E-cadherin in ovarian can- 
cer cells [19–21]. Therefore, AG825 and HER2 siRNA were used to 
investiga te whether HER2 mediates the effects of EGF on Snail and 
Slug. RT-qPCR results demonstrated that treatment with EGF sig- 
nificantly increased Snail and Slug mRNA levels, while these effects 
were diminished in the presence of the AG825 or HER2 siRNA 
(Fig. 3).

3.4. HER2 participat es in EGF-indu ced cell invasion 

We have previously shown that down-regul ation of E-cadher in 
by EGF enhances ovarian cancer cell invasion [19–21]. Therefore,
we used HER2 siRNA to investiga te whether HER2 is also involved 
in EGF-induced cell invasion. Consistent with our previous studies,
treatment with EGF for 24 h increased SKOV3 and OVCAR5 cell 
invasion. Treatment with HER2 siRNA attenuated the level of 
EGF-induce d cell invasion but did not affect basal invasion 
(Fig. 4A). To confirm that the stimulator y effect of EGF on cell 
nM control siRNA (si-Ctrl) or HER2 siRNA (si-HER2) for 48 h. Following transfection,
oated transwell inserts and cultured for an additional 24 h. Non-invading cells were 

ith Hoechst 33258. The top panel shows representative fluorescence images of the 
itative results, which are expressed as the mean ± SEM of at least three independent 
he MTT assay was used for measuring cell number. ⁄p < 0.05 compared with Ctrl or 
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invasion was not due to the effects of EGF-induce d cell growth, cell 
proliferation after EGF treatment was examined using a MTT assay.
In both SKOV3 and OVCAR5 cells, treatment with EGF for 24 h did 
not significant increase cell proliferation , whereas EGF significantly 
increased cell proliferation after 2 days of culture (Fig. 4B). Taken 
together, these results indicate that HER2, at least in part, mediates 
EGF-induce d cell invasion.
4. Discussion 

ErbB receptors and their ligands have been detected in both hu- 
man ovarian cancer cell lines and tissue specimens and are in- 
volved in the developmen t of progression of ovarian cancer [7,8].
Overexpressi on of EGFR and the elevated activated form of HER3 
are detected in the mammary tumors of transgenic mice that over- 
express HER2 [24,25]. In addition, TGF- a and HER2 exhibit a syner- 
gistic effect in the transformation of the mouse mammary 
epithelium [26]. Moreove r, treatment with an EGFR tyrosine kinase 
inhibitor inhibits the development of mammary tumors in HER2 
transgenic mice [27]. In humans, co-expression of EGFR, HER2 
and HER3 in breast cancer is associate d with poor prognosis and 
survival [28,29]. Similarly, in lung cancer, co-expression of EGFR 
and HER2 results in a worse prognosis compared with patients 
expressing a single receptor [30]. These results clearly indicate that 
the interaction of HER2 with other ErbB receptor family members 
may enhance other ErbB receptor-regul ated tumorigenes is.

In human ovarian cancer, tumor grade and poor patient out- 
come are correlated with the high expression levels of EGFR [31].
However, several clinical trials that used EGFR monoclonal anti- 
bodies or small molecule tyrosine kinase inhibitors only induced 
minimal response [6]. Due to the interaction of EGFR with other 
ErbB receptors and the similar signaling pathways that are induced 
by all ErbB receptors, treatments that only target EGFR will likely 
be insufficient. Therefore, several recent trials that target EGFR in 
combination with other ErbB receptors are under investigatio n
[6]. To date, although some studies have demonstrated the associ- 
ation of HER2 expression and worse prognosis in ovarian cancer,
the underlying molecular mechanism of HER2-me diated tumor 
progression remains largely unknown [7]. Our previous studies 
have shown that EGF-induce d Snail and Slug expression contrib- 
utes to the EGF-induced down-regul ation of E-cadher in and cell 
invasion in ovarian cancer cells [19–21]. In the present study, we 
showed that upon EGF stimulati on, HER2 dimerize d with EGFR 
and mediated the EGF-induce d down-regul ation of E-cadherin 
and cell invasion by increasing Snail and Slug expression. These re- 
sults provide evidence that HER2 is involved in EGF-induced ovar- 
ian cancer invasion and support the current idea that targeting 
more than one ErbB receptor may be a more effective strategy to 
treat ovarian cancer.

In summary, this study simply examine d the involvement of 
HER2 in the EGF-induce d down-regulati on of E-cadher in and cell 
invasion in ovarian cancer cells. Our results demonstrate that 
HER2 is activated by EGF treatment, which in turn mediates EGF- 
induced down-re gulation of E-cadherin and cell invasion. More- 
over, this study suggests that nuclear EGFR and HER2 contribute 
to the EGF-induced up-regulation of Snail and Slug and down-reg- 
ulation of E-cadherin. Consequentl y, targeting both EGFR and HER2 
could be an useful therapeutic strategy for the prevention of ovar- 
ian cancer metastasis.
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