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Transforming growth factor-o (TGF-a), like epidermal growth factor (EGF) and amphiregulin (AREG)
binds exclusively to EGF receptor (EGFR). We have previously demonstrated that EGF, AREG and TGF-o
down-regulate E-cadherin and induce ovarian cancer cell invasion, though whether these ligands use the
same molecular mediators remains unknown. We now show that, like EGF, TGF-a- and AREG-induced E-
cadherin down-regulation involves both EGFR and HER2. However, in contrast to EGF and AREG, the
transcription factor Snail is not required for TGF-a-induced E-cadherin down-regulation. This study
shows that TGF-a. uses common and divergent molecular mediators to regulate E-cadherin expression

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Ovarian cancer is the fifth most common cause of cancer death
in women and the leading cause of death from gynecological can-
cers in developed countries [1,2]. Epidermal growth factor receptor
(EGFR) has been shown to be overexpressed in ovarian cancer and
is associated with poor prognosis [3]. EGFR, also known as ERBB1 or
HER1, belongs to the ERBB family of receptor tyrosine kinases,
which includes three other members, HER2 (ERBB2), HER3 (ERBB3)
and HER4 (ERBB4) [4]. Multiple cognate ligands, including trans-
forming growth factor-o. (TGF-a), amphiregulin (AREG), epidermal
growth factor (EGF), heparin-binding EGF, epiregulin and beta-
cellulin can bind to and activate EGFR. AREG, EGF and TGF-a have
been shown to bind exclusively to EGFR while the other ligands can
also bind other ERBB family receptors [5—7]. In ovarian cancer,
AREG, EGF and TGF-a are expressed and act as autocrine factors to
regulate disease progression [8,9].

Although AREG, EGF and TGF-a bind exclusively to EGFR, they
have diverse functions and can act either redundantly or
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differentially. AREG has been shown to have a lower affinity for
EGFR compared with EGF or TGF-o [10]. Additionally, binding be-
tween AREG and heparin and heparan sulfate proteoglycans can
potentiate its bioavailability and activity [11]. A previous study has
shown that treatment with AREG, but not TGF-¢, induces a spindle-
like morphology in MDCK cells [12]. Interestingly, AREG concen-
trations in peritoneal fluid of ovarian cancer patients are higher
than those of TGF-« [13]. Similarly, AREG levels are also higher than
EGF or TGF-a. levels in ovarian cancer tissues and cell lines [14,15].
These results strongly suggest that these three EGFR ligands (AREG,
EGF and TGF-2) may have differing roles in ovarian cancer devel-
opment and/or progression.

Cadherins constitute a large family of cell membrane glyco-
proteins that play important roles in mediating cell—cell adhesion.
E-cadherin is a prototypical classical cadherin that plays an
essential role in maintaining normal epithelial structure [16]. E-
cadherin is a well-characterized tumor suppressor, best-known for
its important functions in epithelial-mesenchymal transition
(EMT). During EMT, down-regulation of E-cadherin expression
leads to loss of epithelial characteristics and acquisition of a
mesenchymal phenotype, which promotes cell proliferation,
motility and invasiveness and contributes to cancer progression
[17].

We have shown that EGF induces human ovarian cancer cell
invasion by down-regulating E-cadherin expression through


Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:peter.leung@ubc.ca
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbrc.2015.03.180&domain=pdf
www.sciencedirect.com/science/journal/0006291X
www.elsevier.com/locate/ybbrc
http://dx.doi.org/10.1016/j.bbrc.2015.03.180
http://dx.doi.org/10.1016/j.bbrc.2015.03.180
http://dx.doi.org/10.1016/j.bbrc.2015.03.180

X. Qiu et al. / Biochemical and Biophysical Research Communications 461 (2015) 128—135 129

various signaling pathways [18—20]. Recently, we demonstrated
that AREG and TGF-¢ also suppress E-cadherin and induce cell in-
vasion [21], though whether they use the same molecular media-
tors remains unknown. Therefore, the aim of this study was to
compare the underlying molecular mechanisms mediating the ef-
fects of TGF-a, AREG and EGF on E-cadherin expression.

2. Materials and methods
2.1. Cell culture

The SKOV3 human ovarian cancer cell line was obtained from
the American Type Culture Collection (Manassas, VA). 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 Laboratories Inc., Logan, UT) at 37 °C in a humidified
5% CO, atmosphere.

2.2. Antibodies and reagents

Monoclonal anti-E-cadherin and anti-N-cadherin antibodies
were obtained from BD Biosciences (Mississauga, ON). Monoclonal
anti-a-Tubulin and polyclonal anti-EGFR antibodies were obtained
from Santa Cruz Biotechnology (Santa Cruz, CA). Polyclonal anti-
Slug and monoclonal anti-HER2 and anti-Snail antibodies were
obtained from Cell Signaling Technology (Danvers, MA). Horse-
radish peroxidase-conjugated goat anti-mouse IgG and goat anti-
rabbit IgG were obtained from Bio-Rad Laboratories (Hercules,
CA). Recombinant human EGF and AG1478 were obtained from
Sigma—Aldrich. Recombinant human AREG and TGF-a were pur-
chased from R&D Systems (Minneapolis, MN). AG825 was obtained
from Tocris Bioscience (Bristol, UK).

2.3. Small interfering RNA (siRNA) transfection and E-cadherin
overexpression

To knockdown endogenous EGFR, HER2, Snail or Slug, cells were
transfected with 50 nM ON-TARGETplus SMARTpool siRNA (Dhar-
macon Research, Inc., Lafayette, CO) using Lipofectamine RNAIMAX
(Invitrogen, Burlington, ON). siCONTROL Non-targeting siRNA
(Dharmacon) was used as a transfection control. For E-cadherin
overexpression, cells were transfected with empty pcDNA3.1-EGFP
(Invitrogen) or pcDNA3.1-human E-cadherin-EGFP (plasmid
28009; Addgene, Cambridge, MA) vectors using Lipofectamine LTX
(Invitrogen).

2.4. Western blots

Equal amounts of protein were separated by SDS polyacrylamide
gel electrophoresis and transferred to PVDF membranes. After be-
ing blocked for 1 h with 5% non-fat dry milk in Tris-buffered saline
(TBS), the membranes were incubated overnight at 4 °C with pri-
mary antibodies diluted in 5% non-fat milk-TBS. Following primary
antibody incubation, the membranes were incubated with the
appropriate HRP-conjugated secondary antibody and immunore-
active bands were detected using an enhanced chemiluminescent
substrate and X-ray film.

2.5. Real-time quantitative PCR (RT-qPCR)

Total RNA was extracted using TRIzol Reagent (Invitrogen)
according to the manufacturer's instructions. Reverse
transcription was performed with 3 pg RNA, random primers and
M-MLV reverse transcriptase (Promega, Madison, WI). The
primers used for SYBR Green RT-qPCR were as follows: E-cadherin,

5-ACAGCCCCGCCTTATGATT-3' (sense) and 5-TCGGAACCGCT-
TCCTTCA-3'(antisense); EGFR, 5-GGTGCAGGAGAGGAGAACTGC-3’
(sense) and 5'-GGTGGCACCAAAGCTGTATT-3’ (antisense); Snail, 5'-
CCCCAATCGGAAGCCTAACT-3’ (sense) and 5-GCTGGAAGG-
TAAACTCTGGATTAGA-3' (antisense); Slug, 5-TTCGGACCCACA-
CATTACCT-3' (sense) and 5-GCAGTGAGGGCAAGAAAAAG-3'
(antisense); HER2, 5'-AACTGCACCCACTCCTGTGT-3’ (sense) and 5'-
TGATGAGGATCCCAAAGACC-3' (antisense); and GAPDH, 5'-GAGT-
CAACGGATTTGGTCGT-3' (sense) and 5'-GACAAGCTTCCCGTTCT-
CAG-3' (antisense). RT-qPCR was performed using an Applied
Biosystems 7300 Real-Time PCR System equipped with 96-well
optical reaction plates. All RT-qPCR results represent the mean
from at least three independent experiments conducted in tripli-
cate. Relative quantification of mRNA levels was performed by the
comparative Cq method using GAPDH as the reference gene and the
formula 2-24Cq,

2.6. Invasion assay

Transwell invasion assays were performed as previously
described with minor modifications [22]. Cell culture inserts (24-
well, pore size 8 pm; BD Biosciences, Mississauga, ON) pre-coated
with growth factor reduced Matrigel (40 pl, 1 mg/ml; BD Bio-
sciences) were seeded with 1 x 10° cells in 250 pl of medium
supplemented with 0.1% FBS. Medium with 10% FBS (750 ul) was
added to the lower chamber and served as a chemotactic agent.
After incubation for 48 h, non-invading cells were removed from
the upper side of the membrane and the cells on the lower side of
the membrane were fixed with cold methanol and air dried. The
cell nuclei were stained with Hoechst 33,258 and counted by epi-
fluorescence microscopy using Northern Eclipse 6.0 software
(Empix Imaging, Mississauga, ON).

2.7. Statistical analysis

Results are presented as the mean + SEM of at least three in-
dependent experiments. Results were analyzed by one-way ANOVA
followed by Tukey's multiple comparison test using PRISM soft-
ware. Significant differences were defined as p < 0.05.

3. Results
3.1. TGF-« increases cell invasion by down-regulating E-cadherin

Previous studies on MDCK kidney cells demonstrated differen-
tial effects of AREG and TGF-c. on cell morphology [12], however to
date, comparative effects of EGFR ligands on ovarian cancer cell
morphology have not been examined. Similar to EGF, treatment of
SKOV3 cells with TGF-a. or AREG induced EMT-like morphological
changes from a cobblestone-like shape to a fibroblast-like, spindle-
shaped appearance (Fig. 1A). Next, we compared the time-
dependent effects of EGFR ligands on E-cadherin mRNA levels in
SKOV3 cells. As shown in Fig. 1B, treatment with TGF-a, AREG or
EGF induced equivalent reductions in E-cadherin mRNA levels after
6 h, with maximal reductions observed after 24 h. Western blot
analysis showed that treatment with these EGFR ligands also pro-
duced comparable decreases in E-cadherin protein levels (Fig. 1C)
though, like AREG [21], neither EGF nor TGF-« affected N-cadherin
protein levels (Fig. 1D). To confirm that E-cadherin loss contributes
to TGF-a-induced cell invasion, we overexpressed E-cadherin in
SKOV3 cells and examined cell invasiveness in response to TGF-a
treatment. As shown in Fig. 1C, compared to cells transfected with
empty vector, cells transfected with E-cadherin expression vector
displayed increased E-cadherin protein levels that were insensitive
to treatment with TGF-a, AREG or EGF. Invasion assay results
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Fig. 1. Down-regulation of E-cadherin is required for TGF-a-, AREG- or EGF-induced SKOV3 ovarian cancer cell invasion. A, Cells were treated without or with 100 ng/ml TGF-a,
AREG or EGF for 24 h, and cell morphology was assessed by phase contrast microscopy. B, Cells were treated with 100 ng/ml TGF-a, AREG or EGF and E-cadherin mRNA levels were
analyzed at different time-points by RT-qPCR. C, Cells were transfected with empty vector (Vector) or vector encoding human E-cadherin (E-cadherin) for 24 h and then treated with
100 ng/ml TGF-o. (T), AREG (A) or EGF (E) for another 24 h. E-cadherin protein levels were analyzed by Western blot. D, Cells were treated for 24 h with 100 ng/ml TGF-u. (T), AREG
(A) or EGF (E) and N-cadherin protein levels were analyzed by Western blot. E, Cells were transfected for 24 h with empty vector or E-cadherin vector and then treated with or
without 100 ng/ml TGF-o, AREG or EGF. The cell invasiveness was examined by invasion assay. Results are expressed as the mean + SEM from at least three independent ex-
periments. Values without a common letter are significantly different (p < 0.05).
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showed that E-cadherin overexpression decreased basal invasive-
ness and attenuated TGF-o-induced cell invasiveness (Fig. 1E).
These results indicate that, as for AREG and EGF, down-regulation
of E-cadherin plays a key role in TGF-a-induced ovarian cancer
cell invasion.

3.2. EGFR is required for TGF-a- and AREG-induced down-
regulation of E-cadherin

To examine whether EGFR is required for TGF-o- or AREG-
induced down-regulation of E-cadherin, the EGFR-specific inhibi-
tor AG1478 was used to block EGFR function. RT-qPCR and Western
blot analyses showed that treatment of SKOV3 cells with AG1478
abolished the down-regulation of E-cadherin mRNA and protein by
TGF-o or AREG (Fig. 2A and B). We also employed a siRNA-mediated

A B

knockdown approach to exclude possible off-target effects from
pharmacological inhibition. As shown in Fig. 2C and D, treatment
with EGFR siRNA significantly down-regulated endogenous EGFR
mRNA and protein levels. Additionally, EGFR knockdown abolished
the down-regulation of E-cadherin mRNA and protein levels by
TGF-a. and AREG. These results confirm that, like EGF, TGF-a and
AREG suppress E-cadherin expression via EGFR.

3.3. HER2 is involved in TGF-«- and AREG-induced down-regulation
of E-cadherin

HER2 has no identified ligand, however it can be activated by
dimerizing with other ligand-bound ERBB family receptors [23]. We
previously demonstrated that HER2 is involved in EGF-induced
down-regulation of E-cadherin in ovarian cancer cells [20], though
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Fig. 2. EGFR is required for TGF-¢-, AREG- or EGF-induced down-regulation of E-cadherin. A and B, SKOV3 cells were pretreated for 1 h with AG1478 (10 uM) and then treated with
100 ng/ml TGF-a (T), AREG (A) or EGF (E) for 24 h. E-cadherin mRNA (A) and protein (B) levels were analyzed by RT-qPCR and Western blot, respectively. C and D, Cells were
transfected for 48 h with 50 nM control siRNA or EGFR siRNA and then treated with 100 ng/ml TGF-o. (T), AREG (A) or EGF (E) for 24 h. E-cadherin and EGFR mRNA (C) and protein
(D) levels were analyzed by RT-qPCR and Western blot, respectively. Results are expressed as the mean + SEM from at least three independent experiments. Values without a
common letter are significantly different (p < 0.05).
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whether the same is true for TGF-a. or AREG is unknown. As shown in
Fig. 3A and B, treatment of SKOV3 cells with the HER2-specific in-
hibitor AG825 partially attenuated the down-regulation of E-cadherin
mRNA and protein levels by TGF-a. or AREG. Similarly, TGF-a- and
AREG-induced down-regulation of E-cadherin mRNA and protein
levels was attenuated by siRNA-mediated knockdown of HER2
(Fig. 3C and D). These results indicate that HER2 contributes to the
suppression of E-cadherin by TGF-o. and AREG in ovarian cancer cells.

3.4. TGF-a-induced down-regulation of E-cadherin is Snail-
independent

The transcription factors Snail and Slug are well-characterized
negative regulators of E-cadherin expression [24]. Though we
have previously demonstrated that Snail and Slug are required for
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Fig. 3. HER2 is involved in the down-regulation of E-cadherin by TGF-¢, AREG or EGF. A and B, SKOV3 cells were pretreated for 1 h with AG825 (10 pM) and then treated with
100 ng/ml TGF-a (T), AREG (A) or EGF (E) for 24 h. E-cadherin mRNA (A) and protein (B) levels were analyzed by RT-qPCR and Western blot, respectively. C and D, Cells were
transfected for 48 h with 50 nM control siRNA or HER2 siRNA and then treated with 100 ng/ml TGF-«. (T), AREG (A) or EGF (E) for 24 h. E-cadherin and HER2 mRNA (C) and protein
(D) levels were analyzed by RT-qPCR and Western blot, respectively. Results are expressed as the mean + SEM from at least three independent experiments. Values without a

common letter are significantly different (p < 0.05).
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three EGFR ligands on E-cadherin protein levels (Fig. 4E). These
results indicate that the down-regulation of E-cadherin by TGF-a in
ovarian cancer cells differs from that of AREG and EGF in that it is
Snail-independent.

4. Discussion

EGFR signaling is known to regulate various cellular functions
that play important roles in modulating multiple developmental,
physiological and pathological processes [7,25]. In mice, Egfr
knockout results in embryonic to perinatal lethality due to pleio-
tropic abnormalities [26—28]. However, mice deficient in Tgf-a,
Areg, Egf or all three ligands combined are viable [29]. Differences in
viability between receptor and ligand knockout may result from
ERBB family receptor heterodimerization, where other ERBB li-
gands can compensate for the loss of these three Egfr ligands and
maintain Egfr activity. Moreover, Tgf-«, Areg and Egf knockout mice
each exhibit different developmental defects, which indicate a va-
riety of potentially unique biological functions for these EGFR li-
gands. Here, we focused only on the effects of TGF-o,, AREG and EGF
on E-cadherin and cancer cell invasion, but whether these three
ligands utilize common or divergent molecular mechanisms to
regulate other biological functions will be an interesting question
for future investigation.

Though HER2 is a member of the ERBB family, it does not bind
EGF-like ligands and functions instead as a heterodimerization
partner for other ligand-bound ERBB family receptors [23].
Amplification or overexpression of HER2 is frequent in many types
of human cancers, including ovarian cancer [30]. HER2 has been
shown to potentiate EGFR-induced signaling through the formation
of heterodimers with EGFR [31]. In ovarian cancer, treatment with
pertuzumab, a HER2 dimerization inhibitor, induces anti-tumor
activity in xenograft models [32]. In addition, we have shown
that HER2 is involved in EGF-induced E-cadherin down-regulation
and ovarian cancer cell invasion [20], though whether it is involved
in the corresponding effects of TGF-a. and AREG remains unknown.
Our study is the first to show that blocking HER2 activity, either
pharmacologically or by knockdown, partially inhibits the sup-
pressive effects of TGF-o. and AREG on E-cadherin expression.
Together with our previous results, these findings indicate that a
subset of TGF-a-, AREG- and EGF-induced effects involve HER2, and
that simultaneous EGFR and HER2 inhibition may be necessary to
produce optimal therapeutic effects in ovarian cancers driven by
elevated EGF-family-ERBB signaling.

Although Snail and Slug are well-known transcriptional re-
pressors of E-cadherin [33,34], whether they function redundantly
or differentially is not fully understood. Previous studies have
shown that the binding affinity of Snail for the mouse E-cadherin
promoter is higher than that of Slug [34], and that Slug over-
expression does not affect E-cadherin expression in rat bladder
cancer cells [35]. In human breast cancer, while both Snail and Slug
can repress E-cadherin expression in vitro, only Slug expression
correlated with E-cadherin down-regulation in vivo [36]. Likewise,
expression of Slug but not Snail was negatively correlated with E-
cadherin expression in human bladder cancer [37]. These results
indicate that the repressive effects of Snail and Slug on E-cadherin
expression are variable, and may be cell-type or context dependent.
Though we have previously demonstrated that TGF-a, AREG and
EGF can induce Slug and/or Snail expression and E-cadherin down-
regulation in human ovarian cancer cells [18,21], the direct
involvement of Snail and/or Slug in the effects of these ligands on E-
cadherin has never been demonstrated. Interestingly, our results
indicate that although these ligands have comparable effects on E-
cadherin, they use common and divergent molecular mediators to
achieve these effects. Specifically, while both Snail and Slug are

involved in AREG- and EGF-induced E-cadherin down-regulation,
the effects of TGF-o on E-cadherin do not involve Snail. In addi-
tion to Snail and Slug, other transcription factors have been shown
to repress E-cadherin expression, such as Twist and ZEB1 [38]. We
have previously demonstrated that AREG can up-regulate ZEB1 in
ovarian cancer cells, however it was not required for AREG-induced
cell invasion [21]. Future studies will be required to compare the
effects of TGF-a, AREG and EGF on Twist and ZEB1 expression, and
to examine their roles in the effects of these ligands on E-cadherin
expression and ovarian cancer cell invasion.

In summary, this study demonstrates that TGF-o. induces
ovarian cancer cell invasion by down-regulating E-cadherin.
Similar to EGF, TGF-a¢- and AREG-induced E-cadherin down-
regulation involves both EGFR and HER2. However, whereas the
effects of TGF-a. on E-cadherin are mediated by Slug, but not Snail,
both Snail and Slug mediate the effects of AREG and EGF on E-
cadherin. This study shows that TGF-o uses common and divergent
molecular mediators to regulate E-cadherin expression and cell
invasion.
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