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ABSTRACT
Background: Transforming growth factor (TGF)-b triggers ovarian cancer metastasis through
epithelial-mesenchymal transition (EMT). Whereas drug design strategies targeting the TGF-b
signaling pathway have been envisioned, the anti-TGF structure:function aspect of chemo-
preventive diet-derived catechins remains unexplored.
Aim: We assessed the effects of eight catechins on TGF-b-mediated cell migration and
induction of EMT biomarkers, as well as on In Vitro vasculogenic mimicry (VM), a process
partly regulated by EMT-related transcription factors.
Results: TGF-b-mediated phosphorylation of Smad-3 and p38 signaling intermediates was
more effective in a chemosensitive ES-2 ovarian cancer cell line but was inoperative in cis-
platinum- and adriamycin-chemoresistant SKOV-3 ovarian cancer cells. Increases in cell
migration and in gene/protein expression of EMT biomarkers Fibronectin, Snail, and Slug
were observed in ES-2 cells. When VM was assessed in ES-2 cells, 3D capillary-like structures
were formed and increases in EMT biomarkers found. Catechins bearing the galloyl moiety
(CG, ECG, GCG, and EGCG) exerted potent inhibition of TGF-b-induced cell migration as well
as EMT, and inhibited VM, in part through inhibition of Snail and matrix metalloproteinase-
2 secretion.
Conclusions: Our data suggest that diet-derived catechins exhibit chemopreventive proper-
ties that circumvent the TGF-b-mediated signaling which contributes to the ovarian cancer
metastatic phenotype.

Abbreviations: ECM: Extracellular matrix; EGCG: Epigallocatechin-3-gallate; EMT: Epithelial-
mesenchymal transition; EOC: Epithelial ovarian cancer; MMP-2: Matrix metalloproteinase-2;
TGF: Transforming growth factor; VM: Vasculogenic mimicry
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Introduction

Ovarian cancer is the gynecological malignancy with
the highest mortality rate among women (1), with a
5 year net survival of 47% following diagnosis, in the
United States (2), and 44% in Canada (3). High mor-
tality is most likely due to the prevalence of metastatic
high-grade serous carcinomas and the absence of
early symptoms and early detection strategies (2).
Metastasis, being a complex process that arises when
cancer cells migrate away from the primary site of
tumor (4), has been estimated to be responsible for
approximatively 90% of cancer deaths (5). In order to
successfully detach from their primary site and invade
surrounding tissues, cancer cells must orchestrate a
number of biological events including loss of cell-cell

adhesion, extracellular matrix (ECM) remodeling, and
response to chemotactic cell migration (6–8).

The epithelial-mesenchymal transition (EMT) pro-
cess recapitulates such cell-biological program (9, 10).
During EMT, epithelial cancer cells lose their cell-to-
cell polarity and their usual adhesion repertoire,
becoming individual, non-polarized, motile and inva-
sive mesenchymal cells. This transition involves
remodeling of the actin cytoskeleton and a character-
istic switch in gene expression brought about by,
amongst other transcription factors, Snail, Slug, and
Twist (11). EMT can be induced by several growth
factors including, among the most potent ones, trans-
forming growth factor-b (TGF-b) (9).

TGF-b binds to two serine threonine kinase recep-
tors, the TGF-b type I and type II receptors (TGFbRI,
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TGFbRII) to form active complexes, which then can
relay signals through phosphorylation of receptor acti-
vated Smad (R-Smad) transcription factors (12). The
active TGFbR1 phosphorylates the R-Smad-2 and R-
Smad-3 isoforms, which will bind to common-partner
Smad complex (co-Smad; Smad-4 in mammals) and
translocate to the nucleus (13). This complex can
eventually bind with various transcription factors to
induce the EMT transcriptional switch. (13). In add-
ition to correlating with metastases, migration and
invasion, expression of EMT biomarkers has been
found to be highly up-regulated in tumors forming
vascular-like structures (14). This phenomenon,
known as vasculogenic mimicry (VM), is a unique
alternative route to angiogenesis, providing the blood
supply necessary input for cancer development (14).

Green tea, one of the most popular beverages con-
sumed world-wide, is made from the leaves of the
plant Camellia sinensis (15). Its active constituents
have been of interest to many studies, exposing their
numerous beneficial health effects including their
anti-carcinogenic activity (15). The green tea family of
polyphenols, called catechins, has been shown to be
powerful antioxidants capable of preventing tumori-
genesis and cancer invasion (16). The most abundant
and widely studied catechin, (�)-epigallocatechin-3-
gallate (EGCG), has already been shown to affect a
huge variety of cancer signaling pathways (15).
However, less is known about the remaining seven
major catechins present in green tea: epicatechin
(EC), epigallocatechin (EGC), epicatechin gallate
(ECG), and their respective epimers: catechin (C), gal-
locatechin (GC), catechin gallate (CG) and gallocate-
chin gallate (GCG) (17).

In this study, we assessed the relative pharmaco-
logical effects of eight different catechins in preventing
TGF-b-induced EMT with respect to cell migration,
VM and the expression of EMT biomarkers in chemo-
sensitive (ES-2) and chemoresistant (SKOV-3) ovarian
cancer cell models. Our results demonstrate that EMT
was induced by TGF-b through Smad-3 phosphoryl-
ation in ES-2, followed by increases in the expression
of Snail, Slug, Fibronectin and MMP-2. In addition to
blocking amplified cell migration and formation of 3D
capillary-like structure, we further demonstrate that
catechins had the ability to prevent the induction of
EMT by TGF-b. Our observations led us to conclude
that the catechins presenting a galloyl moiety, CG,
GCG, ECG and EGCG, were the most potent for 1)
inhibiting TGF-b induced phosphorylation of Smad-3,
2) inhibiting the expression of EMT markers and
MMP-2, and 3) efficiently preventing VM.

Materials and methods

Materials

Sodium dodecylsulfate (SDS), EGCG, and bovine
serum albumin (BSA) were purchased from Sigma-
Aldrich Canada (Oakville, ON). Electrophoresis
reagents were from Bio-Rad (Mississauga, ON). The
enhanced chemiluminescence (ECL) reagents were
from Amersham Pharmacia Biotech (Baie d’Urf�e,
QC). Micro bicinchoninic acid protein assay reagents
were from Pierce (Rockford, IL). The polyclonal anti-
bodies against phosphorylated Smad-3, phosphory-
lated p38, TGF-b R1, Fibronectin, Vimentin, Snail,
and Slug were from Cell Signaling Technology Inc
(Danvers, MA, USA). The monoclonal antibody
against glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was from Advanced Immunochemical Inc.
(Long Beach, CA). Horseradish peroxidase-conjugated
donkey anti-rabbit and anti-mouse IgG secondary
antibodies were from Jackson ImmunoResearch
Laboratories (West Grove, PA).

Cell culture

Human SKOV-3 ovarian adenocarcinoma cells as well
as human ES-2 ovarian clear cell carcinoma cells were
purchased from the American Type Culture
Collection (ATCC). Cells were grown as a monolayer
with McCoy’s 5a Modified Medium for ES-2 cells
(Wisent, 317-010-CL), and DMED medium (Wisent,
319-005-CL) for SKOV-3 cells both containing 10%
fetal bovine serum (Life Technologies, 12483-020),
100U/mL penicillin and 100mg/mL streptomycin
(Wisent, 450-202-EL). Importantly, SKOV-3 cells have
been documented to be resistant to tumor necrosis
factor and to several cytotoxic drugs including diph-
theria toxin, cis-platinum and adriamycin. The role of
efflux in drug accumulation was assessed In Vitro
against four platinum complexes. Decreased drug
accumulation resulting from reduced uptake had been
reported to be at least partially responsible for
acquired resistance to cisplatin (18). All the cells were
cultured at 37 �C under a humidified 95%�5% (v/v)
mixture of air and CO2.

Immunoblotting procedures

ES-2 and SKOV-3 ovarian cancer cells were lysed and
proteins were separated by SDS–polyacrylamide gel
electrophoresis (PAGE). After electrophoresis, proteins
(30 lg) were electrotransferred to polyvinylidene
difluoride membranes, which were then blocked for
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one hour at room temperature with 5% nonfat dry
milk in Tris-buffered saline (150mM NaCl, 20mM
Tris-HCl, pH 7.5) containing 0.3% Tween-20 (TBST;
Bioshop, TWN510-500). Membranes were further
washed in TBST and incubated with the appropriate
primary antibodies (1/1,000 dilution) in TBST con-
taining 3% BSA and 0.1% sodium azide (Sigma-
Aldrich Canada, S2002), followed by a 1 h incubation
with horseradish peroxidase-conjugated donkey anti-
rabbit or anti-mouse IgG at 1/2,500 dilutions in TBST
containing 5% nonfat dry milk. Immunoreactive
material was visualized by ECL.

Gelatin zymography

Gelatin zymography was used to assay the levels of
secreted matrix metalloproteinase-2 (MMP-2) gelati-
nolytic activity in serum-starved ES-2 ovarian cancer
cells as previously described (19). Briefly, an aliquot
(20 ll) of the culture medium was subjected to SDS-
PAGE in a gel containing 0.1mg/ml gelatin, a sub-
strate that is efficiently hydrolyzed by MMP-2. The
gels were then incubated in 2.5% Triton X-100 and
rinsed in nanopure distilled H2O. Gels were further
incubated at 37 �C for 20 h, in 20mM NaCl, 5mM
CaCl2, 0.02% Brij-35, 50mM Tris-HCl buffer, pH 7.6,
then stained with 0.1% Coomassie Brilliant blue R-250
and destained in 10% acetic acid, 30% methanol in
H2O. Gelatinolytic activity was visualized as unstained
bands on a blue background.

Total RNA isolation, cDNA synthesis and real-time
quantitative PCR

Total RNA was extracted from cell monolayers or
from cells cultured on Matrigel using TriZol reagent
(Life Technologies, Gaithersburg, MD). For cDNA
synthesis, 2 lg of total RNA were reverse-transcribed
using a high capacity cDNA reverse transcription kit
(Applied Biosystems, Foster City, CA). cDNA was
stored at �80 �C prior to PCR. Gene expression was
quantified by real-time quantitative PCR using iQ
SYBR Green Supermix (Bio-Rad, Hercules, CA). DNA
amplification was carried out using an Icycler iQ5
(Bio-Rad, Hercules, CA) and product detection was
performed by measuring binding of the fluorescent
dye SYBR Green I to double-stranded DNA. The
QuantiTect primer sets were provided by
Qiagen (Valencia, CA): MMP-9 (Hs_MMP9_1_SG,
QT00040040), MMP-2 (Hs_MMP2_1_SG, QT0088
396), Vimentin (Hs_VIM_1_SG, QT00095795), Snail
(Hs_SNAI1_1_SG, QT00010010), Slug (Hs_SNAI2_

1_SG, QT00044128), PPIA (Hs_PPIA_4_SG,
QT01866137), GAPDH (Hs_GAPDH_1_SG,
QT00079247), and b-Actin (Hs_Actb_2_SG,
QT01680476). The relative quantities of target gene
mRNA compared against two internal controls,
GAPDH, PPIA, or b-Actin mRNA, were measured by
following a DCT method employing an amplification
plot (fluorescence signal vs. cycle number). The differ-
ence (DCT) between the mean values in the triplicate
samples of target gene and those of GAPDH and
b-Actin mRNAs were calculated by CFX ManagerTM

(Bio-Rad, Hercules, CA) and the relative quantified
value (RQV) was expressed as 2�DC

T.

Human epithelial to mesenchymal transition
PCR array

Human Epithelial to Mesenchymal Transition (EMT)
RT2 Profiler PCR Arrays (PAHS-090Z, Qiagen) were
used according to the manufacturer’s protocol. The
detailed list of the EMT key genes assessed can be
found on the manufacturer’s website (https://www.qia-
gen.com/ca/). Using real-time quantitative PCR, we
reliably analyzed expression of a focused panel of
genes related to genes regulated during EMT. Relative
gene expressions were calculated using the 2�DDC

T

method, in which CT indicates the fractional cycle
number where the fluorescent signal reaches detection
threshold. The ‘delta–delta’ method uses the normal-
ized DCT value of each sample, calculated using a total
of five endogenous control genes (B2M, HPRT1,
RPLP0, GAPDH, and ACTB). Fold change values are
then presented as average fold change ¼ 2(average
DDC

T) for genes in either ES-2 ovarian cancer cells
treated with TGF-b or cells cultured on top of
Matrigel relative to control cells. Detectable PCR
products were obtained and defined as requiring <35
cycles. The resulting raw data were then analyzed
using the PCR Array Data Analysis Template (http://
www.qiagen.com/geneglobe). This integrated web-
based software package automatically performs all
DDCT based fold-change calculations from our
uploaded raw threshold cycle data.

Cell migration assay

Cell migration assay experiments were carried out
using the Real-Time Cell Analyzer (RTCA) Dual-Plate
(DP) Instrument of the xCELLigence system (Roche
Diagnostics). Typsinized ES-2 and SKOV-3 adherent
ovarian cancer cells were seeded (20,000 cells/well)
onto CIM-Plates 16 (Roche Diagnostics). These
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migration plates are similar to conventional
Transwells (8 lm pore size) but have gold electrode
arrays on the bottom side of the membrane to provide
real-time measurement of cell migration. Prior to cell
seeding, the underside of the wells from the upper
chamber were coated with 25 ll of 0.15% gelatin in
PBS and incubated for 1 h, at 37 �C. Cell migration
was monitored for 6 h,. The impedance values were
measured by the RTCA DP Instrument software and
were expressed in arbitrary units as Normalized Cell
Migration Index. Each experiment was performed
three times in triplicate.

Vasculogenic mimicry in vitro assay

In Vitro vasculogenic mimicry (VM) of ES-2 ovarian
cancer cells was assessed by Matrigel tube formation as
previously described (20). In brief, each well of a 96-

well plate was pre-coated with 50ll of Matrigel. After
gel solidification, ES-2 cell suspension in culture media
(1.8� 104 cells/200ll) was seeded into the wells.
Catechins (30lM) were added to the cell culture media
and incubated at 37 �C in a CO2 incubator.
Photographs were taken overtime using a digital camera
attached to a phase-contrast inverted microscope. Loop
area, loop perimeter, branching, and tube elongation
parameters were quantified using Wimasis Analysis soft-
ware from Onimagin Technologies (Cordoba, Spain).

Statistical data analysis

Unless otherwise stated, data and error bars were
expressed as means ± SEM of three or more independ-
ent experiments. Statistical analysis of data was per-
formed by one-way ANOVA with Tukey’s post-test to
establish differences among groups. Probability values

Figure 1. Low chemotactic response and inoperative TGF-b-mediated phosphorylation of Smad-3 in chemoresistant SKOV-3 ovar-
ian cancer cells. A) Serum-starved chemosensitive ES-2 ovarian cancer cells and chemoresistant SKOV-3 ovarian cancer cells were
cultured as described in the Methods section, and then treated for the indicated time with 100 ng/ml TGF-b. Cell lysates were ana-
lyzed for protein content by Western blotting and immunodetection performed as described in the Methods section in order to
detect the extent of P-Smad-3 and TGF-bR1 expression. B) Densitometric quantification of a representative P-Smad-3 induction is
presented and was normalized on TGF-bR1. C) Chemotactic response to various TGF-b concentrations was assessed. Real-time ES-2
(left panel) and SKOV-3 (right panel) cell migration was performed using the xCELLigence system as described in the
Methods section.
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of less than 0.05 were considered significant and an
asterisk (�) identifies such significance in the figures.
Sigmastat (Jandel Scientific Software, San Rafael, CA)
was used for all analyses.

Results

Low chemotactic response and inoperative TGF-
b-mediated phosphorylation of Smad-3 in
chemoresistant SKOV-3 ovarian cancer cells

TGF-b signaling was reported to promote single-cell
migration of mammary tumor cells and to contribute

to EMT (21, 22). However, it is unclear whether this
chemotactic response applies to a chemoresistant
phenotype. We thus first assessed the extent of TGF-
b-mediated Smad-3 phosphorylation status in serum-
starved chemosensitive ES-2 ovarian cancer cells, and
compared it to that of chemoresistant SKOV-3 ovar-
ian cancer cells (Fig. 1A). We found that Smad-3
phosphorylation occurred within the first 20mins, of
TGF-b treatment in ES-2 cells, whereas it was
undetectable in SKOV-3 cells although TGF-bR1
expression was detected in both cell lines (Fig. 1B).
The chemotactic response was further assessed using
exposure to various concentrations of TGF-b; the
cytokine was found to significantly trigger ES-2 cell
migration, whereas SKOV-3 chemotaxis remained low
in response to TGF-b (Fig. 1C).

High TGF-b-mediated induction of phosphorylated
signaling intermediates and EMT biomarkers in
chemosensitive ES-2 ovarian cancer cells

TGF-b signaling toward EMT is mediated by both
Smad-dependent and Smad-independent pathways,
including p38 MAP kinase (p38 MAPK) (23).
Although the Smad pathway is unique to TGF-b sig-
naling, p38 MAPK can also be activated by other
pathways including Ras and Wnt, which cooperate
with TGF-b to induce EMT (24). The EMT response
downstream of TGF-b signaling was next examined
using various concentrations of TGF-b and immuno-
blotting (Fig. 2A). Densitometric quantification of rep-
resentative immunoblots was performed and protein
expression normalized with respect to GAPDH. These
results show that the lower responsiveness to TGF-b1
in SKOV-3 ovarian cancer cells, as compared to ES-2,
was reflected by the inability of SKOV-3 to exhibit
increased expression of the EMT biomarkers
Fibronectin, Vimentin, Snail and Slug, or in phos-
phorylation of Smad-3 and p38 signaling intermedi-
ates (Fig. 2B). The high response to TGF-b in ES-2
cells combined with the lack of TGF-b-mediated
responsiveness in SKOV-3 cells suggests that strategic
pharmacological intervention may possibly be more
efficient in preventing the transition toward a more
invasive phenotype in response to TGF-b.

Structure: function study of TGF-b signal blocking
by diet-derived catechins with ES-2 ovarian
cancer cells

Tumor cells undergoing TGF-b-mediated EMT
acquire the capacity to detach and migrate away from

Figure 2. TGF-b-mediated induction of phosphorylated signal-
ing intermediates and EMT biomarkers. A) Serum-starved che-
mosensitive ES-2 ovarian cancer cells and chemoresistant
SKOV-3 ovarian cancer cells were cultured as described in the
Methods section, and then treated for 48 h, with the indicated
TGF-b concentrations. Cell lysates were analyzed for protein
content by Western blotting and immunodetection performed
as described in the Methods section in order to detect P-
Smad-3, P-p38, Fibronectin Vimentin, Snail, Slug, and GAPDH
expression. B) Densitometric quantification of representative
immunoblots is presented where protein expression was nor-
malized to GAPDH.
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the primary tumor (25). The anti-TGF-b signaling of
diet-derived catechins was next tested in order to
assess their abilities to alter downstream phosphoryl-
ation of signaling intermediates and EMT biomarkers
expression, along with the cell chemotactic response
to TGF. Serum-starved ES-2 ovarian cancer cells were
cultured as described in the Methods section, and
then treated for 48 h, with 10 ng/ml TGF-b in the
presence or absence of 30lM of a specific catechin.
Cell lysates were analyzed by Western blotting.
Immunodetection demonstrated changes in the levels
of TGF-b-induced Smad-3 phosphorylation,
Fibronectin, Snail, and Slug expression when galloyl
moieties were present on the catechins tested. More
specifically, catechin gallate (CG), gallocatechin
gallate (GCG), epicatechin gallate (ECG), and

epigallocatechin gallate (EGCG) all reduced expression
of the TGF-b-induced EMT biomarkers tested
Fibronectin, Snail, and Slug, as well as of Smad-3
phosphorylation (Fig. 3A). When the functional
impact of the catechins was tested on the TGF-
b-induced ES-2 ovarian cancer cell migration, again
CG, GCG, ECG, and EGCG but also EC were found
to significantly reduce chemotactism (Fig. 3B). To
gain insight into the potential molecular mechanisms
of action that regulate ECM degradation and cell
migration, conditioned media were harvested follow-
ing the above-described catechin treatments and gel-
atin zymography was performed in order to assess the
extent of secreted MMP-2 levels. All of the gallated
catechins specifically inhibited the TGF-b-induced
MMP-2 levels (Fig. 3C). Aside from EC, this observa-
tion may in part link the reduced acquisition of EMT-
associated phenotype to specific targeting of the
migratory potential in ES-2 ovarian cancer cells.

Kinetics and characteristics of in vitro 3D-
capillary-like structure formation assay of ES-2
ovarian cancer cells correlate with EMT
biomarkers during vasculogenic mimicry

Vasculogenic mimicry (VM) is associated with cancer
cell migration and invasion (26), and has been
reported to occur in ovarian cancer cells (27, 28).
Here, we first tested whether ES-2 ovarian cancer cell
monolayers cultured on Matrigel generated 3D capil-
lary-like structures. VM kinetics were assessed and
pictures taken over 24 h (Fig. 4A). Then, 3D capillary-
like structure characteristics were analyzed as
described in the Methods section for loop area, loop
perimeter, branching, and tube elongation (Fig. 4B).
The deduced VM kinetic parameters indicated that
the rapid (<5 h,) initiation phase was characterized by
high levels of loop area and perimeter (Fig. 4B, open
circle) and by branching and tube elongation (Fig. 4B,
closed circle). A decrease in branching and tube
length was associated with the maturation phase of
In Vitro VM. In order to assess whether any common
EMT biomarkers’ regulation linked TGF-b response
to VM, total RNA was isolated from ES-2 cell mono-
layers cultured on plastic either from control or from
TGF-b-treated cells, or from ES-2 cells cultured for
24 h, on Matrigel (Fig. 4C). Gene expression was first
screened using a human PCR array for 86 EMT bio-
markers as described in the Methods section. Eight of
the genes induced by either TGF-b or upon cultures
on top of Matrigel were further confirmed by RT-
qPCR (Fig. 4C). In addition to MMP-9, WNT5A,

Figure 3. Structure-to-anti-TGF-b signaling function study of
diet-derived catechins with ES-2 ovarian cancer cells. A) Serum
starved chemosensitive ES-2 ovarian cancer cells were cultured
as described in the Methods section, and then treated for 48 h,
with 100 ng/ml TGF-b in the presence or absence of the indi-
cated 30lM catechins. Cell lysates were analyzed for protein
content by Western blotting and immunodetection performed
as described in the Methods section in order to detect P-
Smad-3, Fibronectin, Snail, Slug, and GAPDH expression. B)
Impact of the catechins on TGF-b chemotactic cell migratory
response was assessed using the xCELLigence system as
described in the Methods section. C) Conditioned media were
harvested following treatment and gelatin zymography per-
formed as described in the Methods section to assess secreted
MMP-2 levels. Significance: �p< 0.05 vs non-gallated
catechin moiety.
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WNT11, and PDGFRB, these included EMT bio-
markers Fibronectin (FN), Slug, Snail, and MMP-2.
These observations and the similar transcriptional
regulation of some crucial EMT biomarkers confirm
that EMT triggered upon TGF-b or VM cues appear
to share some common regulatory mechanisms in our
ES-2 ovarian cancer cell model (27).

Catechin alteration of in vitro 3D capillary-like
structure formation by ES-2 ovarian cancer cells

Having established the effects of the diverse catechins
shown above against the acquisition of EMT pheno-
type and increased cell migration, we next sought to
assess their effects on In Vitro VM. ES-2 cells were
seeded onto Matrigel and left to generate capillary-like
structures (Fig. 5A). When In Vitro VM was tested in
the presence of 30lM catechins (Fig. 5B), CG, GCG,
and ECG were found to effectively inhibit the forma-
tion of 3D capillary-like structures (Fig. 5C).
Intriguingly, although EGCG inhibited TGF-b-medi-
ated EMT biomarkers expression, cell migration, and
MMP-2 secretion, it was ineffective at inhibiting VM
(Fig. 5C). Extraction of total RNA was further per-
formed from cells involved in VM in the presence or

not of the catechins, and RT-qPCR performed to
assess the levels of Slug (Fig. 5D) and Snail (Fig. 5E)
gene expression. We found that only GCG was able to
downregulate both Slug and Snail expression, whereas
CG, ECG, and EGCG were able to only downregulate
Snail gene expression. These observations prompt for
differential regulation of Snail and Slug by catechins,
and for Snail as being the key transcription factor
involved in VM regulation by several of the cate-
chins tested.

Discussion

In this study, we assessed the structure-to-chemopre-
ventive function relationship of eight diet-derived cat-
echins against TGF-b-mediated EMT, as well as
considered their effects against ovarian cancer cell
migration and In Vitro vasculogenic mimicry. The lat-
ter phenomena represent two crucial hallmarks
induced by TGF-b, and both account for chemoresist-
ance which remains a major complication in ovarian
cancer treatments. In fact, EMT is a latent develop-
mental process that is re-activated during cancer pro-
gression (29) and, as such, plays a crucial role in the
aggressiveness of epithelial ovarian cancer (EOC)

Figure 4. Kinetics and characteristics of in vitro 3D capillary-like structure formation assay of ES-2 ovarian cancer cells correlate
with EMT biomarkers during vasculogenic mimicry. ES-2 ovarian cancer cell monolayers were cultured as described in the Methods
section. A) Cells were then trypsinized and seeded on top of Matrigel for up to 24 h, and representative pictures were taken. B) 3D
capillary-like structure formation characteristics (loop area, loop perimeter, branching, and tube elongation) were analyzed using
the Wimasis analysis software. C) Total RNA was isolated from ES-2 cell monolayers cultured on plastic from control (Vehicle) or
TGF-b-treated cells (TGF-b), or from ES-2 cells cultured for 24 h, on Matrigel (Matrigel). Gene expression was then first screened
using a PCR array for EMT biomarkers expression as described in the Methods section. Only those genes that were significantly
induced (WNT11, WNT5B, PDGFRB, Fibronectin (FN), Slug, Snail, MMP-2 and MMP-9) were further confirmed by RT-qPCR as
described in the Methods section.
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through increased invasion ability. Not surprisingly,
strong evidence links chemoresistance to EMT, and
discovery of novel therapeutic opportunities that tar-
get EMT in EOC should improve the clinical outcome
of patients suffering from such lethal gynecologic
malignancies (30).

We first demonstrated that EMT was significantly
induced in ES-2 ovarian cancer cells, as a model of
EOC, through high TGF-b-mediated phosphorylation
of Smad3, and was reflected by downstream increased
expression of several mesenchymal biomarkers such as
Snail, Slug, Vimentin and Fibronectin. Such increases
in EMT biomarker expression also correlated with
their induced mRNA transcript levels, along with
phosphorylation of p38. The increased expression of
Snail, Slug and Fibronectin upon TGF-b treatment
was previously reported to directly contribute to cis-
platin resistance in ovarian cancer (31), radioresist-
ance in ovarian cancer stem cells (32), and to occur in

grade-IV-derived U87-MG glioblastoma multiforme
cells (33). Our observations further show that the
SKOV-3 chemoresistant ovarian cancer cell model
only modestly responded to TGF-b with consequently
lower induction in EMT biomarkers. Such a varying
expression pattern of EMT markers, between chemo-
sensitive and chemoresistant ovarian cancer cell mod-
els, could be due to the non-dichotomous nature of
EMT itself. It is now recognized that rather than a lin-
ear transition from an epithelial to mesenchymal
phenotype, EMT could rather be viewed as a spectrum
of different pseudo-EMT or EMT subtypes at given
stages in the cell aggressiveness phenotype.
Accordingly, aberrations in TGF-b signaling pathways
are not uncommon in tumorigenesis. In fact, TGF-b
has paradoxical roles in cancer development as, in the
early stages; an activation of the TGF-b pathway is
generally associated with oncosuppression (34).
On the other hand, when proceeding toward more

Figure 5. Catechin alteration of in vitro 3D-capillary-like structure formation by ES-2 ovarian cancer cells. A) ES-2 ovarian cancer
cells were seeded either on plastic or Matrigel and cultured for 24 h, as described in the Methods section. B) 3D-capillary-like struc-
ture formation on Matrigel was assessed in the presence of tested catechins (30lM) and representative pictures were taken after
24 h treatment. C) Capillary-like structure tube length was measured using the Wimasis analysis software for each catechin and
expressed as a percentage of tube length for vehicle-treated cells. Total RNA was isolated from ES-2 cells cultured for 24 h, on
Matrigel in the presence or not of the indicated catechins. Gene expression was then assessed for D) Slug, and E) Snail by RT-
qPCR as described in the Methods section. Significance: �p< 0.05 vs non-gallated catechin moiety.
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advanced stages of aggressiveness, TGF-b promotes
metastasis, angiogenesis, and immunosuppression
through EMT (35, 36).

Here, in contrast to ES-2 cells, we hypothesized
that the highly adaptive chemoresistant and aggressive
phenotype of SKOV-3 cells precludes their need for
cytokine-induced EMT. Interestingly, both reduced
expression and decreased binding of the protein

Smad4, required for nuclear translocation of TGF-b,
are been found with a higher frequency in advanced
stage ovarian cancer as compared to normal ovarian
tissue (37, 38). The loss of Smad4 protein is further
believed to correlate with a more aggressive phenotype
(39). Whether such alterations explain part of SKOV-
3’s lack of responsiveness to TGF-b remains to
be confirmed. Chemopreventive pharmacological

Figure 6. Scheme summarizing the anti-TGF-b impact of the gallated catechins. A) Chemical structures of the four gallated cate-
chins which were tested in this study. B) We postulate that the gallated catechins efficiently alter TGF-b-mediated events by either
competing with TGF-b at the TGF-b receptor binding site, by inhibiting TGF-b receptor oligomerization, or by inhibiting the serine-
threonine kinase activity associated to TGF-b receptor. Alternatively, gallated catechins could interact, to some extent, with the
67LR in order to translocate within the cell and alter TGF-b/TGF-bR signal transduction. Collectively, this can alter downstream sig-
naling cascades (phosphorylation of Smad3 or p38, among others) and induction of EMT. The acquisition of a less invasive to a
more invasive phenotype leads to increased cell chemotactic migration and vasculogenic mimicry, which require the activity of
matrix metalloproteinases to degrade the ECM components. These events are reflected by the metastatic and chemoresistant
phenotype that can ultimately be prevented by the gallated catechins.
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targeting of upstream TGF-b-mediated EMT in che-
mosensitive ES-2 ovarian cancer cells therefore repre-
sents a logical therapeutic window of opportunity that
we wished to exploit further with the use of diet-
derived catechins.

Among the eight catechins we tested, EGCG is
undoubtedly the best-studied because of its pleiotropic
cellular effects, in part through its ability to interact
with numerous biological constituents (16). Among
EGCG’s interactors, the transmembrane 67 kDa
Laminin Receptor (67LR) has been proposed as its
primary cell surface receptor (40). In a study using
human ovarian carcinoma tissues, increased expres-
sion of 67LR was observed and which correlated with
the clinicopathological features of advanced ovarian
cancer (41, 42) as well as with poor prognosis in EOC
(43). Along with the direct interactions of gallated cat-
echins with MMP-2, MMP-9, MMP-14, LRP1, TIMP-
2, and MTCBP1 (19, 44), EGCG has also been found
to bind directly to the TGFbRII (45). It is safe to
hypothesize that a direct effect on the TGF-b receptor
may therefore, in part, explain the ability of EGCG,
and of other gallated catechins, to prevent TGF-
b-mediated EMT (46), cell migration and VM.
Whether these effects are a consequence of structure-
specific direct competition of the gallated catechins
with TGF-b docking within its receptor, or a down-
stream intracellular effect once transported into the
cell through the 67LR remains to be determined.
Nevertheless, downstream inhibition of TGF-b1 sig-
naling by EGCG has been reported in human lung
cancer cells (47) and in non-small cell lung cancer
cells (48), and agrees with the inhibitory effects we
have observed here on intracellular transduction cas-
cades involving Smad3 and p38 phosphorylation.

In fact, our experiments further exhibit the ability
of gallated catechins to inhibit both the formation of
In Vitro 3D capillary-like structures as well as VM as
part of the EMT process. It is acknowledged that
EMT contributes to VM since some cancer cells can
adopt an endothelium-like phenotype through up-
regulation of EMT biomarkers (14). To our know-
ledge, our study is the first to report the effects of cat-
echins on ovarian cancer cell VM, and to establish
Snail as the key transcription factor in the regulation
by catechins of VM and of TGF-b-induced EMT and
cell migration. Inhibition of TGF-b-induced MMP-2
(Fig. 3C) may, in part, explain this effect because a
decrease in the ECM components proteolysis leads to
lower cancer invasiveness. EGCG is well-known to
inhibit MMP activity (49), and treatment of aggressive
melanoma cells with an MMP inhibitor resulted in

the inhibition of vasculogenic mimicry-associated
genes (50). Whereas, such catechin-sensitive mechan-
ism has been tested in only one chemosensitive ovar-
ian cancer cell line (ES-2) herein, the ubiquity of this
mechanism will require to be tested in ovarian cancer
cell lines isolated from patients with ovarian cancer,
in various stages of cancer development and
aggressiveness.

Given catechin-protein interaction studies have
been reported previously (19), one can legitimately
design future studies that combine computational
docking analysis and X-ray crystallographic analysis in
order to reveal more comprehensive details on cat-
echin-protein interactions involving molecular dynam-
ics simulations with TGF-b receptors and with the
67LR structures. Accordingly, biophysical testing will
also be required to provide solid structure-based test-
ing of that hypothesis. Our preliminary studies con-
firm that the galloyl moiety may anchor gallated
catechins to proteins through interactions with their
hydroxyl groups (51). Whether such catechin-protein
interaction competes with the TGF-b binding domain
within the TGFbR, alters TGFbR oligomerization
dynamics, inhibits their kinase activity, or interacts
upstream of the TGF-b signaling through the 67LR
remains to be confirmed (Summarized in Fig. 6).
Altogether, this should inspire more efficient drug
designs exploiting the galloyl moiety in order to sig-
nificantly target or circumvent processes involved in
chemoresistance or metastasis.
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