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Resveratrol suppresses breast cancer cell invasion
by inactivating a RhoA/YAP signaling axis

Yu Na Kim1,3, So Ra Choe1,3, Kyung Hwa Cho1, Do Yeun Cho2, Jaeku Kang1, Chang Gyo Park1

and Hoi Young Lee1

Hippo/YAP signaling is implicated in tumorigenesis and progression of various cancers. By inhibiting a plethora signaling

cascades, resveratrol has strong anti-tumorigenic and anti-metastatic activity. In the present study, we demonstrate that

resveratrol decreases the expression of YAP target genes. In addition, our data showed that resveratrol attenuates breast cancer

cell invasion through the activation of Lats1 and consequent inactivation of YAP. Strikingly, we also demonstrate that resveratrol

inactivates RhoA, leading to the activation of Lats1 and induction of YAP phosphorylation. Further, resveratrol in combination

with other agents that inactivate RhoA or YAP showed more marked suppression of breast cancer cell invasion compared with

single treatment. Collectively, these findings indicate the beneficial effects of resveratrol on breast cancer patients by

suppressing the RhoA/Lats1/YAP signaling axis and subsequently inhibiting breast cancer cell invasion.
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INTRODUCTION

The Hippo signaling pathway was initially shown to regulate
organ size, and its dysregulation contributes to tumori-
genesis.1–3 Components of the Hippo signaling pathway
include Mst1/2 and Lats1/2. Mst1/2 forms a complex with
the adapter protein Sav1 to phosphorylate and activate
Lats1/2,4,5 leading to inactivation of yes-associated protein
(YAP) and TAZ, the key downstream effectors of the Hippo
signaling pathway.6–10 Although phosphorylated YAP and TAZ
are retained in the cytosol, unphosphorylated YAP and TAZ
translocate into the nucleus and function as transcriptional
activators by binding to TEA domain (TEADs). Notably, recent
studies have shown that YAP11 and TAZ,12 located downstream
of Lats, are associated with tumor progression in breast
cancer cells.

The Rho GTPase family is a member of the Ras superfamily
and is critical for the invasion and metastasis of various
cancers, including breast cancer. Recently, RhoA has been
implicated in the Hippo signaling pathway. Indeed, RhoA was
suggested to mediate the lysophosphatidic acid (LPA) signal
to YAP through Lats1/2 kinase activity.13 In addition, the
gernaylgeranyl pyrophosphate produced by the mevalonate
cascade is required for the activation of RhoA, which results

in activation of YAP/TAZ in breast cancer cells.14 Furthermore,
RhoA is critical for LPA- and epidermal growth factor
(EGF)-induced breast cancer invasion.15,16

The natural polyphenolic compound resveratrol (REV,
trans-3,5,4-trihydroxystilbene) is found in peanuts, grapes
and a variety of berries, as well as in food products, such as
wine.17,18 REV has been shown to inhibit the initiation and
progression of several cancers, including breast cancer.19–21

We recently showed that REV inhibits EGF receptor
phosphorylation to attenuate LPA-induced ovarian cancer
invasion.22

Although Hippo/YAP signaling is closely associated with
breast cancer cell progression, little is known the effect
of REV on Hippo signaling and its association with breast
cancer progression. Considering the anti-proliferative and
anti-metastatic effects of REV on multiple tumors, exploring
the function of REV on Hippo/YAP signaling is invaluable for
uncovering the therapeutic potential of REV on cancer patients.
In the present study, we demonstrated that REV attenuates
LPA- and EGF-induced breast cancer invasion by inactivating
YAP, leading to the downregulation of transcriptional products
of YAP, such as amphiregulin (AREG), cysteine-rich angiogenic
inducer 61 (CYR61) and connective tissue growth factor
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(CTGF). In addition, we observed that REV efficiently reduces
LPA- and EGF-induced dephosphorylation of Lats1. Finally,
and more importantly, our present data showed that REV
directly inactivates RhoA. Collectively, this study indicates
that REV reduces LPA- and EGF-induced breast cancer cell
invasion through coordinated inactivation of RhoA with YAP
phosphorylation, providing novel targets for breast cancer
progression and indicating the potential therapeutic impor-
tance of REV for breast cancer patients.

MATERIALS AND METHODS

Reagents
REV, EGF and simvastatin were purchased from Sigma-Aldrich
(St Louis, MO, USA). LPA was purchased from Avanti Polar Lipids
(Albaster, AL, USA). All reagents were of the purest grade available.

Cell culture
The human breast cancer MDA-MB-231 and MDA-MB-468 cells
were purchased from American Type Culture Collection (Manassas,
VA, USA) and used between the 10th passage and 30th passage.
The cells were cultured in RPMI 1640 with 10% fetal bovine
serum (HyClone, Logan, UT, USA) and 1% penicillin/streptomycin
(HyClone) in a humidified incubator under 5% CO2 at 37 °C.

Cell viability assay
The cells (5× 104 cells per well) were seeded in 96-well plates for 24 h
and then pretreated with the indicated amounts of REV for 24 h in
serum-free medium. The cells were mixed with 0.5 mg ml− 1 MTT
((3,4,5-dimethylthiazol-2yl)-5-diphenyl-tetrazolium bromide). After
incubating for 3 h, 100 μl of dimethylsulphoxide was added to each
well to extract the dye. The absorbance was subsequently measured at
540 nm using an enzyme-linked immunosorbent assay plate reader
(Bio-Rad, Berkeley, CA, USA).

Reverse transcription-PCR quantification
Total RNA (1 μg) was primed with oligo (dT) and reverse-transcribed
into complementary DNA using a Moloney murine leukemia virus
reverse transcriptase (Promega, Madison, WI, USA). The comple-
mentary DNA was then subjected to PCR amplification with primer
sets for AREG, CTGF, CYR61 and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH): AREG forward (5′-TGGGGAAAAGTCC
ATGAAAA-3′), AREG reverse (5′-TGTGAGGATCACAGCAGACA
-3′); CTGF forward (5′-CCAATGACAACGCCTCCTG-3′), CTGF
reverse (5′-TGGTGCAGCCAGAAAGCTC-3′); CYR61 forward (5′-AG
CCTCGCATCCTATACAACC-3′), CYR61 reverse (5′-TTCTTTCACA
AGGCGGCACTC-3′); and GAPDH forward (5′-ACAGTCAGCCGC
ATCTTCTT-3′), GAPDH reverse (5′-ACGACCAAATCCGTTGAC
TC-3′).

Immunoblotting
After cells were washed with phosphate-buffered saline, they were
incubated 10 min at room temperature in radioimmunoprecipitation
assay lysis buffer with added protease inhibitor cocktail tablets. The
cell lysates were scraped from the plates. Then, they were centrifuged
at 13 000 r.p.m. for 15 min at 4 °C, and protein concentrations were
determined using BCA protein assay reagent (Thermo Fisher Scientific
Inc., Rockford, IL, USA). Total cellular proteins were resolved by 8%
SDS-polyacrylamide gel electrophoresis and transferred to polyvinyli-
dene difluoride membranes (Millipore, Temecula, CA, USA). The

membranes were blocked with 5% nonfat-dried milk in TBS-T,
incubated for 2 h and then probed with the indicated primary
antibodies. Then, the membranes were washed twice with washing
buffer (0.1% Tween 20 in TBS) and incubated with secondary
antibodies for 2 h. The membrane was washed twice again with
washing buffer, and the immunoreactive bands were visualized by ECL
(Thermo Fisher Scientific Inc.). The primary antibodies were used as
follows: p-Lats1 (#9157, Cell Signaling Technology, Danvers, MA,
USA), Lats1 (#3477, Cell Signaling Technology), p-YAP (#4911, Cell
Signaling Technology), YAP (sc-15407, Santa Cruz Biotechnology,
Texas, CA, USA), AREG (sc-25436, Santa Cruz Biotechnology), CTGF
(sc-25440, Santa Cruz Biotechnology), CYR61 (sc-13100, Santa Cruz
Biotechnology), RhoA (sc-179, Santa Cruz Biotechnology) and
GAPDH (sc-25778, Santa Cruz Biotechnology).

Immunofluorescence
Cells were fixed with cold methanol for 15 min and washed twice with
phosphate-buffered saline. Immunofluorescence was carried out with
an anti-YAP antibody (1:100; sc-179, Santa Cruz Biotechnology)
overnight as described previously.23 The nuclei were counterstained
with 4′,6-diamidino-2-phenylindole. The cells were washed with
ice-cold phosphate-buffered saline three times for 10 min and then
incubated with goat anti-rabbit secondary antibody (green, 1:500;
Jackson Immuno Research, West Grove, PA, USA) at room tempera-
ture. The cells were examined by confocal microscopy (× 200,
LSM710; Carl Zeiss, Jena, Germany).

In vitro invasion and migration assay
In vitro invasion assays were performed in triplicate using an invasion
assay kit with Matrigel-coated inserts (BD Bioscience, San Jose, CA,
USA) as described previously.24 A volume of 1× 106 cells per well was
added to the upper compartment of the invasion chamber with or
without pharmacological inhibitors in transfected cells. To the lower
compartment, we added serum-free conditioned medium with or
without attractants. In vitro migration assays were performed in
triplicate using a 48-well microchemotaxis chamber as described
previously.25 Type I collagen-coated polyvinyl pyrrolidine-free
polycarbonate filters with 8 μm pore membranes (Neuro Probe,
Gaithersburg, MD, USA) were used in these modified Boyden
chambers. After the samples were incubated for 6 (for migration)
and 17 h (for invasion) at 37 °C, the migrated or invaded cells were
sequentially fixed, stained with Diff-Quik reagents (Dade Behring Inc.,
Newark, DE, USA) and quantitated by counting the number of cells in
five random high-power fields for each replicate (× 200) with a light
microscope.

Transfection of plasmid DNAs and siRNAs
The cells were transfected with the indicated plasmids and short
interfering RNAs (siRNAs) with Lipofectamine RNAiMAX and
Lipofectamine 2000 (Invitrogen Carlsbad, Temecula, CA, USA),
according to the manufacturer’s instructions, respectively. A RhoAV14
complementary DNA was subcloned into a pEGFPC1 vector, and the
empty pEGFPC1 vector was used as a negative control. The siRNAs
targeting YAP and TAZ were purchased from Sigma-Aldrich.

Analysis of RhoA GTPase activity
For the analysis of RhoA GTPase activity, the amount of RhoA-GTP
bound to the Rhotekin RBD was determined using a RhoA Activation
Assay kit (Millipore), according to the manufacturer’s instructions as
described previously.26
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RhoA GLISA activation assay
The GLISA RhoA Activation Assay kit (Cytoskeleton, Denver, CO,
USA) was used to analyze the GTP-RhoA in the cells, according to the
manufacturer’s instructions.

Statistics
Data are shown as the mean± s.d. Differences between two groups
were assessed using Student’s t-test. Differences among three or more
groups were evaluated by analysis of variance, followed by Bonferroni
multiple comparison tests.

RESULTS

REV reduces the expression of YAP target genes
REV is a small molecule with the chemical structure of 3,5,
4′-trihydroxy-trans-stilbene (Figure 1a). To identify an
optimal concentration of REV that does not induce apop-
tosis, we first determined the toxicity of REV against breast
cancer cells. Treatment of the cells with REV at 25 μM
showed 490% (± s.d., n= 3) of the cells survived
(Figure 1b). Given that LPA27 and EGF have been shown

Figure 1 Resveratrol (REV) reduces the expression of yes-associated protein target genes. (a) The chemical structure of REV. (b) The
viability of breast cancer cell was analyzed by (3,4,5-dimethylthiazol-2yl)-5-diphenyl-tetrazolium bromide (MTT) assays. The serum-starved
cells were treated with REV for 24 h. (c, d) The serum-starved MDA-MB-231 and MDA-MB-468 cells were pretreated with REV (25 μM) for
1 h and then stimulated with lysophosphatidic acid (LPA; 5 μM) and epidermal growth factor (EGF; 100 ng ml−1) for 2 and 0.5 h,
respectively. Quantitative reverse transcription-PCR (*Po0.05 and **Po0.01 versus control, #Po0.05 and ##Po0.01 versus LPA or
epidermal growth factor (EGF) treatment only). All experiments were repeated three times.
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to induce cancer cell invasion through the expression of
YAP target genes, including AREG, CTGF and CYR61, we
next determined the effect of REV on the LPA- and EGF-
induced expression of YAP target genes. Stimulation of the
breast cancer cells with LPA or EGF significantly increased

the messenger RNA expression of transcriptional target
genes of YAP (Figure 1c and d). However, pretreatment of
the cells with REV efficiently inhibited the LPA- or EGF-
induced expression of YAP target genes. Therefore, these
data strongly suggest that REV, at a concentration with no

Figure 2 Resveratrol (REV) inhibits lysophosphatidic acid (LPA)- and epidermal growth factor (EGF)-induced YAP activation. (a–c) The
serum-starved MDA-MB-231 and MDA-MB-468 cells were pretreated with REV (25 μM) for 1 h and then stimulated with LPA (5 μM) and
EGF (100 ng ml−1) for 2 h and 0.5 h, respectively. (a, b) Immunoblotting. Immunoblot bands were quantified by ImageJ densitometric
analysis and normalized to Lats1 and YAP, respectively (*Po0.05, **Po0.01 versus control, #Po0.05 versus LPA and EGF treatment
only). (c) Immunofluorescence. Original magnification ×200; scale bar=50 μm. All experiments were repeated three times.
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Figure 3 Resveratrol (REV) suppresses lysophosphatidic acid (LPA)- and epidermal growth factor (EGF)-induced breast cancer cell invasion.
(a, b) The serum-starved MDA-MB-231 and MDA-MB-468 cells were pretreated with REV (25 μM) for 1 h and in vitro invasion and
migration were analyzed against LPA (5 μM) (a) and EGF (100 ng ml−1) (b) (***Po0.001 versus control, ###Po0.001 versus LPA and
EGF treatment only). (c) The MDA-MB-231 cells were transfected with the indicated siRNA. Then, the cells were pretreated with REV
(25 μM) for 1 h, followed by stimulation with or without LPA (5 μM; ***Po0.001 versus control, ##Po0.01 versus LPA treatment only,
###Po0.001 versus LPA treatment only, $$Po0.01 versus LPA treatment and YAP siRNA). Original magnification ×200. (d) The MDA-
MB-231 cells were transfected with the indicated siRNA and then stimulated with or without LPA (5 μM; ***Po0.001 versus control,
#Po0.05 versus LPA treatment only, ##Po0.01 versus LPA treatment only, $$Po0.01 versus TAZ siRNA and LPA treatment). Original
magnification of all images, ×200. All experiments were repeated three times.
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significant toxicity to the tested cancer cells, attenuates LPA-
and EGF-induced messenger RNA expression of YAP
target genes.

REV inhibits LPA- and EGF-induced YAP activation
Given that LPA13 and EGF28,29 induce AREG, CTGF and
CYR61 expression through YAP activation, we next determined
the effect of REV on LPA- and EGF-induced YAP activation.
Pretreatment of the cells with REV strongly inhibited LPA- and
EGF-induced YAP dephosphorylation (Figure 2a and b),
suggesting that REV inactivates YAP, thereby inhibiting the
messenger RNA expression of YAP target genes. In addition,
we observed that REV recovers LPA- and EGF-induced Lats1
dephosphorylation. Considering that Lats1 phosphorylation
governs YAP inactivation, our present results suggest that
REV attenuates LPA- and EGF-induced YAP activation by
restoring Lats1 phosphorylation. Consistent with this observa-
tion, immunofluorescence analyses showed that LPA and EGF
translocate YAP from the cytosol to the nucleus, and that REV
efficiently blocks LPA- and EGF-induced translocation of YAP
into the nucleus (Figure 2c). Therefore, these results indicate
that REV suppresses LPA- and EGF-induced YAP activation,
leading to a reduction in the expression of YAP target genes.

REV suppresses LPA- and EGF-induced breast cancer cell
invasion
Previously, LPA was shown to induce YAP activation, leading
to the secretion of AREG and ovarian cancer cell migration.27

Therefore, we next determined whether REV attenuates
LPA- and EGF-induced breast cancer cell invasion and migra-
tion. Pretreatment of the cells with REV significantly reduced
LPA- and EGF-induced breast cancer cell invasion and migra-
tion (Figure 3a and b). More importantly, combined treat-
ment of the cells with REV and YAP siRNA showed stronger
inhibition of LPA-induced breast cancer cell invasion
compared with the single treatment (Figure 3c). To determine
the roles of YAP and TAZ in LPA-induced breast cancer cell
invasion, we transfected the cells with YAP- and TAZ-specific

siRNAs. Silencing the YAP or TAZ expression significantly
reduced LPA-induced breast cancer cell invasion (Figure 3d).
In addition, silencing both YAP and TAZ expression showed a
more marked inhibition of LPA-induced breast cancer cell
invasion than silencing single protein expression. Therefore,
these data suggest that both YAP and TAZ are important for
LPA-induced breast cancer cell invasion, and that REV
efficiently suppresses LPA-induced breast cancer cell invasion.

REV inactivates RhoA
RhoA has been associated with LPA30- and EGF31–33,

-induced inhibition of Lats1/2 and consequent YAP activa-
tion. Therefore, we investigated whether REV activates LPA-
induced Lats1 by inhibiting RhoA activation. Strikingly, REV
strongly attenuated LPA-induced RhoA activation
(Figure 4a). To determine whether REV directly inactivates
RhoA, we utilized a constitutively active mutant of RhoA
(RhoAV14). REV reduced the level of active RhoA induced
by RhoAV14 (Figure 4b). In addition, transfection of the cells
with RhoAV14 substantially reduced YAP phosphorylation
and subsequently increased the expression of YAP target
genes (Figure 4c). However, pretreatment of the cells with
REV significantly recovered the YAP phosphorylation sup-
pressed by RhoAV14. Furthermore, we observed that REV
suppressed RhoAV14-induced breast cancer cell invasion
(Figure 4d). In addition, REV reduced the RhoA activity
induced by RhoAV14 (Figure 4e), suggesting that REV
directly inactivates RhoA. Consistent with these observations,
pretreatment of the cells with simvastatin, an inhibitor of
geranlygeranylation of RhoA,34,35 significantly inhibited LPA-
induced dephosphorylation of Lats1 and consequent YAP
activation (Figure 4f). In addition, simvastatin strongly
inhibited LPA-induced YAP translocation into the nucleus
(Figure 4g) as well as breast cancer cell invasion (Figure 4h).
Furthermore, pretreatment of the cells with both REV and
simvastatin showed more significant suppression of LPA- and
EGF-induced breast cancer cell invasion compared with that
of the single treatment (Figure 4i). Therefore, these results

Figure 4 Resveratrol (REV) inactivates RhoA. (a) The serum-starved MDA-MB-231 cells were pretreated with REV (25 μM) and then
stimulated with lysophosphatidic acid (LPA; 5 μM) for 3 min. Active RhoA bands were quantified by ImageJ densitometric analysis and
normalized to total RhoA (**Po0.01 versus control, #Po0.05 versus LPA treatment). (b–e) The MDA-MB-231 cells were transfected with
the indicated vectors for 48 h and then treated with REV (25 μM) for 1 h. (b) RhoA-GTP pull-down assays. Active RhoA bands were
quantified by ImageJ densitometric analysis and normalized to total RhoA (**Po0.01 versus control, ##Po0.05 versus transfection of
RhoAV14). (c) Immunoblotting. Immunoblot bands were quantified by ImageJ densitometric analysis and normalized to the control
(*Po0.05 versus control vector, **Po0.01 versus control vector, ***Po0.001 versus control vector, #Po0.05 versus transfection of
RhoAV14, ##Po0.01 versus transfection of RhoAV14, ###Po0.001 versus transfection of RhoAV14). (d) In vitro invasion assay
(***Po0.001 versus control vector, ###Po0.001 versus transfection of RhoAV14). (e) RhoA GLISA activation assay (*Po0.05 versus
control, ##Po0.01 versus V14 RhoA treatment only). (f–h) The serum-starved MDA-MB-231 cells were pretreated with simvastatin (5 μM)
for 1 h and then stimulated with LPA (5 μM) for 2 h. (f) Immunoblotting. Immunoblot bands were quantified by ImageJ densitometric
analysis and normalized to Lats1 and YAP (*Po0.05, **Po0.01 versus control, ##Po0.01 versus LPA treatment only). (g) The expression
of YAP was visualized by immunofluorescence. Original magnification ×200; scale bar, 50 μm. (h) In vitro invasion assay (***Po0.001
versus control, ###Po0.001 versus LPA treatment only). (i) The serum-starved MDA-MB-231 cells were pretreated with REV (25 μM) or
simvastatin (5 μM) for 1 h and in vitro invasion was analyzed against LPA (5 μM) or epidermal growth factor (EGF; 100 ng ml−1;
***Po0.001 versus control, ###Po0.001 versus LPA or EGF treatment only, $$$Po0.001 versus LPA or EGF and simvastatin treatment).
All experiments were repeated three times.
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strongly suggest that REV inhibits LPA-induced YAP activa-
tion by inactivating RhoA, and that REV in combination with
simvastatin can be used to improve survival of patients with
breast cancer.

DISCUSSION

The Hippo/YAP signaling pathway has been implicated in the
tumorigenesis and progression of various types of cancer.36–39

In the present study, we elucidated additional anti-invasive
effects of REV on breast cancer cells. REV suppressed the LPA-
and EGF-induced expression of YAP target genes. In addition,
we observed that REV attenuates LPA- and EGF-induced breast
cancer cell invasion via activation of Lats1 and consequent
inactivation of YAP. More interestingly, we demonstrated for
the first time that REV inactivates RhoA, leading to the
activation of Lats1 and induction of YAP phosphorylation.
Therefore, the present data provide another underlying
mechanism by which REV attenuates breast cancer invasion,
indicating the beneficial effects of REV on this deadly disease.

A natural compound, REV enhances apoptosis and sup-
presses tumor growth through multiple signaling pathways in
various cancer cells.40–43 Notably, REV decreases breast cancer
cell invasion by inhibiting FAK,44 Rac and Cdc4245 activities. In
addition, REV has been shown to downregulate MMP-9
expression46 and suppresses PI3K/Akt/Wnt/beta-catenin
signaling.47 Furthermore, REV enhances the anticancer effects
of doxorubicin in breast cancer cells.48 In the present study, we
showed that REV inhibits the Hippo/YAP signaling pathway,
leading to the downregulation of YAP target gene expression
and consequent attenuation of breast cancer cell invasion. We
observed that REV reduces the LPA- and EGF-induced
expression of AREG, CTGF and CYR61. In addition, our data
showed that REV recovers LPA- and EGF-induced Lats1
inactivation and subsequent YAP dephosphorylation. It is
noteworthy that REV increased the phosphorylation of Lats1
and YAP, suggesting that REV also inhibits a basal Hippo/YAP
signaling axis.

Previously, cerivastatin, which is used in the treatment of
hypercholesterolemia by inhibiting HMG-CoA reductase, was
reported to inhibit translocation of RhoA to the cell membrane
and consequent RhoA activation and breast cancer cell
invasion.34 Interestingly, geranylgeranyl pyrophosphate
produced by the mevalonate cascade was required for activa-
tion of RhoA, leading to the activation of YAP/TAZ.14 Recent
studies have shown discordant effects of REV on RhoA
activation. Although indirect effects of REV on RhoA
have been found, we reported that REV suppresses
LPA-induced EGF receptor activation and subsequent inhibi-
tion a Ras/RhoA/ROCK signaling in ovarian cancer cells.22 In
contrast, REV has been shown to induce RhoA activation in
glioblastoma cells.49 In the present study, we demonstrated that
REV directly reduces RhoA activity. REV treatment reduced
the basal RhoA activity. In addition, REV inhibited
LPA-induced RhoA activity and subsequent YAP activation in
breast cancer cells. Furthermore, REV reduced RhoAV14-
induced YAP dephosphorylation. Therefore, the effect of

REV on RhoA activity appears to be context-dependent.
Whether REV inactivates RhoA by suppressing HMG-CoA
reductase is under current investigation.

In conclusion, our results demonstrate that REV directly
inactivates RhoA, and that inactivated RhoA in turn phosphor-
ylates YAP through the activation of Lats1, leading to the
suppression of YAP target gene expression and consequent
inhibition of breast cancer cell invasion. Therefore, REV may
be used to reduce invasion and metastasis of breast cancer cells
to improve outcomes for this devastating disease.
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