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TLRS/7-mediated PI3K activation triggers
epithelial-mesenchymal transition of ovarian cancer
cells through WAVE3-dependent mesothelin
or OCT4/SOX2 expression
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Abstract. Toll-like receptor (TLR)-mediated signaling induces
cell migration or invasion in several tumors and various stages
of cancer. Interactions of mesothelin, a 40-kDa cell surface
glycoprotein, with cancer antigen 125 (CA125) is associated
with drug resistance, metastasis, and poor clinical outcome of
ovarian cancer patients. In this study, we examined the role of
TLRS5 and TLR7 in the metastasis of ovarian cancer through
the induction of mesothelin/CA125 expression and inves-
tigated its underlying mechanism. TLRS5 agonist (flagellin)
and TLR7 agonist (imiquimod) upregulated mesenchymal
phenotypes and produced epithelial-mesenchymal transition
(EMT)-related cytokines in the SKOV3 cells; however, TLR7
expressing CaOV3 cells had no response to the specific ligand,
imiquimod, for enhancing its EMT processes. Stimulation
of the SKOV3 cells with flagellin or imiquimod activated
Wiskott-Aldrich syndrome protein verprolin-homologous 3
(WAVE3) and mesothelin/CA125, whereas it suppressed the
expression of TAp63. Moreover, knockdown of TLRS or TLR7
in SKOV3 cells profoundly impaired the TLRS5- or TLR7-
intiated downstream signaling pathway. Loss of WAVE3 in
SKOV3 cells led to the inhibition of invasion, suppression
of mesenchymal characteristics, prevention of OCT4/SOX2
secretion, and attenuation of mesothelin/CA125 expression
after stimulation with flagellin or imiquimod. Although the
disruption of mesothelin decreased the migratory activity of
the TLRS5/7-activated SKOV3 cells, knockdown of mesothelin
failed to reduce the expression of mesenchymal markers,
OCT4, and SOX2. In addition, targeting OCT4 or SOX2
with siRNA had no effect on the expression of mesothelin
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and the suppression of transcriptionally active p63 (TAp63)
in the TLRS5/7-stimulated SKOV3 cells. Our results suggest
that TLR5/7-mediated WAVE3 activation not only controls
the mesothelin-related EMT processes but also modulates
OCT4/SOX2-mediated mesenchymal marker expression.
Taken together, both TLRS5 and TLR7 expression are critical
for the TLRS5/7-induced metastasis of ovarian cancer and the
inhibition of WAVE3 might be a new therapeutic target to
control ovarian cancer metastasis.

Introduction

High mortality and poor prognosis due to late diagnosis are the
main characteristics of ovarian cancer (1). Cancer metastasis
is also considered a major cause of death in ovarian cancer
patients (2). TLR stimulation in cancer cells is known to be
closely related with proliferation and progression in various
carcinomas (3). In addition, TLR activation promotes migration
or invasion of several tumors (4-6). The expression of TLR2,
TLR3, TLR4, and TLRS are observed on the surface of normal
ovary epithelium as well as benign and malignant tumor
conditions (7). TLR1, TLR7, and TLR9 are also detected in
malignant cells, but expressed at low level (7). Thus, studying
TLR activation and related mechanism of cancer progression is
critical for the regulation of ovarian cancer metastasis.

High mesothelin (MSLN) expression is one of character-
istics of several human cancers, including ovarian cancer (8).
Mesothelin plays an important role in cancer cell survival,
migration, invasion and tumor progression (9,10). Secreted
mesothelin is capable of binding to CA125/MUCI16 (11) and
overexpression of CA125 on the surface of ovarian cancer cells
is strongly associated with poor survival of ovarian cancer
patients (11,12). Mesothelin/CA125 binding promotes migra-
tion and invasion of pancreatic cancer cells via activation of
matrix metalloproteinase 7 (MMP7) (13). Mesothelin triggers
cancer cell survival, proliferation and drug resistance through
phosphatidylinositol 3-kinase (PI3K)/Wnt/NF-kB-signaling
pathways (14). The PI3K/Akt pathway generally promotes the
inhibition of apoptosis and progression of the cell cycle (15).
TLRs stimulation is functionally associated with tumor growth
and progression (16). We also reported that TLR4-mediated
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PI3K activation controls the invasion and metastasis of ovarian
cancer through the production of galectin-1 (17). However, the
underlying mechanism and association of PI3K for inducing
mesothelin in TLR5/7-activated ovarian cancer cells remains
unclear.

The WASP (Wiskott-Aldrich syndrome protein) and WAVE
(WASP verprolin-homologous) families of proteins play
important roles in the morphological changes and cytokinesis
through the regulation of actin-cytoskeleton interactions (18).
Although WAVEI and WAVE2 are essential for the formation
of the peripheral leading edge in invading fibroblasts (19),
WAVES3 is also required for the process of epithelial mesen-
chymal transition (EMT) of various cancers, including breast,
liver, and prostate (20-22). In addition, WAVE3 interacts
with p85, the regulatory subunit of the PI3K, to activate the
downstream signaling cascade (23). Although WAVE3 is one
of the attractive diagnostic and therapeutic targets for anti-
cancer therapy, the underlying mechanism of its induction and
association with mesothelin in TLR-stimulated ovarian cancer
remains poorly understood.

Ovarian cancer cells express a variety of TLRs (7).
Furthermore, signaling and response induced by TLRS acti-
vation regulates tumor growth and progression of ovarian
cancer (24). Based on these studies, we hypothesized that the
stimulation of TLR5 and TLR7 on the surface of ovarian cancer
cells would induce PI3K/Akt-mediated epithelial-mesen-
chymal transition (EMT) through the regulation of several
signaling pathways. We investigated the relationship between
WAVE3 and mesothelin induction by the TLR5/7-activated
PI3K/Akt signaling pathway. We also examined the associa-
tion of TAp63 in TLRS5/7-mediated ovarian cancer migration
because induction of TAp63 expression is related to promotion
of migratory and invasive activities in TLR4-mediated cancer
cells (25).

Materials and methods

Cell lines and chemicals. The human ovarian cancer cell lines
CaOV3 and SKOV3 were purchased from ATCC (Manassas,
VA, USA). The CaOV3 cells were maintained in DMEM
medium (Corning Inc., Corning, NY, USA) supplemented
with 10% FBS (RMBIO, Missoula, MT, USA), penicillin,
streptomycin, and glutamine at 37°C in 5% CO,. The SKOV3
cells were maintained in RPMI-1640 medium (Corning
Inc.) supplemented with 10% FBS, penicillin, streptomycin,
and glutamine at 37°C in 5% CO,. Flagellin (TLRS5 ligand)
was purchased from Sigma-Aldrich (St. Louis, MO, USA).
Imiquimod (TLR7 ligand) was obtained from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). A66 (p110a inhibitor),
TGX-221 (pl110f inhibitor), CAL-101 (p1100 inhibitor),
LY294002 (pan-pl110 inhibitor), Bay 80-6946 (p110a and
pl10p dual inhibitor), and pictilisib (p110a and p1106 dual
inhibitor) were obtained from Selleck Chemicals (Houston,
TX, USA).

Proliferation assay with Cell Counting Kit-8. Cell prolifera-
tion was measured using Cell Counting Kit-8 (CCK-8) (Enzo
Life Sciences, Farmingdale, NY, USA) according to the manu-
facturer's instructions. The cells were seeded into 96-well
plates (2x10* cells/well) and treated with flagellin (0.1 pg/ml)
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or imiquimod (4 ug/ml). For comparison, non-treated control
cells were cultured with media in the presence of DMSO.
After 24 h, the cells were stained with 10 pl of CCK-8 dye in
90 pl of culture medium for 2 h at 37°C. The absorbance was
measured at 450 nm.

Western blotting. The cells were washed in PBS and lysed in
NP-40 buffer (Elpis Biotech, Daejeon, Korea) supplemented
with a protease inhibitor cocktail (Sigma-Aldrich). Protein
phosphorylation states were preserved by the addition of
phosphatase inhibitors (Cocktail II, Sigma-Aldrich) to the
NP-40 buffer. Protein concentrations were determined by
using a BCA assay kit (Pierce, Rockford, IL, USA). The
proteins (10 ug/sample) were resolved by SDS-PAGE and then
transferred onto a nitrocellulose membrane (Millipore Corp.,
Billerica, MA, USA). The membranes were blocked with 5%
non-fat milk prior to western blot analysis. Chemiluminescence
was detected using an ECL kit (Advanta Corp., Menlo Park,
CA, USA) and the Amersham Imager 600 (GE Healthcare Life
Sciences, Little Chalfont, UK). The following primary Abs
were used: E-cadherin, N-cadherin, Slug, Snail, Vimentin,
TCF8/Zebl, pB-actin, MMP2, MMP9, MyDS8S, pl10a,
pl10p, p1108, WAVE3, mesothelin, SOX2, and OCT4 (Cell
Signaling Technology, Beverly, MA, USA); a-SMA (Bioss,
Woburn, MA, USA); CA125 (Abcam, Cambridge, UK);
TAp63 (BioLegend, San Diego, CA, USA); TLRS and TLR7
(Santa Cruz Biotechnology).

Small interfering RNA (siRNA) transfection. Experimentally
verified human WAVE3-small interfering RNA (siRNA)
duplex, human OCT4-siRNA duplex, human SOX2-
siRNA duplex, human mesothelin-siRNA duplex, human
TLRS5-siRNA duplex, human TLR7-siRNA duplex, and
negative control-siRNA were obtained from Bioneer Corp.
(Daejeon, Korea). Cells were seeded at a concentration of 1x10°
per well in a 6-well plate and grown overnight. The cells were
then transfected with 200 nM siRNA using Lipofectamine
RNAiIMAX Reagent (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer's instructions. The cells were
used for further experiments at 36 h after transfection and then
treated with TLR agonists for 24 h.

Quantification of human cytokines by ELISA. The concen-
trations of active TGF-f1, TNF-a, VEGF, and IL-8 in the
cell culture supernatants were quantified by single cytokine
ELISA assay kits (R&D Systems, Minneapolis, MN, USA).
Mesothelin was quantified with a kit from BioLegend.
WAVE3, SOX2, and OCT4 were quantified with kits from
MyBioSource (San Diego, CA, USA). The data are expressed
as the average value from a number of biological repli-
cates = standard deviation (SD).

Invasion assay. The invasion assay was performed using the
CultreCoat 96-well Medium BME Cell Invasion Assay kit
(R&D Systems) according to the manufacturer's protocol.
Cells (2.5x10%) in serum-free RPMI-1640 or DMEM
containing 0.1% FBS were seeded into the upper chamber and
the lower compartment was filled with RPMI-1640 or DMEM
containing 10% FBS as the chemoattractant. After incuba-
tion for 24 h, the non-invading cells on the upper membrane
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Figure 1. TLR5/7 agonist increases the invasion and secretion of EMT-related cytokines of ovarian cancer cells. (A) The protein levels of TLR5/7 on ovarian
cancer cells were measured using western blotting. $-actin was used as a loading control. (B) Effect of TLR agonists on the proliferation of CaOV3 and SKOV3
cells. The cells were seeded into 96-well plates (2x10* cells/well) and treated with flagellin (0.1 xg/ml) or imiquimod (4 pg/ml). After incubation for 24 h, cell
proliferation was determined using the Cell Counting Kit-8 (CCK-8) according to the manufacturer's instructions. (C-F) Cells (1.5x10%/well) were seeded into
6-well plates and grown overnight. The cells were cultured with or without TLR agonists (0.1 pg/ml flagellin or 4 yg/ml imiquimod) for 24 h. (C) EMT markers
(E-cadherin, N-cadherin, Vimentin, Slug, Snail, a-SMA, and TCF8) were determined using western blotting. (D) The invasiveness of the SKOV3 cells was
enhanced by TLR agonists (flagellin or imiquimod) as determined with the BME cell invasion assay described in Materials and methods. Each value is the
mean =+ standard deviation of 3 determinations. “P<0.01. (E and F) Culture supernatants were collected 24 h after stimulation with TLR agonists (flagellin or
imiquimod), and the amounts of active TGF-f1, IL-8, VEGF, and TNF-a were determined by ELISA. Data are presented as the mean of three independent

experiments, and the error bars represent SD of the means. *

surface were removed by wiping with a cotton swab. The
invaded cells were stained with calcein-AM and quantified
using a microplate reader.

Statistical analyses. Data are expressed as the mean + stan-
dard deviation (SD). Statistical analysis was conducted using
one-way analysis of the variance. A P-value <0.05 was consid-
ered to indicate a statistically significant difference.

Results

Binding to TLR5/7 induces changes in SKOV3 cell motility
and secretion of EMT-related cytokines. We first examined
the expression of TLR5 and TLR7 to determine the effect of
TLR stimulation on EMT processes in ovarian cancer cells.
First, we selected the four cell lines (CaOV3, OVCAR3, OV90
and SKOV3) as model of ovarian cancer (26) and checked the
expression of TLRS5 and TLR7 as well as the proliferation
after stimulation with TLRS ligand (flagellin) or TLR7 ligand
(imiquimod). Although TLR7 was detected in all ovarian
cancer cell lines, the appearance of TLRS on CaOV3 cells was
very weak compared to the other cell lines (Fig. 1A). TLRS
or TLR7 activation by specific agonist had no effect on the

“P<0.005. The results are representative of three independent experiments.

proliferation of CaOV3 and SKOV3 cells (Fig. 1B). Based on
those results, we selected CaOV3 cells as the representative
of primary ovarian cancer and SKOV3 cells as the model of
metastatic ovarian cancer (27). Treatment with flagellin and
imiquimod of SKOV3 cells not only induced the mesenchymal
markers (N-cadherin, Vimentin, Slug, Snail, a-SMA, and
TCFS8) but also reduced the epithelial marker, E-cadherin;
however, the stimulation of CaOV3 cells with TLRs had no
influence on upregulation of the mesenchymal phenotype even
after stimulation with flagellin and imiquimod (Fig. 1C). The
invasive activity of the SKOV3 cells was also enhanced by
stimulation with flagellin or imiquimod (Fig. 1D). The SKOV3
cells significantly increased the EMT-related cytokines
(TGF-p1, IL-8, VEGF, and TNF-a) compared with non-
treated control cells after treatment with flagellin (Fig. 1E)
or imiquimod (Fig. 1F). These results suggest that activation
of TLRS5/7 might be one of the critical targets to modulate
ovarian cancer metastasis and invasion.

TLR5/7 stimulation induces the expression of EMT-associated
signaling molecules in SKOV3 cells. Next, we examined
the signaling pathway that is influenced by the activation of
TLRS5/7 responsible for the migration and invasion in ovarian
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Figure 2. TLR5/7 stimulation induces the expression of EMT-associated signaling molecules in ovarian cancer cells. (A-G) Cells (1.5x10°/well) were seeded
into 6-well plates and grown overnight. The cells were cultured with or without TLR agonists (0.1 xg/ml flagellin or 4 yg/ml imiquimod) for 24 h. (B) To
determine the effect of TLR5 or TLT7 on EMT-related signal transduction, the cells were seeded into 6-well plates (1x10°/well) and transfected with siRNA
oligonucleotides of TLR5-siRNA (200 nM) or TLR7-siRNA (200 nM) or control-siRNA for 36 h and then treated with TLR agonists for 24 h. (A, B and E)
Total cell lysates were immunoblotted with the indicated antibodies. 3-actin served as the loading control. (C, D, F and G) The culture supernatants were col-
lected 24 h after stimulation with flagellin (C and F) or imiquimod (D and G), and then the amounts of mesothelin, WAVE3, SOX2, and OCT4 were determined
by ELISA. Data are presented as the mean of three independent experiments, and the error bars represent SD of the means. "P<0.001. “P<0.05. "P<0.005.
"P<0.01. The results are representative of three independent experiments. MSLN, mesothelin.

cancer cells. The TLR5/7-activated ovarian cancer cells
showed activation of MyD88 expression; the levels of PI3K
pl10a, B, and O isoforms were significantly increased in the
TLRS5/7-stimulated SKOV3 cells compared to the non-acti-
vated cells (Fig. 2A). Although the expression of TAp63 was
inhibited, the levels of WAVE3, mesothelin, and CA125 were
upregulated in the TLRS5/7-treated SKOV3 cells (Fig. 2A).
However, gene silencing of TLRS5 or TLR7 with siRNA
profoundly blocked the expression of mesenchymal marker
(N-cadherin) and prevented the activation of downstream
signaling pathway in TLRS5- or TLR7-stimulated SKOV3
cells (Fig. 2B). The secretion of mesothelin and WAVE3
by SKOV3 cells was detected after stimulation with TLR5
and TLR7 (Fig. 2C and D). The TLR5/7-activated SKOV3
cells showed an induction in the expression of SRY-related

HMG-box gene 2 (SOX?2) and Octamer-binding transcription
factor 4 (OCT4) proteins (Fig. 2E), which contribute to cancer
invasion (28,29). In addition, secreted SOX2 and OCT4 were
detected in the culture supernatant (Fig. 2F and G). These
results suggest that TLR5/7 responses to their ligands play a
major role in triggering the EMT-related signal transduction of
metastatic ovarian cancer cells.

TLR5/7-dependent PI3K activation regulates WAVE3-
mediated cancer cell motility. Previously, we found that TLR
stimulation contributed to the activation of PI3K catalytic
subunits. Thus, the biological significance of PI3K in cancer
cell metastasis and its effect on the EMT-related signaling
molecules were examined using specific pharmacological
inhibitors. Specific inhibitor against PI3K p110a, 3, and &
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Figure 3. TLR5/7-dependent PI3K activation regulates WAVE3-mediated cancer cell motility. Cells (1.5x10°/well) were seeded into 6-well plates and incu-
bated overnight. The cells were pre-incubated with 50 uM A66, 50 uM TGX-221, 50 uM CAL-101, 50 uM LY294002, 200 nM BAY 80-6946, or 200 nM
pictilisib for 2 h and then treated with TLR agonists (0.1 xg/ml flagellin or 4 ug/ml imiquimod) for 24 h. (A and B) Total cell lysates were immunoblotted with
the indicated antibodies. (C) The invasiveness of the TLR5/7-stimulated SKOV3 cells was blocked by PI3K inhibitors as determined by the BME cell invasion
assay described in Materials and methods. Each value is the mean = SD of 3 determinations. "P<0.005. (D-F) The culture supernatants were collected 36 h after
transfection, and the amounts of mesothelin (D), SOX2 (E), and OCT4 (F) were determined by ELISA. Data are presented as the mean of three independent
experiments, and the error bars represent SD of the means. “P<0.005. “P<0.01. #P<0.01. The results are representative of three independent experiments.

MSLN, mesothelin.

isoforms considerably suppressed the induction of WAVE3
and CA125 in the SKOV3 cells after treatment with flagellin
or imiquimod, whereas the levels of TAp63 were upregu-
lated (Fig. 3A and B). Additionally, the specific inhibition of
each PI3K pl10 isoform efficiently reversed the expression of
TAp63 and reduced the mesenchymal properties of the TLR5/7-
activated SKOV3 cells (Fig. 3A and B). Pharmacological
inhibition of PI3K p110 isoform significantly prevented cell
motility (Fig. 3C), secretion of mesothelin (Fig. 3D) and
production of OCT4 (Fig. 3E) and SOX2 (Fig. 3F) in the
TLRS5/7-treated SKOV3 cells. These results suggest that
the PI3K-mediated the expression of WAVE3, mesothelin,
SOX2, and OCT4 activates migration and invasion capacity
of the ovarian cancer cells after stimulation with flagellin or
imiquimod.

WAVE3 is required for the expression of mesothelin/CAI125
and production of OCT4/SOX2 in the TLR5/7-mediated

invasion activity of SKOV3 cells. Next, we investigated the
relationship of EMT-related molecules to better understand
how the TLR5/7-mediated signaling pathway regulates cancer
cell motility. In flagellin- or imiquimod-treated SKOV3 cells,
the knockdown of WAVE3 using siRNA resulted in the loss
of expression of mesothelin and CA125; however, the level of
TAp63 was not downregulated by stimulation with flagellin
or imiquimod in the WAVE3-silenced SKOV3 cells (Fig. 4A).
Silencing of the WAVES3 in the SKOV3 cells blocked the expres-
sion of mesenchymal markers, matrix metalloproteinase 2
(MMP2) and MMP9 (Fig. 4B) and inhibited the invasive
activity of the cells after TLR5/7 stimulation (Fig. 4C and D).
In addition, downregulation of WAVE3 markedly suppressed
the expression (Fig. 4E) and secretion of OCT4 and SOX2 in
the TLRS/7-activated SKOV3 cells (Fig. 4F and G). Although
WAVE23-silencing reduced the expression of mesothelin and
CA125 along with the activation of MMP2/MMP9 in the
TLRS5/7-stimulated SKOV3 cells, silencing of the mesothelin
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Figure 4. WAVES3 is required for the expression of mesothelin/CA125 and production of OCT4 and SOX2 in TLR5/7-mediated EMT processes in ovarian
cancer cells. The SKOV3 cells were seeded into 6-well plates (1.5x10%/well), transfected with WAVE3-siRNA (200 nM) or control-siRNA for 36 h and then
treated with TLR agonists (0.1 pg/ml flagellin or 4 pg/ml imiquimod) for 24 h prior to the experiments. (A, B and E) Total cell lysates were immunoblotted with
the indicated antibodies. (3-actin served as the loading control. (C and D) The invasiveness of the TLRS5/7-stimulated SKOV3 cells was inhibited by WAVE3

silencing as determined by the BME cell invasion assay described in Materials and methods. Each value is the mean + SD of 3 determinations.

“P<0.01.

“P<0.01. (F and G) The culture supernatants were collected 60 h after transfection and then stimulation with TLR agonists, and the amounts of secreted
SOX2 and OCT4 were determined by ELISA. Data are presented as the mean of three independent experiments, and the error bars represent SD of the means.
"P<0.01. "P<0.01. The results are representative of three independent experiments. MSLN, mesothelin.

gene using siRNA decreased only the level of CA125 in
flagellin- or imiquimod-treated SKOV3 cells (Fig. 5A) but
not the levels of WAVE3 or TAp63 (Fig. 5A). The expres-
sion of mesenchymal markers, OCT4, and SOX2 were not
affected by silencing of mesothelin gene in the flagellin- or
imiquimod-treated SKOV3 cells (Fig. 5B), whereas the
targeted inhibition of mesothelin reduced the expression of
MMP2 and MMPS5 after the stimulation with TLRS and TLR7
ligands (Fig. 5B). Stimulation with flagellin or imiquimod of
the mesothelin-silenced SKOV3 cells resulted in the attenua-
tion of their migratory activity (Fig. 5C and D); however, the
SKOV3 cells lacking mesothelin expression failed to decrease
the production of SOX2 and OCT4 after treatment with
flagellin or imiquimod (Fig. SE and F). These results suggest
that WAVE3 not only plays a critical role in the mesothelin/
CA125-mediated TAp63 downregulation and MMP upregula-
tion but also controls the expression of OCT4 and SOX2 in a
mesothelin-independent manner.

OCT4 and SOX2 modulate the expression of mesenchymal
markers in the TLR5/7-activated SKOV3 cells. Next, we inves-

tigated whether the level of OCT4 or SOX2 has an effect on the
expression of mesenchymal markers in the TLR5/7-stimulated
SKOV3 cells. The targeted inhibition of OCT4 or SOX2 using
small interference RNA had no effect on the mesothelin
upregulation and TAp63 downregulation of the flagellin- or
imiquimod-treated SKOV3 cells (Fig. 6A). Moreover, silencing
of OCT4 or SOX2 genes reduced the expression of N-cadherin
and Snail in SKOV3 after treatment with TLRS and TLR7
ligands (Fig. 6A). In addition, the downregulation of OCT4
or SOX2 significantly suppressed the expression of activated
MMP2 and MMPO in the flagellin- or imiquimod-treated
SKOV3 cells. These results suggest that the TLRS5/7-mediated
WAVES3 signaling pathway controls the EMT processes
through the regulation of OCT4 and SOX2 expression.

Discussion

TLR activation in cancer cells promotes metastasis of
cancer cells at various stages through the regulation of cell
adhesion, invasion, angiogenesis, and increase in vascular
permeability (3-6). The activation of TLR2:TLR6 complexes
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Figure 5. Mesothelin is required for invasiveness and production of OCT4 and SOX2 in the TLR5/7-mediated ovarian cancer EMT processes. The SKOV3
cells were seeded into 6-well plates (1.5x10%/well), transfected with mesothelin-siRNA (200 nM) or control-siRNA for 36 h and then treated with TLR agonists
(0.1 pg/ml flagellin or 4 pg/ml imiquimod) for 24 h prior to the experiments. (A and B) Total cell lysates were immunoblotted with the indicated antibodies.
B-actin served as the loading control. (C and D) The invasiveness of the TLRS/7-stimulated SKOV3 cells was inhibited by mesothelin silencing as determined
by the BME cell invasion assay described in Materials and methods. Each value is the mean = SD of 3 determinations. "P<0.01. “P<0.01. (E and F) Culture
supernatants were collected 60 h after transfection and then stimulation with TLR agonists, and the amounts of secreted SOX2 and OCT4 were determined by
ELISA. Data are presented as the mean of three independent experiments, and the error bars represent SD of the means. The results are representative of three

independent experiments. MSLN, mesothelin.

has been shown to enhance the metastatic growth of lung cancer
by inducing TNF-a secretion in a rat model (4). The exposure
of TLR4 ligands to lipopolysaccharides (LPS), induces cancer
growth and lung metastasis of breast cancer by increasing
angiogenesis (5). CpG oligonucleotide treatment decreased
the expression of tissue inhibitor of metalloproteinase-3 and
increased levels of active MMP13 in TLR9-expressing breast
cancer cells (6). TLR4 stimulation is also involved in ovarian
cancer growth and sensitivity to apoptosis mediated by drugs or
immune cells (30). Although TLRS and TLR7 are detected on
the ovarian epithelium under benign conditions and epithelial
tumors (7), the role and signaling mechanism of TLR5 and
TLR7 in ovarian cancer metastasis has yet to be determined.

In this study, SKOV3 cells, as representatives of metastatic
ovarian cancer, strongly expressed TLR5 and TLR7, whereas
the CaOV3 cells expressed TLR7, but their expression of TLRS
was weak. TLRS5/7-dependent signaling contributed to the
enhancement of cell motility through PI3K-mediated WAVE3
activation. Moreover, WAVE3 modulated the expression of
mesothelin/CA125, downregulated the expression of TAp63,

and promoted the expression of OCT4/SOX2-mediated mesen-
chymal markers in SKOV3 (Fig. 6B). Although TLR7 was also
expressed in the CaOV3 cells, stimulation of these cells with
imiquimod failed to activate downstream signaling pathways.
Furthermore, downregulation of TLRS or TLR7 by transfec-
tion with siRNA in SKOV3 cells prevented the initiation of
TLR5- or TLR7-mediated signaling pathway. Our findings
suggest that both TLR5 and TLR7 expression of ovarian
cancer play critical roles in triggering WAVE3-dependent
EMT processes.

Mesothelin, a plasma membrane differentiation antigen, is
expressed at significantly high levels in several human cancers,
including nearly all mesotheliomas (8) and approximately 70%
of ovarian cancers (11). High mesothelin expression is posi-
tively correlated with drug resistance and short disease-free
survival in ovarian cancer patients (31). Although mesothelin
fails to provide diagnostic information about the cancer due
to its low sensitivity and specificity as a tumor marker (32),
the co-expression of CA125 and mesothelin is strongly corre-
lated with induction of cancer cell metastasis and unfavorable



3174 PARK and KIM: WAVE3 CONTROLS TLR5/7-MEDIATED EMT PROCESSES

A sic si-OCT4 si-Ctrl §I-SOX2 B
> > Flagellin
NV N S
& & & ¢ & & ¢ HI(H | 2 [
JLLL 2
‘ .o ‘ [ P R ‘ocn '
- : Endosome
— . — | SOX2 V2l l
' I
% |’||
\-—: . —— ewme + « |TAp63 \ —| PBK
§ \
\
-5 - &3 |8 s . P48 vsiN N l

— :— -—- -1'-”;'

1o ¥ | m
-— q
- | ==
= .. =X |

—““_‘ -— e - - —

E-cadherin

N-cadherin Octd, Sox2 ( Mesothelin/CA125 |

Snail I’

MMP2 1
Mesenchymal

MMP9 marker

B-actin

Figure 6. OCT4 and SOX2 modulate the expression of mesenchymal markers in the TLR5/7-activated SKOV3. (A) The SKOV3 cells were seeded into 6-well
plates (1.5x10°/well), transfected with OCT4-siRNA (300 nM), SOX2-siRNA (300 nM) or control-siRNA for 36 h and then treated with TLR agonists (0.1 g/

ml flagellin or 4 pg/ml imiquimod) for 24 h prior to experiments. Total cell

lysates were immunoblotted with the indicated antibodies. 3-actin served as the

loading control. (B) Schematic diagram of the intracellular signaling mechanism during TLR agonist (flagellin or imiquimod)-induced TLRS5/7 activation of

human ovarian cancer cells. Interaction of flagellin or imiquimod with TLR5

or TLR7 on SKOV3 cells transduces cellular signals through a common pathway

that leads to the expression of pl10af3d and WAVE3. The subsequent secretion of SOX2, OCT4, and mesothelin by the stimulation of TLRS5/7 expression and
downregulation of TAp63 expression by mesothelin-CA125 interaction results in EMT processes, which induce metastasis of ovarian cancer cells. This study
suggest that the metastasis of ovarian cancer cells may be due to increase in the expression of pl10af3é and WAVE3 and the production of SOX2, OCT4, and

mesothelin. MSLN, mesothelin.

patient outcomes in pancreatic cancer (13,33). The molecular
mechanisms that contribute to the induction of mesothelin
and CA125 expression remain largely unknown. Furthermore,
additional studies on mesothelin induction are still needed to
define its role as a diagnostic marker for determining the clin-
ical outcome and response to anti-cancer therapy. The levels of
mesothelin and CA125 were upregulated after stimulation of
the SKOV3 cells with flagellin or imiquimod. In addition, the
loss of WAVE3 expression led to the complete downregulation
of mesothelin and CA125 in the TLRS5/7-activated SKOV3
cells. Our data suggest that the acquisition of WAVE3 activa-
tion is one of important steps in controlling the expression of
mesothelin/CA125.

The WASP/WAVE proteins are closely related to cell
shape changes, cytokinesis, and cell motility, through the
re-organization of cytoskeletal proteins (34). The WAVE
subfamily of proteins contains three members, WAVEIL,
WAVE?2, and WAVE3 (35). WAVE3 has been shown to regu-
late motility and invasiveness of breast cancer cells through
the activation of p38 and MMP (36). Knockdown of WAVE3
in cells results in the inhibition of NF-xB signaling and
activation of MMP9 (37). Treatment of cells with LY294002,
an inhibitor of PI3K, also prevents WAVE3-mediated breast
cancer cell migration (23). Although PI3K/Akt activation is
involved in multiple signal transduction pathways (38), an
important question that remains to be answered is whether
the TLR5/7-mediated cancer cell migration is also regulated
by the PI3K/WAVE3 pathway. TLRS5/7-dependent PI3K

activation led to the WAVE3-mediated expression of meso-
thelin and CA125 and the production of OCT4 and SOX2.
Pharmacological inhibition of PI3K p110 isoform suppressed
the production of mesothelin, OCT4, and SOX2 but recovered
the expression of TAp63 in flagellin- or imiquimod-treated
SKOV3 cells. Our results suggest that the PI3K/WAVE3
signaling pathway initiates the invasion and metastasis of
ovarian cancer after stimulation with TLRS5/7.

The expression of p63 plays an important role in the
generation of epithelial tissues during the developmental
stages of both humans and murine animals (39). Furthermore,
the disruption of p63 results in more aggressive and meta-
static tumors through the upregulation of genes associated
with increased invasiveness and metastasis (40). TLR4
stimulation had been shown to promote the invasive activity
of colon cancer cells by TAp63-mediated GSK-3f activa-
tion (25). Moreover, the loss of p63 expression accelerates
the metastatic spread and aggressive invasion of the cancer
cells (41). In this study, the TLR5/7-stimulated ovarian cancer
cells also showed reduced migratory activities along with the
suppression of TAp63 expression. These results suggest that
the role of TAp63 in cancer metastasis is still controversial and
cell-type dependent.

The expression of embryonic stem cell markers, including
SOX2 and OCTH4 is significantly associated with the progres-
sion of various human malignancies (42). SOX2 promotes the
metastasis of breast and prostate cancer cells by promoting
epithelial-to-mesenchymal transition (EMT) (43). Silencing of



ONCOLOGY REPORTS 38

the p63 gene using siRNA suppresses the expression of SOX2
and OCT4 in mouse embryonic fibroblasts (44). Although
the stimulation with flagellin or imiquimod of SKOV3 cells
induced the expression of SOX2 and OCT4 in this study, the
activation of TAp63 was significantly reduced. Conversely,
the knockdown of WAVES3 attenuated mesothelin, OCT4,
and SOX2 production, whereas the expression of TAp63 was
recovered. In addition, the targeted inhibition of mesothelin
recovered the expression of TAp63 but had no effect on the
production of OCT4 and SOX2 in the flagellin- or imiquimod-
treated SKOV3 cells.

TLR stimulation is closely associated with carcinogenesis
and progression as well as the production of various cytokines
and chemokines (3). In this study, we also identified the critical
role of TLR5/7-mediated WAVE3 signaling in the invasion
and metastasis of ovarian cancer cells in the independent
regulation of expression of mesothelin/CA125 and OCT4 and
SOX2. Therefore, these results suggest that WAVE3 might be
a promising candidate for the development of a new targeted
therapy against ovarian cancer metastasis.
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