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a b s t r a c t

Oral squamous cell carcinoma (OSCC) is one of the most common cancers worldwide and the 5 years
survival rate of the patients is about 60% in the USA, due to acquired chemotherapeutic resistance and
metastasis of the disease. In this study, we found that tivantinib, a selective MET inhibitor, suppresses
OCSS cell proliferation and colony formation, however, anti-tumor activities induced by tivantinib are
independent of the inhibition of MET signaling pathway. In addition, tivantinib cause G2/M cell cycle
arrest and caspases-dependent apoptosis in OSCC cell lines. We also found that tivantinib dose-
dependently suppressed the activation and expression of FAK. In all, these data suggested that tivanti-
nib may be developed as a chemotherapeutic agent to effectively treat certain cancers including OSCC.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Oral cavity cancer, predominantly oral squamous cell carcinoma
(OSCC), is one of the most common cancer in the world, with more
than 300,000 new cases diagnosed in 2012 [1]. In the past decades,
the five year survival rate of the OSCC patients still remains
dismally low, only about 60% in the USA, despite the progression in
surgery, chemotherapy and radiotherapy [2]. Acquired resistance to
conventional chemotherapies and the metastasis have become
serious obstacles for the OSCC treatment [3,4].

Tivantinib (ARQ 197) was initially discovered as a non-ATP
competitive MET inhibitor and exhibited effective in vitro and
in vivo anti-tumor activities against many human cancers, such as
gastric cancer, breast cancer, non-small-cell lung cancer (NSCLC),
renal cancer and hepatocellular carcinoma (HCC) [5]. It has been
reported that tivantinib might bind to the ATP-binding pocket and
prevent MET auto-phosphorylation, which was the initial step for
the completely activation of MET [6]. Inhibition of the auto-
phosphorylation of MET by tivantinib could result in the suppres-
sion of the downstream pathway phosphorylation of AKT and
ERK1/2 [5]. Meanwhile, Antonio Calles et al. showed that,
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compared to other MET inhibitors such as crizotinib and PHA-
665752, the anti-proliferative activity of tivantinib was more
potent and not restricted to only MET dependent NSCLC cell lines
[7]. They also showed that tivantinib surprisingly did not inhibit
cellular MET activation or phosphorylation of downstream
signaling proteins AKT or ERK1/2 in either MET dependent or in-
dependent cell lines. Moreover, Aki Aoyama et al. demonstrated
that tivantinib could directly bind to the colchicine binding site of
tubulin and disrupt tubulin polymerization [8e10]. Recently,
tivantinib was reported to bind and inhibit glycogen synthase ki-
nase 3 (GSK3) alpha and beta in a greater degree than did MET [11].
These studies suggested that the anti-tumor mechanisms of
tivantinib remain uncertain and need to be further illustrated [12].
Herein, we showed the anti-tumor effects of tivantinib on two
OSCC cell lines, Cal27 and Tca8113, and probe into the potential
underlying mechanisms.

2. Materials and methods

2.1. Antibodies and reagents

Dulbecco's modified Eagle's medium (DMEM) and fetal bovine
serum (FBS) were purchased from Thermo Scientific (South Logan,
UT). Recombinant Human HGF was purchased from R&D Systems
(Minneapolis, MN). MTT, propidium iodide (PI), RNase was pur-
chased from SigmaeAldrich (St Louis, MO). Gentian violet was
purchased from Solarbio (Beijing, China). The Annexin VFICT/PI
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apoptosis detection kit were purchased from BD Biosciences
(Franklin Lakes, NY). PVDF membrane and chemiluminescent re-
agents were from Millipore (Billerica, MA). Antibodies to MET,
phosphorylated MET(Tyr1234/1235), cyclin B1, phosphorylated
histone H3(Ser10), cyclin A, cleaved caspases-3, cleaved PARP-1,
FAK and phosphorylated FAK(Try397) were purchased for Cell
Signaling Technology (Danvers MA). Antibodies to b-Actin, siRNA
specific for FAK and pan-caspases inhibitor z-VAD-FMK were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, MA). Lipofect-
amine 2000 transfection reagent was purchased from Invitrogene.

2.2. Cell culture

The human OSCC cell lines Cal27 and Tca8113 were purchase
from Cell Culture Center of Fudan University (Shanghai, China) and
BIOK&KM Cell Bank (Jiangsu, China), respectively. Cells were
routinely cultured with DMEM supplemented with 10% FBS, 100 U/
mL penicillin and 100 mg/mL streptomycin in a humidified incu-
bator at 37 �C in an atmosphere of 5% CO2.

2.3. Cell viability assay

Cell viability was carried out using the MTT reagent as described
previously [4]. Briefly, at the end of drug treatment, the cultured
mediumwas replacedwith 200mL of freshmedium containing 10%
MTT (5 mg/mL in PBS) in each well and incubated at 37 �C for 4 h.
Then the MTT-containing medium was discarded and 150 mL of
DMSO per well was added to dissolve the formazan crystals newly
formed. Absorbance of each well was determined with the micro
plate reader at a 490 nm wavelength.

2.4. Colony formation assay

103 cells per well were seeded into 6-well plates at a single cell
density. 48 h later, the cells were treated with different concen-
trations of tivantinib or DMSO (as negative control) for additional
48 h. Then the medium was replaced with fresh medium to allow
cell growth for 10 days. The cells were then fixed with methyl
alcohol for 15 min and stained with gentian violet for 30 min.
Colonies consisting of more than 50 cells were counted.

2.5. Flow cytometry analysis

Cells were treated with tivantinib or DMSO for 24 h, and then
harvested, washed twice with PBS. For cell cycle assay, the cells
were fixed with ice-cold 75% ethanol at �20 �C overnight and
stained with 500 mL PI (50 mg/mL) containing 0.1% RNase (1 mg/
mL) for 15 min in dark condition at room temperature. For
apoptosis assay, the cells were suspended with 100 mL Annexin V-
FITC binding buffer and stained with 5 mL Annexin V-FITC and 5 mL
PI for 15 min in dark condition at room temperature. After staining,
the cells were then analyzed by flow cytometry (Cytomics FC 500
MPL, Beckman Coulter). The results were indicated as mean values
from three independent determinations.

2.6. Western blot analysis

Western blot analysis was carried out using standard methods
as describe previously [4]. Briefly, at the end of drug treatment, cells
were harvested and lysed using RIPA buffer with protease inhibitor
cocktail (BestBio, shanghai, China). Protein concentration was
determined for all samples using BCA protein assay. The equal
volume samples were separated by SDS-PAGE electrophoresis and
transferred onto PVDF membrane. After blocking with 5% non-fat
dry milk, the membrane was incubated with corresponding
primary and secondary antibodies. Immuno-reactive bands were
visualized using enhanced chemiluminescence. All experiments
were repeated for three times.

2.7. Small interfering RNA (SiRNA) mediated knockdown of FAK
expression

FAK siRNA or Control siRNA were transfected into cells using
Lipofectamine 2000 according to the manufacturer's protocol. Total
cell lysates were prepared 48 h after transfection to assess the
knockdown efficiency by western blot analysis. Otherwise, 24 h
after transfection, cells were treated with or without tivantinib for
additional 24 h and the cell viability was evaluated byMTT reagent.

2.8. Statistical analyses

All experiments were repeated at least three times. Graphpad
Prism software was used to analyze all data. Differences between
mean values were determined by student's t-test or one-way
ANOVA test. P-values of <0.05 were considered to be significant.

3. Results

3.1. Tivantinib suppresses cell growth and colony formation
independent of the inhibition of HGF/MET signaling pathway in
OSCC cells

The anti-proliferative effect of tivantinib was initially investi-
gated on the two OSCC cell lines Cal27 and Tca8113. Cells were
incubated with various concentrations (ranging from 0.031 to
1 mM) of tivantinib for 24, 48, and 72 h, and then the cell viability
was determined using MTT assay. As shown in Fig. 1A, the treat-
ment of cells with tivantinib resulted in the decreasing of cell
viability in both dose- and time-dependent manner. The half
maximal inhibitory concentration (IC50) values of tivantinib in
Cal27 cells were 0.68, 0.41 and 0.17 mM for 24, 48 and 72 h,
respectively. The IC50 values of tivantinib in Tca8113 cells were 0.44,
0.30, and 0.15 mM for 24, 48 and 72 h, respectively. These data
suggest that tivantinib exhibited strong cytotoxic effect on OSCC
cells at sub-micromolar concentrations.

Next, we determined the effect of tivantinib on the colony for-
mation ability of the OSCC cell lines. Colony formation assay is an
in vitro cell survival assay widely used to determine the cytotoxicity
induced by various chemotherapeutic agents [13]. As shown in
Fig. 1B and C, we treated the cells with tivantinib at the gradient
concentrations of 0.25, 0.5, and 1 mM for 48 h and found that
tivantinib could dose-dependently inhibit OSCC cell colony for-
mation, compared to the controls treated with diluent (DMSO). The
above results showed that tivantinib had the obvious inhibition
effect on the growth of OSCC cells.

Since tivantinib was previously reported as a selective inhibitor
of MET, we also examined whether the cytotoxicity of tivantinib is
dependent on the inhibition of HGF/MET signaling pathway. We
treated Cal27 and Tca8113 cells with different concentrations of
tivantinib for 24 h, and then detected the expression levels of MET
and phosphorylated MET by western blot. As shown in Fig. 1D,
unexpectedly, the expression levels of MET and phosphorylated
MET were not affected by the treatment of tivantinib in both cell
lines. Moreover, Cal27 and Tca8113 cells were pre-treated with
10 ng/mL HGF for 6 h and exposed to 0.5 mM tivantinib for an
additional 24 h. Cell viability assay showed that pre-treatment with
HGF failed to attenuate the anti-proliferative effects of tivantinib in
the both cell lines (Fig. 1E). In all, these results indicated that the
cytotoxicity of tivantinib against OSCC cells was not obtained by the
blockade of HGF/MET signaling pathway.



Fig. 1. The effect of tivantinib on cell proliferation and colony formation. (A) Detection of cell proliferation treated by tivantinib by MTT. (B) Representative images of cell colonies
after treatment with various concentrations of tivantinib for 48 h. (C) Quantitative analysis of colony formation rate after treatment with tivantinib for 48 h. (D) Immunoblotting
analysis of MET induced by tivantinib for 24 h b-actin was used as the loading control. (E) Quantitative analysis of treatment effect of HGF and/or tivantinib on Cal27 and Tca8113
cells. Cells were pre-treated with 10 ng/mL HGF for 6 h and exposed to 0.5 mM tivantinib for an additional 24 h. Data from three independent experiments were analyzed, Error
bars ¼ 95% confidence intervals (CIs), *p < 0.05, **p < 0.01 vs control.
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3.2. Tivantinib causes G2/M cell cycle arrest

To further explore how the cell growth was inhibited by tivan-
tinib, the cell cycle progression was analyzed by quantitating DNA
content using flow cytometry. As shown in Fig. 2A, compared with
the control cells treated with the diluent, the proportion of cells in
G2/M phase dose-dependently increased in both cell lines when
Cal27 and Tca8113 cells were exposure to tivantinib, however, the
proportion of cells in S phase concomitantly decreased. To further
clarify the effect of tivantinib on cell cycle, we analyzed the
expression levels of the regulatory proteins of the G2/M phase [14],
including phospho-Histone H3, cyclin B1 and cyclin A using west-
ern blotting. As shown in Fig. 2B, the expression levels of cyclin B1
and phosphor-Histone H3 were dose-dependently increased by the
treatment of tivantinib for 24 h, but the expression level of cyclin A
was decreased. These results suggested that the OSCC cells exited
G2 phase and were undergoing mitotic arrest during tivantinib
treatment.



Fig. 2. Tivantinib suppresses cell cycle progression. (A) Statistic histogram of cell cycle distribution after treatment with 0.5 or 1 mM tivantinib for 24 h. (B) Immunoblotting analysis
of cell cycle regulatory proteins affected by with 0.5 or 1 mM tivantinib for 24 h b-actin was used as the loading control. Data from three independent experiments were analyzed,
Error bars ¼ 95% CIs, *p < 0.05, **p < 0.01 vs control.
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3.3. Tivantinib induces cellular apoptosis through the activation of
caspase-related apoptotic signaling pathway

To investigate whether tivantinib induces apoptosis in OSCC
cells, Annexin-V/PI double staining was applied to quantify the
number of apoptotic cells. As illustrated in Fig. 3A and B, the total
proportions of Annexin V positive cells were elevated with the
increasing concentrations of tivantinib in both OSCC cell lines.
Meanwhile, immunoblotting analysis showed that the expression
levels of apoptotic-associated cleaved-caspase-3 and cleaved-PARP
were up-regulated by the treatment of tivantinib in a dose-
dependent manner (Fig. 3C). Furthermore, Cal27 and Tca8113
cells were pre-treated with a pan-caspases inhibitor z-VAD (40 mM)
for 4 h, followed by the treatment with 1 mM tivantinib for addi-
tional 24 h. As shown in Fig. 3D, the apoptosis induced by tivantinib
were significantly attenuated by z-VAD pre-treatment in both cell
lines. Correspondingly, the tivantinib-mediated cleavage of
caspase-3 and PARP was also blocked by z-VAD, as shown in Fig. 3E.
These results indicated that tivantinib could trigger caspases-
dependent apoptosis in OCSS cells.
3.4. FAK contributes to the anti-tumor activity of tivantinib

Focal Adhesion Kinase (FAK), a non-receptor tyrosine protein
kinase, is significantly overexpressed and hyper-activated in a
majority of solid tumors, including OSCC [15e17]. As multifunc-
tional protein, FAK not only regulates extracellular signals from
intergrins and growth factor receptors, but also acts as a protein
scaffold and contributes to cell mitosis and cytoskeleton organi-
zation [18,19]. Therefore, we testedwhether tivantinib elicited anti-
tumor activities through the inhibition of FAK. As shown in Fig. 4A,
tivantinib dose-dependently decreased the total expression and
phosphorylation at Tyr397 of FAK in both Cal27 and Tac8113 cell
lines. Further, FAK was knockdown through specific siRNA in the
both OSCC cell lines, resulting in the corresponsive decreasing of
the expression of total FAK and the phosphorylated levels at Tyr397
(Fig. 4B). Cell viability assay showed that knockdown of FAK
significantly reduced the cell proliferation in both cell lines
(Fig. 4C). In addition, knockdown of FAK could sensitize the cancer
cells to tivantinib treatment in both two cell lines (Fig. 4D).
Together, these results provided evidences that tivantinib could
block the FAK signal pathway, which might be, at least part of, the
anti-tumor mechanisms of tivantinib.
4. Discussion

Tivantinib is a promising oral available anti-cancer agent
ongoing clinical trial. As monotherapy or combination with other
agents, clinical studies showed that tivantinib exhibited encour-
aging antitumor activities, improved overall survival (OS) and
progression-free survival (PFS) in NSCLC [20], advanced HCC [21]
and metastatic gastric cancer patients [22]. However, up till now,
its anti-tumor effect has not been evaluated in OSCC cells. Except
forMET, tivantinibwas subsequently found to play a vital role in the
disruption of microtube dynamics and GSK inhibition, however, the
underlying mechanism still remains uncertain. In this study, we
studied the anti-cancer activity and the underlying mechanism of
tivantinib in two OCSS cell lines, Cal27 and Tca8113. We found that
tivantinib significantly inhibited the proliferation and colony for-
mation of Cal27 and Tca8113 cells. However, the total expression
and phosphorylation of MET were not obvious decreased by
tivantinib at the cytotoxic concentrations. Moreover, when the cells
where treated with HGF, the ligand of MET, the inhibited effect of
tivantinib was not attenuated, suggesting that tivantinib may be an



Fig. 3. Apoptosis induced by tivantinib. (A) Apoptosis detected by flow cytometry. (B) Quantitative analysis of apoptotic cells. (C) Immunoblotting analysis of apoptosis-associated
proteins. b-actin was used as the loading control. (D) Caspases inhibitor z-VAD attenuates tivantinib-induced apoptosis. Cells were pre-treated with a pan-caspases inhibitor z-VAD
(40 mM) for 4 h, followed by the treatment with 1 mM tivantinib for additional 24 h. (E) Western blotting analysis of cleavage of caspase-3 and PARP expression induced by tivantinib
and z-VAD. Data from three independent experiments were analyzed, Error bars ¼ 95% CIs, *p < 0.05, **p < 0.01 vs control.

W.-H. Xi et al. / Biochemical and Biophysical Research Communications 457 (2015) 723e729 727
effective chemotherapeutic agent against OCSS cells through MET-
independent signaling pathway.

Unlike other MET inhibitors, such as crizotinib and PHA-665752
which induced G0/G1 cell cycle arrest (data not shown), tivantinib
caused significant G2/M arrest in the both OSCC cell lines. The in-
crease of cyclin B1 and decrease of cyclin A indicated that the
tivantinib treated cells exited from G2 phase and entered into
mitotic phase. These results were further confirmed by the up-
regulated phosphorylation of histone H3, which is phosphory-
lated at serine by Aurora B during the cell mitosis [23].

Apoptosis is considered as the principal mechanism by which
chemotherapeutic agents elicit their anti-tumor activities. Caspases
family plays a vital role in regulating extrinsic apoptosis [24]. Once
received apoptotic signaling from death receptor, caspases cascade
were cleaved step by step, finally leading to the activation of
effector caspases, mainly caspase-3. Subsequently, the activated
effector caspases cleave cellular substrates, such as poly-ADP-
ribose polymerase (PARP), and amplify the apoptotic signals to
induce cell apoptosis [25]. In our study, we found that tivantinib
dose-dependently induced the cleavage of caspase-3 as well as
PARP-1, corresponding to the induction of cellular apoptosis. More
importantly, these effects could be attenuated by the pan-caspases
inhibitor z-VAD, indicating the critical roles of death receptor-
mediated caspases activation in tivantinib-induced cellular
apoptosis.

Increasing studies provide strong evidence that the over-
expression and activation of FAK results in increased cell survival,
motility, and proliferation, leading to angiogenesis, metastasis, and
invasion of tumors [26,27]. Recently, Shalana et al. discovered a
small molecular FAK scaffolding inhibitor Y15which could decrease
cancer growth in thyroid cancer and elicit synergy effect with other
targeted therapeutics including sorafenib, pazopanib and sunitinib
[28]. Another three FAK inhibitors, PF-00562271, VS-4718 and VS-
6063, have shown promising clinical activities in patients with
selected solid cancers. Thus, the suppression of FAK signaling
pathway has emerged as an effectiveway for cancer therapy [29]. In



Fig. 4. Tivantinib suppresses FAK signaling pathway. (A) Western blotting analysis of FAK and phosphorylated FAK expression induced by 0.5 or 1 mM tivantinib for 24 h. DMSO was
used as negative control. (B) Western blotting analysis of FAK and phosphorylated FAK expression in cells transfected with FAK specific siRNA or control siRNA. (C) Detection of cell
proliferation affected by knockdown of FAK by MTT. (D) Detection of cell proliferation affected by knockdown of FAK and tivantinib by MTT. *p < 0.05, Error bars ¼ 95% confidence
intervals.
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the present investigation, we showed that the total expression and
phosphorylation of FAK was inhibited by tivantinib in a dose-
dependent manner. Meanwhile, silencing of FAK by siRNA
decreased the cell proliferation and enhanced the anti-tumor effect
of tivantinib, which may indicate that affecting FAK signaling
pathway rather than MET signal pathway was accompanied with
the anti-cancer effect of tivantinib on OSCC cells. To our knowledge,
it was for the first time to describe the inhibition of FAK signaling
pathway by tivantinib, which might provide new clues to elucidate
the complicated molecular mechanisms of tivantinib. However,
whether tivantinib directly binds to FAK and blocked its activation
need further investigation in the future.

In conclusion, we provided the new evidence that tivantinib
suppresses cell growth, blocks cellular mitosis and induces
caspases-dependent apoptosis of human OCSS cells with repressing
FAK activation. However, further clinical study may be needed to
validate the application of tivantinib in OSCC treatment.
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