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The Hippo pathway transcriptional co-activator, YAP, confers
resistance to cisplatin in human oral squamous cell carcinoma
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Abstract. Cisplatin (CDDP) is widely used to treat oral
squamous cell carcinoma (OSCC), however, many patients
exhibit acquired drug resistance. Yes-associated protein
(YAP) is a transcriptional co-activator of the Hippo pathway
that regulates organ size and promotes cell proliferation.
YAP overexpression correlates with epithelial-mesenchymal
transition and nodal metastasis, resulting in anti-tubulin drug
resistance. Whether YAP overexpression is the cause of CDDP
resistance in cancer cells is unclear, therefore, we investigated
the correlation between YAP expression and CDDP sensitivity.
We established three CDDP-resistant cell lines (OSC-19-R,
SCCKN-R and HSC-3-R) from the OSCC parental cell lines.
We also examined the expression levels of ATP7B, GST-rt and
ERCCl, which are strongly associated with CDDP resistance,
and Hippo pathway-related proteins by western blotting. Using
immunocytochemistry, we examined the cellular localization
of YAP. Additionally, following knockdown of YAP using
short interfering RNAs (siRNAs), we analyzed changes in
sensitivity to CDDP. Compared with parental OSC-19 cells,
OSC-19-R cells were obviously larger. Expression levels of
YAP were not significantly different between OSC-19 and
OSC-19-R. However, expression levels of phosphorylated YAP
in OSC-19-R were decreased. We observed translocation of
YAP from the cytoplasm to the nucleus in OSC-19-R cells.
Knockdown of YAP using siRNAs revealed that sensitivity
to CDDP was significantly increased. Translocation of YAP
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correlated with the acquisition of CDDP resistance. YAP
could be a new therapeutic target for the treatment of patients
with cancer that are resistant to CDDP.

Introduction

Despite recent advances in therapeutic treatments using
multimodal therapies, including the excision of malignant
tissue combined with radio- and chemotherapy, high oral
squamous cell carcinoma (OSCC) mortality rates of ~50%
have not improved over time (1). The main reason for this is
that early lymph node metastasis of cancer cells is difficult
to detect (2,3). When induction chemotherapy with cis-diam-
minedichloroplatinum (II) (CDDP) and 5-fluorouracil was
introduced for treatment of squamous cell carcinoma of the
head and neck (SCCHN) in the early 1980s, response rates of
30-40% were initially reported (4,5). A problem that emerged
during OSCC treatment was increased resistance against many
of the approved chemotherapeutic agents, such as paclitaxel,
docetaxel, cetuximab and CDDP (6).

CDDP is used to treat a range of malignancies, including
SCCHN. CDDP resistance studied in cultured cancer cells has
shown that cellular defense mechanisms in a highly complex
pleiotropic phenotype confers resistance by reducing apoptosis,
upregulating DNA damage repair mechanisms, altering cell-
cycle checkpoints, and disrupting assembly of the cytoskeleton
(7). Alterations to the cytoskeleton disrupt cellular protein traf-
ficking, and redirect transporters away from the cell surface.
This results in cells that are permanently resistant to CDDP, and
also resistant to other compounds that usually enter into cells
via uptake transporters. The pleiotropic mechanisms underlying
CDDP resistance are well described but poorly understood in
their entirety and in terms of clinical significance (7,8).

The Hippo pathway was initially identified for sensing
and regulating organ size in Drosophila and mammals (9).
In the Hippo pathway, YAP is a transcriptional co-activator
that participates in several context-dependent transcriptional
programs that regulate organ size and promote cell prolifera-
tion (10). YAP was proposed as a candidate oncogene and its
dysregulation associated with hepatocellular carcinoma,
non-small cell lung carcinoma, esophageal squamous cell
carcinoma, ovarian cancer and gastric cancer (9,11-14). YAP
is also reported to cause epithelial-mesenchymal transition
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(EMT), stimulate proliferation, inhibit apoptosis, and to
promote tumor progression in a tissue-specific manner (9,12).
Ge et al reported that YAP expression in primary SCCHN was
associated with nodal metastasis due to EMT (15). Zhao et al
identified YAP as an important player in response to apoptosis
of cancer cells induced by the anti-tubulin drug paclitaxel
(16). Whether YAP overexpression confers CDDP resistance
to cancer cells is unclear, therefore we sought to determine
whether this was the case.

Materials and methods

Cell culture and establishment of CDDP-resistant cell lines.
OSCC cell lines were maintained on 100-mm plates at 37°C/5%
CO,, and grown as monolayers in Dulbecco's modified Eagle's
medium (DMEM), supplemented with L-glutamine, peni-
cillin, streptomycin and 10% (v/v) fetal bovine serum (FBS).
The OSC-19 cell culture was provided by the Kanazawa
University Graduate School of Medical Science (Kanazawa,
Japan). CDDP was purchased from Nichi-Iko Pharmaceutical
Co. Ltd. and stored as a 0.5 mg/ml stock solution in 0.9% (w/v)
NaCl at room temperature and shielded from light.

CDDP-resistant variants of the OSCC cell line were
isolated using stepwise selection by increasing the concentra-
tion of CDDP. To generate the resistant cells the starting CDDP
concentration was 0.5 pg/ml; once cultures became confluent in
medium containing CDDP, its concentration was increased to
1.0, 1.5,2.0,2.5 or 3.0 ug/ml. Cells were continuously exposed
to CDDP for 4-8 weeks at each concentration, with culture
medium refreshed every 3 days. Cultures were passage once a
week over a 40-week period. Established CDDP-resistant cell
cultures were designated OSC-19-R, SCCKN-R, and HSC-3-R,
and maintained in the presence of CDDP.

Growth assays and determination of CDDP sensitivity. The
sensitivity of cells to CDDP was determined by also using the
Cell Counting Kit-8 (Dojindo, Kumamoto, Japan). On day 1,
cells (5.0x10° cells/well in 100 ul of DMEM) were seeded in
96-well plates and cultured at 37°C. On day 2, the medium was
replaced with 100 ul of fresh DMEM containing 0.33-167 yuM
CDDP and cells were allowed to incubate for 3 days. On day 5,
10 pl of Cell Counting Kit-8 solution was added; after 3 h,
the absorbance in each well was measured at 450 nm using a
microplate spectrophotometer (Bio-Rad, Hercules, CA, USA).
The fold increase or decrease in resistance was determined by
dividing the ICs, value of CDDP for resistant cells with that
for parental cells.

Western blotting. Cell lysates were subjected to western blot-
ting as described previously (17). The primary antibodies used
were rabbit polyclonal antibodies against YAP, phospho-YAP
(serine-127), TEAD, LATS1,LATS2, AKT, and phospho-AKT
(serine-473) (Cell Signaling Technology, Boston, MA, USA),
glutathione S-transferase (GST)-m (Calbiochem, USA),
ATP7B, ERCCI1, P73 (Santa Cruz Biotechnology, Santa Cruz,
CA, USA). We used a goat polyclonal antibody against actin
(Santa Cruz Biotechnology) as an internal control. The
secondary antibodies we used were anti-goat and anti-rabbit
immunoglobulin Gs (IgGs) conjugated with alkaline phospha-
tase (Santa Cruz Biotechnology).
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Table I. Sensitivity of CDDP for each of the cell lines we used
and generated.*

Cell line 1Cs, in uM Fold resistance to p-value
(mean + SD) CDDP compared with
parental cell line

OSC-19 17.1£12.7 -

OSC-19-R  113.3%17.6 6.6 <0.01
SCCKN 1.7+0.3 -

SCCKN-R 9.8+0.8 5.7 <0.01
HSC-3 9.9+0.9 -

HSC-3-R 54.6+4.5 55 <0.01

“The fold resistance was determined by comparing ICs, values for
CDDP in resistant cells to that in parental cells.

Immunocytochemistry. The primary antibodies we used in
our immunocytochemistry analysis included rabbit anti-YAP
(Cell Signaling Technology) and a mouse polyclonal antibody
against human actin (Santa Cruz). Cultured cells were fixed in
3.7% paraformaldehyde for 20 min at room temperature. After
blocking with 2% (w/v) bovine serum albumin (BSA), cells were
treated with a primary antibody at 4°C overnight. Cells were
washed, and then incubated with an anti-rabbit IgG conjugated
to fluorescein isothiocyanate (FITC) or an anti-mouse IgG
conjugated to rhodamine phalloidin (Cytoskeleton, Denver,
CO, USA). Cells were then stained with 4,6-diamidino-2-phe-
nylindole (DAPI). Fluorescence images were obtained using
a confocal laser-scanning microscope (LSM 510 version 3.2;
Carl Zeiss Co. Ltd., Oberkochen, Germany).

Transfection of siRNAs. Transfection of siRNAs was conducted
as described previously (17). Cells were cultured in DMEM
supplemented with 10% FBS for 24 h and transfected with 5 uM
siRNA using Thermo Scientific DharmaFECT Transfection
reagents (Roche, Indianapolis, IN, USA) according to the manu-
facturer's instructions. SMART pool siRNAs targeting YAP
(L-012200-00-0020) and control siRNA, and On-Target plus
GAPDH (D-001830-01-20) were purchased from Dharmacon
Inc. (Lafayette, CO, USA).

Statistical analysis. Data are expressed as means + SD. Results
were analyzed, and individual group means were compared
using Student's t-test. A p-value of <0.05 was considered
statistically significant.

Results

CDDP-resistant cell lines. When the CDDP concentration was
raised after a step, ~30% cell death occurred. After ~1 month,
OSCC cells acquired resistance to CDDP step-by-step.
The CDDP-resistant cell lines we generated from SCCKN,
OSC-19, and HSC-3 were designated SCCKN-R, OSC-19-R,
and HSC-3-R (Fig. 1A). The CDDP ICy, for each cell line was
determined using an MTT assay (Table I); the SCCKN-R,
OSC-19-R, and HSC-3-R cell lines were 5.7-, 6.6- and 5.5-fold
more resistant to CDDP than their parental cells, respectively.
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Figure 1. (A) The CDDP-resistant cell lines generated from SCCKN, OSC-19 and HSC-3 were designated SCCKN-R, OSC-19-R and HSC-3-R. (B) Western
blot analysis for each cell line, showing expression of ATP7B, GST-rt and ERCC1. The SCCKN-R and HSC-3-R cells lines overexpressed ATP7B. There were
no obvious difference between parental and CDDP-resistant cell lines with respect to expression of GST-it and ERCCI.
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Figure 2. (A) Immunocytochemical analysis of mixed populations of OSC-19 and OSC-19-R cells. Blue, nucleus (DAPI); red, actin (phalloidin). OSC-19-R
cells were obviously larger than OSC-19 cells. (B and C) Western blot analysis of Hippo pathway proteins. Expression levels of YAP were not significantly
different between OSC-19 and OSC-19-R cells. Expression of phosphorylated YAP in OSC-19-R cells was clearly decreased compared with that in OSC-19
cells. Expression levels of LATS1/2 in OSC-19-R cells was increased compared with that seen in OSC-19 cells.
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OSC-19 OSC-19-R

Figure 3. Immunocytochemical analysis of YAP cellular localization. Blue, nucleus (DAPI); red, actin (phalloidin); and green, YAP (FITC). Higher YAP
expression in the nucleus was observed in OSC-19-R cells compared with that in parental cells.
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Figure 4. (A and B) Following treatment with YAP-specific siRNAs, we observed a dramatic reduction of YAP expression. The expression level of phospho-
YAP and LATS1/2 were uninhibited. (C) Immunocytochemical analysis showed that YAP-specific siRNA-treated OSC-19-R cells revealed a reduction in the
extent of YAP nuclear translocation.
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There was a significant association for each IC;, value between
parental and CDDP-resistant cell lines.

Western blotting of ATP7B protein levels. The CDDP-resistant
cell lines, SCCKN-R and HSC-3-R, showed overexpression of
the ATP-7B protein (Fig. 1B). There were no obvious differ-
ence in expression levels of GST-n and ERCC1 between
parental and CDDP-resistant cell lines. We did not observe
any difference in expression levels of the apoptotic cascade
protein caspase-3/7 in OSC-19 and OSC-19-R cells (data not
shown).

A new mechanism involving YAP induced CDDP resistance.
Compared with parental OSC-19 cells, OSC-19-R cells were
obviously larger (Fig. 2A). We investigated the Hippo pathway
as it is known to regulate organ size. Expression levels of YAP
were not significantly different in the OSC-19 and OSC-19-R
cell lines, however, expression levels of phosphorylated YAP
in OSC-19-R cells were decreased (Fig. 2B and C). In addi-
tion, there was no difference in CD44, TEAD, P73, AKT, or
phosphorylated AKT expression levels. While high expression
levels of LATS1/2 were revealed, our results indicated that
expression levels of non-phosphorylated YAP, a substrate of
LATSI1/2, were decreased. Our immunocytochemistry results
revealed that YAP translocated from the cytoplasm to the
nucleus in OSC-19-R cells (Fig. 3).

YAP nuclear translocation inhibited by siRNAs. To clarify
the translocation of YAP in CDDP-resistant cells, knockdown
experiments using siRNAs were conducted. We observed
a dramatic reduction of YAP expression in YAP-specific
siRNA-treated cells compared with cells treated with control
siRNAs using western blotting. Expression levels of phospho-
YAP and LATS1/2 were not inhibited by siRNA treatments
(Fig. 4A and B). Our immunocytochemistry results confirmed
that expression levels of YAP were reduced in YAP-specific
siRNA-treated cells (Fig. 4C). The OSC-19-R cells treated
with YAP-specific siRNAs showed a reduction in YAP nuclear
translocation.

Overcoming acquired CDDP resistance with YAP siRNAs.
Nuclear translocation of YAP appeared to induce acquired
CDDP resistance in the OSC-19 cell line. Treatment with
YAP-specific siRNAs ameliorated acquired CDDP resis-
tance, with sensitivity to CDDP increased in OSC-19-R cells
transfected with siYAP, and an IC,, reduction rate of 38.0%
calculated (Fig. 5A). Statistically, there was no difference
between the OSC-19 and OSC-19-R cells as shown by growth
curves, but there was obviously difference between OSC-19-
R-siControl and OSC-19-R-siYAP cells treated with CDDP
(Fig. 5B). Proliferation of OSC-19-R-siYAP cells was signifi-
cantly inhibited by CDDP from day 2 onwards.

Discussion

Many studies have been conducted to investigate mechanisms
of acquired resistance in tumor cells to CDDP (18). The
molecular mechanisms that underlie CDDP resistance are
not well understood. From our results in the present study, we
propose a new mechanism of acquired resistance to CDDP
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Figure 5. (A) Treatment of cells with YAP-specific siRNAs allowed cells to
recover from acquired CDDPresistance, with sensitivity to CDDP significantly
increased in OSC-19-R-siYAP cells. (B) Compared with OSC-19-R-siControl
cells, proliferation of OSC-19-R-siYAP cells was significantly inhibited by
CDDP treatment from day 2 onwards.

that is related to the Hippo pathway. The Hippo pathway
controls organ size in diverse species, and dysregulation of this
pathway can induce tumors (19). To the best of our knowledge,
we are the first to report that translocation of YAP induced
acquired resistance to CDDP in OSCC, and that repression of
YAP expression with siRNAs increased sensitivity to CDDP
in cells that have acquired CDDP resistance.

We established three CDDP-resistant cell lines, with
two of these cell lines exhibiting higher expression levels of
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ATP7B than those of other molecules when they acquired
CDDP resistance. With respect to CDDP transport, CTR1
and ATP7B influence its uptake and efflux, respectively.
ATP7B is a Cu**-ATPase, with these enzymes known to be
homologous in structure and function, and able to mediate
the efflux of Cu®* (20). The major Cu®* uptake transporter is
copper transporter 1 (CTR1). Recent results have shown that
the Cu®* homeostasis system also regulates the uptake, intra-
cellular compartmentalization and efflux of CDDP (20-22).
It was reported that cell lines acquired resistance to CDDP
due to overexpression of ATP7B, resulting in greater efflux
of CDDP (23). Based on the finding that overexpression of
ATP7B induced acquired resistance to CDDP in OSCC, we
ensured that ATP7B was overexpressed in the SCCKN-R and
HSC-3-R cell lines we established. The previous study (23)
also reported overexpression of ATP7B in CDDP-resistant
OSC-19 cells they generated, however, we did not observe this
in our OSC-19-R cells. Moreover, the IC;, of OSC-19-R was
30.6 uM (23), which is about one-third the level of that deter-
mined in our present study. We postulate that this discrepancy
is aresult of the difference in how the resistance was acquired.
Dose escalation of CDDP was more harsh in the previous
report compared with the method we used (23). Under
clinical situations, high dose CDDP chemotherapy, which is
an example of intra-arterial super-selective chemotherapy, is
widly and safely used on a daily basis. Therefore, we sought to
establish CDDP-resistant cell lines that were dependent upon
higher fixed concentrations of CDDP exposure.

Although much progress has been made towards our
understanding of the role of the Hippo pathway with regards
to tumorigenesis, organ size control, and stem cell renewal
and differentiation (24-27), its function(s) with respect
to chemotherapeutic drug response is largely unknown
(28). In human HNSCC and OSCC lines, amplification of
the chromosomal region that encodes YAP, 11q21-22, is
frequently seen (29,30). Reports also exist showing that core
components of the Hippo pathway might be involved in the
response of cancer cells to chemotherapeutic drugs such as
paclitaxel (16,31-34). In the present study, we established
YAP as an important protein for CDDP drug resistance,
indicating a strong link between EMT and drug resistance
(35). It is possible that phosphorylation and inactivation of
YAP might compromise its ability to trans-activate another
transcription factor that suppresses E-cadherin and induces
EMT. Moreover, because EMT plays important roles in stem
cell renewal, cell migration, anoikis, invasion, and metastasis
(16,36,37), it would also be interesting to further explore
how phosphorylation of YAP under physiological condition
regulates these processes.

In conclusion, our results revealed a new mechanism for
YAP, which could be used as a molecular target to overcome
acquired resistance of CDDP. Further examination of the
relationship between YAP levels, translocation, and phos-
phorylation status of YAP, and the survival of clinical cancer
patients before and after treatment with CDDP, are required
to sufficiently determine if YAP and phospho-YAP can be
used as prognostic biomarkers for predicting sensitivity to
CDDRP. It is possible YAP and phospho-YAP could be poten-
tial therapeutic targets for the treatment of cancer patients
that are drug-resistant.
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