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Abstract

Most human malignant tumor cells arise from epithelial tissues, which show distinctive
characteristics, such as polarization, cell-to-cell contact between neighboring cells and
anchoring to a basement membrane. When tumor cells invaginate into the stroma, the
cells are exposed to extracellular environments, including the extracellular matrix
(ECM). Increased ECM stiffness has been reported to promote cellular biological
activities, such as excessive cellular growth and enhanced migration capability.
Therefore, tumorous ECM stiffness is not only an important clinical tumor feature but
also plays a pivotal role in tumor cell behavior. Transient receptor potential vanilloid 4
(TRPV4), a Ca**-permeable nonselective cation channel, has been reported to be
mechano-sensitive and to regulate tumorigenesis, but the underlying molecular
mechanism in tumorigenesis remains unclear. The function of TRPV4 in oral squamous
cell carcinoma (OSCC) is also unknown. The current study was conducted to
investigate whether or not TRPV4 might be involved in OSCC tumorigenesis. TRPV4

mRNA levels were elevated in OSCC cell lines compared to normal oral epithelial cells,

and its expression was required for TRPV4 agonist-dependent Ca®" entry.
TRPV4-depleted tumor cells exhibited decreased proliferation capabilities in
three-dimensional culture but not in a low attachment plastic dish. A xenograft tumor
model demonstrated that TRPV4 expression was involved in cancer cell proliferation in
vivo. Furthermore, loss-of-function experiments using siRNA or an inhibitor revealed
that the TRPV4 expression was required for CaMKII-mediated AKT activation.

Immunohistochemical analyses of tissue specimens obtained from 36 OSCC patients



showed that TRPV4 was weakly observed in non-tumor regions but was strongly
expressed in tumor lesions at high frequencies where phosphorylated AKT expression
was frequently detected. These results suggest that the TRPV4/CaMKII/AKT axis,
which might be activated by extracellular environments, promotes OSCC tumor cell

growth.



I ntroduction

Oral squamous cell carcinoma (OSCC) arising from the mucosal epithelium accounts
for more than 90% of oral cancers [1]. Stiffness, redness, erosion, ulcer and pain are
important clinical features of OSCC. Oral cancer, when oropharyngeal sites are
included, is the sixth-most common cancer in the world [2]. The 5-year survival rate in
the early stages is 80%-90%, while that in the late stages is only 20%-30% [3, 4].
Improving results of cancer therapy will require diagnosing tumors in the early stages
and treating the tumorous lesions with advanced combination treatments, such as
surgical resection, radiotherapy and/or chemotherapy.

Both non-tumor and tumor cells are surrounded by extracellular environments, which
includes neighboring cells and the extracellular matrix (ECM). The ECM provides cells
with mechanical cues to influence diverse biological process [5]. Since matrix stiffening
is a prominent hallmark of a tumor microenvironment clinically, its role in
tumorigenesis has received intensive investigation. For instance, studies using mouse
models for cancer research have shown that an increase in tumorous ECM stiffness can
drive tumor progression through the activation of intracellular signaling, such as B1
integrin-FAK signaling and RHOA-AKT-p300 signaling in breast cancer and liver
cancer, respectively [6, 7]. In addition, previous studies have shown that novel signaling
molecules, such as ion channels and the Hippo pathway, respond to the extracellular
environment and control cellular activities [8, 9]. However, neither the biological
function of extracellular environments nor the effect of the above molecules on OSCC

tumorigenesis is well understood.



Transient receptor potential vanilloid 4 (TRPV4), which is a family of
Ca’"-permeable nonselective cation channels [10], has been reported to be mechano-
[11, 12], thermo- [13] and osmo-sensitive [14]. Recently, it was shown that TRPV4
promotes tumorigenesis in gastric cancer [15, 16] and hepatocellular carcinoma (HCC)
[17], but the molecular mechanism underlying the involvement of TRPV4 in
tumorigenesis remains unclear. Furthermore, whether or not TRPV4 signaling is
involved in OSCC tumorigenesis, such as proliferation and migration, is also unclear.
Herein, we investigated the expression of TRPV4 in OSCC cell lines and pathological
specimens and explored its role in controlling OSCC cellular growth in vitro and in

ViVO.



Materials and methods

Cédl lines and reagents
Human OSCC cell lines SAS, HSC-2, HSC-3, HSC-4 (Japanese Cancer Research

Resources Bank) and SQUU-B [18], and human normal oral epithelial cells MOEla

[19] were used in this study. Lenti-X"™ 293T (X293T) cells were purchased from
Takara Bio Inc. (Shiga, Japan). HSC-2, HSC-3 and HSC-4 were maintained in a-MEM
(Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS)
(Invitrogen). SQUU-B was maintained in D-MEM/F12 (Invitrogen) supplemented with
10% FBS. MOE]la was maintained in Defined Keratinocyte-SFM (Invitrogen). SAS and
X293T were maintained in D-MEM (Invitrogen) supplemented with 10% FBS.
Anti-TRPV4 polyclonal antibody was generated in guinea pigs by immunization with
synthetic peptides corresponding to amino acid residues (N
terminus-CDGHQQGYAPKWRTDDAPL-C terminus) of mouse TRPV4 [20].
Anti-phospho-AKT (4060S), anti-pan-AKT (4691S), anti-phospho-CaMKII (12716S)
and anti-pan-CaMKII (pan) (3362S) (for western blotting and immunohistochemistry)
antibodies were obtained from Cell Signaling Technology (Beverly, MA, USA).
Anti-ki-67 (ab15580) (for immunofluorescence and immunohistochemistry) antibody
was from Abcam (Cambridge, UK). Anti-B-actin (A5441) (for western blotting)
antibody was from Sigma-Aldrich (Steinheim, Germany). Phalloidin was from
Invitrogen. GSK1016790A, BAPTA-AM and EGTA were from FUJIFILM Wako Pure
Chemical Corporation (Osaka, Japan). GSK2193874 and Arcyriaflavin A were from

TOCRIS Bioscience (Bristol, UK). Ca2+/Calmodulin-Dependent Protein Kinase II



(CaMKII) Inhibitor XII and AKT inhibitor VIII were from Merck Millipore (Tokyo,

Japan).

Knockdown of protein expression by sRNA and quantitative RT-PCR
The effects of protein knockdown by siRNA were analyzed as previously described [21,
22]. Briefly, siRNAs (final conc. 20 nM) were transfected into HSC-4 cells using
Lipofectamine RNAIMAX (Invitrogen). The following target sequences were used:
randomized control, 5’-CAGTCGCGTTTGCGACTGG-3’, human TRPV4 #1,
5’-GCTTCTCTGCCCACTCATT-3’ and human TRPV4 #2,
5’-GCTCCTATGGAGTCACATA-3’. The transfected cells were then used for
experiments conducted at 48 h post-transfection.

Quantitative RT-PCR was performed as described previously [22]. Forward and
reverse primers were as follows: human TRPV4 (targeting open reading frame region),

5’-GACGGGGACCTATAGCATCA-3’ and 5-AACAGGTCCAGGAGGAAGGT-3’;

human TRPV4 (targeting 3’-untranslated region: 3’-UTR),

5’-TTCTAGTCCAGCCGCATTTC-3* and 5-CGTTGGCTTATGTGACTCCA-3’;
human GAPDH, 5’-GCACCGTCAAGGCTGAGAAC-¥ and 5-

TGGTGAAGACGCCAGTGGA-3’.

Plasmid construction and infection using lentivirus harboring a cDNA or

shRNA



The human TRPV4 plasmid was constructed using pcDNA3.1/human TRPV4 [23],
which was kindly gifted by Prof. M. Tominaga (Okazaki Institute for Integrative
Bioscience (National Institute for Physiological Sciences), Okazaki, Japan). Lentiviral
vector was constructed by subcloning human TRPV4 c¢cDNA into
CSII-CMV-MCS-IRES2-Bsd, which was kindly provided by Dr. H. Miyoshi (RIKEN
BioResource Center, Ibaraki, Japan) [24]. To construct a lentiviral vector harboring
shRNA, a DNA fragment containing the Hl promoter and shRNA was cloned into
CS-RfA-EVBsd using Gateway technology (Invitrogen). Target sequence is 5°-
GCTTCTCTGCCCACTCATT-3’. The vectors were then transfected along with the
packaging vectors, pPCAG-HIV-gp and pCMV-VSV-G-RSV-Reyv, into X293T cells using
the Lipofectamine LTX reagent (Invitrogen) to generate lentiviruses.

To generate HSC-4 cells that stably express TRPV4 or TRPV4 shRNA, parental cells
(5 x 10* cells/well in a 12-well plate) were treated with lentivirus and 10 pg/ml
polybrene. The cells were then centrifuged at 1080 x g for 1 h, and incubated for
another 24 h. The cells that demonstrated stable expression of TRPV4 or TRPV4
shRNA, were selected and maintained in culture medium containing 5 pg/ml Blasticidin

S (Wako) [25, 26].

Intracellular calcium measurement
To examine agonist-dependent Ca”" influx, cells were loaded with Calcium Kit-Fluo-4
AM (FUJIFILM Wako) for 1 h at 37°C according to the manufacturer’s instructions.

The measurements were performed with FlexStation 3 microplate reader (Molecular



Devices, Tokyo, Japan) using the ‘Flex’ read mode, and images at 485 nm
excitation/525 nm emission were collected every 2 sec. Fluorescence measurements
were taken for 5 min before, during, and after compound addition. To examine

intracellular Ca®’ in the cells without the agonist treatment, cells were loaded with 8 uM

Oregon Green 488 BAPTA-1 AM (OGB-1) (Invitrogen) for 1 h at 37°C according to the

manufacturer’s instructions. The samples were viewed and analyzed with confocal

microscope C2si” (NIKON, Tokyo, Japan).

I mmunofluor escence staining

HSC-4 cells were fixed for 30 min at room temperature (RT) in 4% paraformaldehyde
(PFA) buffered by phosphate buffered saline (PBS), and then permeabilized in PBS
containing 0.5% (w/v) Triton X-100 and 40 mg/ml BSA (Wako) for 30 min. The cells
were incubated with primary antibodies (used at 1:200) for 3 h at RT and then with
secondary antibodies for 3 h at RT in accordance with the manufacturer’s protocols
(Jackson ImmunoResearch Inc., West Grove, PA, USA). The samples were viewed and

analyzed with confocal microscope C2si” (NIKON).

Xenograft tumor assay

Five-week-old male BALB/cAnNCrj-nu nude mice (Charles River Laboratory Japan
Inc, Osaka, Japan) were anesthetized with a combination of medetomidine (0.3 mg/kg
body weight) and midazolam (4 mg/kg). The mice then received a dorsal subcutaneous

injection of HSC-4 (5 x 107 cells) cells suspended in 100 pl PBS [27]. The nude mice
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were then sacrificed at 14 days after transplantation, and the areas containing
transplanted cells were measured, weighed, and processed for immunohistochemical
analyses. Tumor volumes were calculated using the following formula: (major axis) x
(minor axis) X (minor axis) x 0.5 [27]. All protocols used for all animal experiments in
this study were approved by the Animal Research Committee of Kyushu University,

Japan (No. A29-279-1).

I mmunohistochemical study of xenograft tumors

Xenograft tumors derived from HSC-4 cells were fixed in 4% PFA and processed for
paraffin embedding. Specimens for examination were sectioned at 5 pm thickness and
carried out immunohistochemical staining for Ki-67 and phospho-AKT.

Antigen retrieval for staining was done using a decloaking chamber (Biocare Medical,
Walnat Creek, CA, USA). The endogenous peroxide activity was then eliminated by
treatment with 1% hydrogen peroxide in methanol for 30 min. Non-specific protein
binding was blocked with 10% goat serum (Nichirei, Tokyo, Japan) for 30 min, and
then the sections were reacted with each primary antibody (used at 1:300 for Ki-67,
used at 1:100 for phospho-AKT) at 4°C overnight. The sections were incubated with
secondary antibody (Histofine Simple Stain MAX PO, Nichirei) for 1 h at RT. The
immunoreactivity was visualized with a solution of 3,3’-diaminobenzidine and <0.1%
hydrogen peroxide (DAB substrate solution, Nichirei). Subsequently, the sections were
counterstained with hematoxylin and the numbers of Ki-67-positive cells or

hematoxylin-stained cells were counted [27].
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Patients and immunohistochemistry
36 patients with ages ranging from 37 to 94 years (median, 72 years) with primary
OSCC diagnosed at the Department of Dentistry and Oral Surgery, Kyushu Medical
center, Japan, from January 2013 to December 2018 were examined in this study.
Patients’ informed consent and the approval of the local ethics committee were given
(#17c006). Following the initial biopsy, all specimens were fixed in 10% (v/v) formalin
and embedded in paraffin blocks. Subsequently, the paraffin-embedded specimens were
sliced into 4-pum-thick sections, stained with hematoxylin-eosin (HE), and examined by
three experienced pathologists to confirm the diagnoses and the histological grades. The
histological grade in the OSCC was assessed according to the World Health
Organization classification [1]. The tumor extent and the clinical stages were evaluated
according to the TNM classification established by the American Joint Committee on
Cancer and the International Union Against Cancer (UICC) [28]. The medical records
were reviewed to collect information on the clinical characteristics. The
clinicopathological data of the patients with OSCC are presented in Table.
Immunohistochemical staining was performed on 4-um-thick paraffin sections.
Antigen retrieval, elimination of the endogenous peroxide activity, and blocking were
carried out as previously mentioned. Then the sections were reacted with each primary
antibody (used at 2 pg/ml for TRPV4, used at 1:100 for phospho-AKT) at 4°C
overnight. The sections were incubated with secondary antibody (Jackson
ImmunoResearch Inc. for TRPV4, Histofine Simple Stain MAX PO for phospho-AKT)

for 1 h at RT and peroxidase-conjugated streptavidin (for TRPV4) for 1 h at RT. The

12



immunoreactivity was visualized with a solution of DAB substrate solution.
Subsequently, the sections were counterstained with hematoxylin [22, 29]. When the
total area of a tumor lesion showed >20% staining, the results were defined as TRPV4

or phospho-AKT positive.

Statistical analysis
Statistical analyses were performed using JMP Pro 11 software, and using Fisher’s exact
test for Table, Analysis of Variance (ANOVA) with turkey and Student’s t-test for other

experiments. P values of < 0.01 were considered statistically significant.

Additional Assays
Cell proliferation and migration assays were performed as previously described [26].

Western blotting data were representative of at least three independent experiments.
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Results
TRPV4 expression in oral squamous cell carcinoma cells
To examine TRPV4 mRNA expression in human OSCC cells, five OSCC cell lines were

used for a comparison with its expression in human oral squamous epithelium derived

normal oral epithelial cells, MOEla (Fig. 1a). All OSCC cell lines expressed TRPV4

mRNA higher than MOE]1a cells. Among the OSCC cell lines, HSC-4 and SAS highly
expressed TRPV4 mRNA (Fig. 1a). Treatment with GSK1016790A, a selective TRPV4
agonist, increased the Ca’" influx in a dose-dependent manner in HSC-4 cells (Fig. 1b).

In contrast, GSK1016790A treatment increased the Ca®" influx in SAS cells lower than

that in HSC-4 cells (Supplementary Fig. la), suggesting that the Ca’" influx may

depend on TRPV4 expression in the cells. To clarify the role of TRPV4 in HSC-4 and

SAS cells, TRPV4 was knocked down by two different siRNAs (Fig. lc and

Supplementary Fig. 1b). TRPV4 knockdown decreased the GSK1016790A-dependent

Ca’" influx as well as intracellular Ca** without GSK1016790A treatment in OSCC cells

(Fig. 1d, e and Supplementary Fig. 1c, 1d). These results suggest that endogenous

TRPV4 expression may regulate the Ca®" entry in OSCC cells.

TRPV4 expression is required for cell proliferation and migration through
CaMKIlI-mediated AKT activation

As TRPV4 was shown to be capable of regulating tumorigenesis in gastric cancer [15,
16] and HCC [17], we examined the effect of TRPV4 on cell proliferation and

migration in OSCC cells. TRPV4 knockdown decreased the cell proliferation capability
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and ratio of Ki-67-positive proliferating cells in HSC-4 and SAS cells (Fig. 2a left, b

and Supplementary Fig. 2a). In addition, GSK2193874, a selective TRPV4 antagonist,

also suppressed cellular growth in a dose-dependent manner (Fig. 2a, right).
GSK2193874 treatment indeed decreased the GSK1016790A-dependent Ca*" influx in a
dose-dependent manner in HSC-4 cells (Supplementary Fig. 2b). Both TRPV4

knockdown and depletion of intracellular and extracellular calcium using calcium

chelators (BAPTA/EGTA) decreased ratio of Ki-67-positive proliferating cells (Fig. 2¢

and Supplementary Fig. 2¢). In addition, ratio of Ki-67-positive proliferating cells in

TRPV4 knockdown plus BAPTA/EGTA treatment was comparable to that of TRPV4

knockdown or BAPTA/EGTA treatment, indicating that endogenous TRPV4 expression

is _sufficient to regulate the cell proliferative capability through Ca’’ influx. TRPV4

knockdown also reduced the migration of HSC-4 and SAS cells (Fig. 2d and

Supplementary Fig. 2d). These data suggest that the endogenous TRPV4 expression

may promote cell proliferation and migration in OSCC cells.
Consistent with previous reports [30-33], loss-of-function experiments using siRNAs
and antagonist revealed that TRPV4 expression and its activation are involved in AKT

activation (Fig. 2e and Supplementary Fig. 2e). Intracellular Ca®" regulates cellular

signaling, such as the activation of calmodulin-dependent protein kinase (CaMK) [34],
and Ca”"/calmodulin (CaM) stimulates phosphatidylinositol 3-kinase (PI3K)/AKT [35].
Therefore, we examined the effect of TRPV4 signaling on CaMKII activation in OSCC

cells. TRPV4 knockdown reduced CaMKII activation (Fig. 2f and Supplementary Fig.

2f). In addition, experiments using two different CaMKII inhibitors showed that

15



CaMKII activation is involved in AKT activation and cellular growth (Fig. 2g, h and

Supplementary Fig. 2¢). Furthermore, AKT inhibitor decreased the OSCC proliferative

capability (Fig. 2i and Supplementary Fig. 2h). Taken together, these results indicate

that TRPV4 signaling can regulate CaMKII-mediated AKT activation, thereby
promoting proliferation in OSCC cells.

To further elucidate the functions of TRPV4, HSC-4 cells expressing mock or
TRPV4 were transfected with control or TRPV4 #1 siRNA. Lentiviral transduction with
TRPV4 rescued siRNA-dependent decreases in the TRPV4 protein expression (Fig. 3a).
As we used TRPV4 #1 siRNA that target the 3’-UTR (see Methods), it did not decrease
the amount of exogenously expressed TRPV4 in the cells. The effect of TRPV4 #1
siRNA was confirmed by quantitative RT-PCR using primers encoding the 3’-UTR,
which showed that the endogenous TRPV4 mRNA levels were indeed reduced by
TRPV4 #1 siRNA (Fig. 3a). The exogenous TRPV4 expression increased the
GSK1016790A-dependent Ca®" influx compared with mock expression (Fig. 3b). In
both the cell proliferation assay and migration assay, the exogenous TRPV4 expression
rescued the TRPV4-knockdown phenotypes of HSC-4 cells, excluding siRNA off-target
effects (Fig. 3c-e). Cells expressing TRPV4 showed similar proliferation capabilities to
control cells expressing mock (Fig. 3d). In addition, the TRPV4 expression rescued the
TRPV4 knockdown-dependent CaMKII or AKT inactivation but not enhanced
endogenous CaMKII or AKT activation (Fig. 3f). GSK1016790A also did not increase
the endogenous AKT phosphorylation level (data not shown). These results indicate that

the endogenous TRPV4 expression is sufficient to regulate the proliferative ability as
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well as the CaMKII or AKT activation in HSC-4 cells.

TRPV4 respondsto the extracellular environment and regulates cell proliferation
Based on above results using siRNAs, target sequences of TRPV4 #1 shRNA were
designed to be identical to those of TRPV4 #1 siRNA and used in the subsequent
experiments. HSC-4 cells stably expressing TRPV4 #1 shRNA were generated to
constitutively reduce the levels of endogenous TRPV4 (Fig. 4a). Consistent with our
experiments using siRNAs, the GSK1016790A-dependent Ca®* influx was indeed
decreased in these cells (Fig. 4b).

TRPV4 reportedly responds to extracellular stimulations, such as mechanical stress
[11-14]. Therefore, we examined whether TRPV4 responds to extracellular culture
environments to regulate cellular growth in HSC-4 cells. Constitutive depletion of
TRPV4 in HSC-4 cells did not affect their cellular growth on a low-attachment plastic
dish but did reduce both the tumor sphere area and the proliferative capability by
approximately half in the three-dimensional (3D) culture with Matrigel (Fig. 4c and
Supplementary Fig. 3a). These data suggest that TRPV4 expression might respond to
the extracellular environment to regulate the proliferation capability in OSCC cells.

Next, the role of the TRPV4 expression in tumorigenesis in Vivo was investigated by
subcutaneously implanting tumor cells into the flanks of nude mice. HSC-4 cells stably
expressing TRPV4 shRNA demonstrated growth in vivo, but the volumes and weights
of the xenograft tumors derived from those cells were less than those of control tumors

(Fig. 4d). Immunohistochemical analyses performed on xenografts harvested at the end
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of the experiment showed that TRPV4 knockdown decreased the numbers of
Ki-67-positive cells in tumors; in addition, the AKT phosphorylation levels were also
reduced in TRPV4-depleted tumors (Fig. 4e and Supplementary Fig. 3b). These results

indicate that the TRPV4 expression is required for tumor formation in vivo.

TRPV4isexpressed in human oral squamous cell carcinoma tissues

Immunohistochemical analyses were carried out to examine TRPV4 expression in
human OSCC specimens. The TRPV4 expression was detected in 22/36 (61.1%) of
tumor lesions, while it was also detected in 6/24 (25%) of non-tumor regions (Fig. 5a).
Results were considered positive when the ratio of TRPV4 positive-cells was more than
20% in a tumor lesion or in a non-tumor region. Notably, TRPV4 was strongly
expressed in the cell membrane and/or cellular cytoplasm of the tumor cells, which was
invading in the surrounding stroma (Fig. 5a). Based on the intensity of the
TRPV4-positive signal, the positive samples were divided into three groups: weak,
moderate and strong (Supplementary Fig. 4a). Both the frequency of TRPV4-positive
cases and the intensity of the TRPV4-positive signal tended to be higher in tumor
lesions than in non-tumor regions (Fig. 5a). Significant correlations with the degree of
TRPV4 intensity and clinical data were not shown for the clinical T (tumor size) stage,
histological grade or lymph node metastasis (Table). As reported previously [36, 37],
the phosphorylated AKT expression was detected in 14/36 (38.9%) of tumor cells, but
positive signals were hardly detected in non-tumor regions (Fig. 5b and Supplementary

Fig. 4b). Importantly, the phosphorylated AKT expression was more frequently, but not

18



significantly, detected along with TRPV4 expression in consecutive tumor lesion
sections (Fig. 5b). These results suggest that the region-specific expression pattern of
phosphorylated AKT in tumor lesions tends to merge with the TRPV4 expression in

OSCC.
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Discussion
Clinically, it is generally accepted that tumorous ECM is stiffer than adjacent
non-tumorous ECM. For example, following transformation, in breast cancer, breast
tissue becomes progressively stiffer, and then tumor cells become hyper-responsive to
matrix compliance cues, leading to the further activation of Bl integrin, FAK and AKT
signaling [38, 39]. Similarly, atomic force microscopy revealed that the stroma of
colorectal liver metastasis was stiffer than that of control liver tissue in human
pathological specimens as well as in murine liver metastasis models [7]. These reports
suggest that matrix stiffening is not only an important tumor feature but also plays a
pivotal role in tumor cell behavior. Therefore, cancer research using cell lines needs to
be performed in appropriate extracellular environments resembling in vivo situations.
The elastic module of a 2-dimensional (2D) plastic dish (2.78 x 10° Pa), which is
conventionally used for cell culture, is markedly higher than that of the normal
mammary gland (167 £ 31 Pa) or tumor stroma of a mouse breast cancer model (918 +
269 Pa) [40], suggesting that tumor cells cultured in 2D plastic dishes might differ from
in vivo situations. In contrast, the elastic modules of 3D culture using a reconstituted
basement membrane (175 £ 37 Pa) or 2.0 mg/ml collagen (328 = 87 Pa) appear to be
similar to the in vivo breast cancer environment [40]. The current study exhibited that
constitutive depletion of TRPV4 decreased the OSCC proliferation capability in 3D
culture conditions with Matrigel but not in a low-attachment plastic dish. Supporting
these results, xenograft models demonstrated that the TRPV4 expression is involved in

tumorigenesis. These data indicate that TRPV4 can respond to the extracellular
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environment, thereby regulating the OSCC cellular growth in vivo. However, the precise
mechanism underlying how TRPV4 senses the extracellular environment is unclear.

Previous studies have shown that TRPV4 promotes cancer progression through Ca**
entry-dependent signaling in gastric cancer [15, 16] and HCC [17], and that TRPV4
overexpression and its signaling correlate with a poor prognosis in breast cancer [32]. In
addition, TRPV4 has been reported to activate AKT signaling in the mouse
hippocampus [30], endothelial cells [31], breast cancer [32] and glioma cells [33].
Furthermore, stretching mechanical stimulation induced capillary cell orientation
through TRVP4-mediated PI3K activation [41]. Given these present and previous
findings, we concluded that TRPV4 might function as an oncogene-related molecule in
which TRPV4 activates CaMKII to exert a positive effect on OSCC cell proliferation
through AKT signaling.

An immunohistochemical analysis revealed the presence of TRPV4 expression in the
tumor lesions as well as in non-tumor regions. However, the frequency of
TRPV4-positive cases and its signal intensity in the tumor lesions were higher than in
the non-tumor regions (see Fig. 5a). These findings therefore suggest that TRPV4 is not
a direct molecular target of cancer therapy for preventing side effects in the non-tumor
region at least in OSCC. An elevated phosphorylated AKT expression is a prognostic
factor for higher local recurrence rates and correlates with a lower overall survival in
OSCC [36, 37]. We showed that AKT activation was frequently observed in tumor cells
where the TRPV4 expression level is high, whereas AKT activation was hardly detected

in the non-tumor regions. It is intriguing to speculate that tumorous stromal stiffness
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might stimulate TRPV4, resulting in enhanced AKT signaling in OSCC. These results
therefore support the idea that reducing stromal stiffness may be a potential novel
antitumor therapeutic strategy for human OSCC. In contrast, the elevated
phosphorylated AKT expression in TRPV4-negative tumor cells might be activated by
some other mechanism, such as a mutation of PIK3 catalytic subunit alpha (PIK3CA)
[42].

In summary, we found that TRPV4 is highly expressed in several OSCC cell lines
and OSCC specimens. We also demonstrated that TRPV4, a Ca®* channel, responds to
the extracellular environment, which in turn inducing CaMKII activity to regulate
OSCC cell proliferation through AKT activation both in vitro and in vivo. Taken
together, these results suggest that the TRPV4/CaMKII/AKT axis contributes to OSCC

tumor cell growth, which might be activated by the tumor extracellular environment.
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Figure L egends

Fig. 1 TRPV4 expression in oral squamous cell carcinoma cells.

a TRPV4 mRNA levels were measured in OSCC cell lines (SAS, HSC-2, HSC-3,
HSC-4, SQUU-B) using quantitative RT-PCR. Relative levels of TRPV4 mRNA
expression were normalized to GAPDH and expressed as fold-changes compared with

expression in MOE]la cells. b Fluo-4-AM-loaded HSC-4 cells were cultured in 96-well

plates, and were exposed without or with 1, 5, 10 and 50 nM GSK1016790A. Then,
intracellular Ca®" influx was measured. ¢ HSC-4 cells were transfected with control or
two different TRPV4 siRNAs for 48 h, and TRPV4 mRNA levels were measured by
quantitative RT-PCR. Relative TRPV4 mRNA levels were normalized by GAPDH and
expressed as fold-changes compared with levels in control siRNA transfected cells. Cell
lysates were probed with anti-TRPV4 and anti-f3-actin antibodies. Band intensities were
quantified using NIH image software and ratio of TRPV4/B-actin was expressed as
fold-changes compared with control cells. d HSC-4 cells were transfected with control
or two different TRPV4 siRNAs for 48 h and Fluo-4-AM-loaded cells were cultured in
96-well plates. The cells were exposed without or with 50 nM GSK1016790A, and

intracellular Ca>" influx was measured. € HSC-4 cells were transfected with control or

two different TRPV4 siRNAs for 48 h and cells were loaded with 8 uM OGB-1 for last

1 h. Then, the cells were stained Hoechst 33342 and OGB-1-positive fluorescent

intensity was measured. X200 magnification, scale bars, 50 pm. Results are shown as

means =+ s.d. of three independent experiments. *P<0.01.
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Fig. 2 TRPV4 expression regulates cell proliferation and migration.

a HSC-4 cells were transfected with control or two different TRPV4 siRNAs (left
panel), or were cultured without or with 0.1 and 1 uM GSK2193874 (right panel) in the
presence of 5% FBS for the indicated numbers of days, and cell numbers were counted.
b HSC-4 cells were transfected with control or two different TRPV4 siRNAs for 48 h.
The cells were stained with anti-Ki-67 antibody and Hoechst 33342, and then
Ki-67-positive cells and Hoechst 33342-stained cells were counted, respectively.
Results are expressed as the percentage of Ki-67-positive cells compared with total
Hoechst 33342-stained cells. x200 magnification, scale bars, 100 um. ¢ HSC-4 cells

were transfected with control or TRPV4 #1 siRNA for 48 h, and were cultured without

or with 10 uM BAPTA and 1 mM EGTA for last 8 h. The cells were stained with

anti-Ki-67 antibody and Hoechst 33342, and then Ki-67-positive cells and Hoechst

33342-stained cells were counted, respectively. Results are expressed as the percentage

of Ki-67-positive cells compared with total Hoechst 33342-stained cells. %200

magnification, scale bars, 50 um. d HSC-4 cells were transfected with control or two

different TRPV4 siRNAs, and then the cells were placed in Transwell chamber for the
migration assay. Migration activities are expressed as the percentage of control cells.
%100 magnification, scale bars, 200 um. e HSC-4 cells were transfected with control or
two different TRPV4 siRNAs (left panel), or were cultured without or with 0.1 and 1
uM GSK2193874 (right panel). Cell lysates were probed with anti-phospho-AKT and
anti-pan-AKT antibodies. Band intensities were quantified using NIH image software

and ratio of phospho-AKT/pan-AKT was expressed as fold-changes compared with
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control cells. f HSC-4 cells were transfected with control or two different TRPV4
siRNAs and cell lysates were probed with anti-phospho-CaMKII and anti-pan-CaMKII
antibodies. Band intensities were quantified using NIH image software and ratio of
phospho-CaMKII/pan-CaMKII was expressed as fold-changes compared with control
cells. g HSC-4 cells were cultured without or with 10 pM CaMKII inhibitor XII or 10
uM Arcyriaflavin A for 24 h. Cell lysates were probed with anti-phospho-AKT and
anti-pan-AKT antibodies. Band intensities were quantified using NIH image software
and ratio of phospho-AKT/pan-AKT was expressed as fold-changes compared with
control cells. h HSC-4 cells were cultured without or with 10 uM CaMKII inhibitor XII
or 10 uM Arcyriaflavin A in the presence of 5% FBS for the indicated numbers of days,

and cell numbers were counted. | HSC-4 cells were cultured without or with 10 uM

AKT inhibitor VIII in the presence of 5% FBS for the indicated numbers of days, and

cell numbers were counted. Results are shown as means + s.d. of three independent

experiments. *P<0.01.

Fig. 3 TRPV4 expression is required for cell proliferation and migration through
CaMKII-mediated AKT activation.

a HSC-4 cells expressing mock or TRPV4 were transfected with control or TRPV4 #1
siRNA for 48 h, and cells lysates were probed with anti-TRPV4 and anti-B-actin
antibodies. Band intensities were quantified using NIH image software and ratio of
TRPV4/B-actin was expressed as fold-changes compared with control cells.

Endogenous TRPV4 mRNA levels were measured by quantitative RT-PCR using
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primers encoding the 3°-UTR. Relative TRPV4 mRNA levels were normalized by
GAPDH and expressed as fold-changes compared with levels in mock control siRNA
transfected cells. b Fluo-4-AM-loaded HSC-4 cells expressing mock or TRPV4 were
cultured in 96-well plates, and were exposed without or with 1, 5, 10 and 50 nM
GSK1016790A. Then, intracellular Ca** influx was measured. ¢ HSC-4 cells expressing
mock or TRPV4 were transfected with control or TRPV4 #1 siRNA for 48 h. The cells
were stained with anti-Ki-67 antibody and Hoechst 33342, and then Ki-67-positive cells
and Hoechst 33342-stained cells were counted, respectively. Results are expressed as
the percentage of Ki-67-positive cells compared with total Hoechst 33342-stained cells.
x200 magnification, scale bars, 100 pym. d HSC-4 cells expressing mock or TRPV4
were transfected with control or TRPV4 #1 siRNA were cultured in the presence of 5%
FBS for the indicated numbers of days, and cell numbers were counted. € HSC-4 cells
expressing mock or TRPV4 were transfected with control or TRPV4 #1 siRNA, and
then the cells were placed in Transwell chamber for the migration assay. Migration
activities are expressed as the percentage of control cells. x100 magnification, scale
bars, 200 um. f HSC-4 cells expressing mock or TRPV4 were transfected with control
or TRPV4 #1 siRNA for 48 h. The cell lysates were probed with anti-phospho-CaMKII
and anti-pan-CaMKII antibodies (left panel) or anti-phospho-AKT and anti-pan-AKT
antibodies (right panel). Band intensities were quantified using NIH image software and
ratio of phospho-CaMKII/pan-CaMKII or phospho-AKT/pan-AKT was expressed as
fold-changes compared with control cells. Results are shown as means + s.d. of three

independent experiments. *P<0.01.
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Fig. 4 TRPV4 responds to extracellular environments and regulates cell proliferation.

a Lysates of HSC-4 cells expressing control or TRPV4 #1 shRNA were probed with
anti-TRPV4 and anti-f-actin antibodies. Band intensities were quantified using NIH
image software and ratio of TRPV4/B-actin was expressed as fold-changes compared
with control cells. b Fluo-4-AM-loaded HSC-4 cells expressing control or TRPV4 #1
shRNA were cultured in 96-well plates. The cells were exposed without or with 50 nM
GSK1016790A, and intracellular Ca*" influx was measured. ¢ HSC-4 cells expressing
control or TRPV4 #1 shRNA were cultured for 5 days in the 3D Matrigel. The cells
were stained with anti-Ki-67 antibody, phalloidin and Hoechst 33342, and then
Ki-67-positive cells and Hoechst 33342-stained cells were counted, and areas of spheres
were calculated (n = 94). Ki-67-positive cells were counted, and results are expressed as
the percentage of positively stained cells compared with total Hoechst 33342-stained
cells (n = 3,046). x200 magnification, scale bars, 100 um. d HSC-4 cells (5 x 107 cells)
expressing control or TRPV4 #1 shRNA were subcutaneously implanted into nude mice
(n = 6). After 14 days, the nude mice were sacrificed. Representative appearance of one
mouse (top picture) and extirpated xenograft tumors (bottom picture) are shown. The
volumes and weights of the xenograft tumors were measured (right two graphs). Dashed
lines show the outline of xenograft tumors, and arrowheads indicate the positions of
tumors (top picture). Scale bars, 1 cm. e Sections prepared from xenograft tumors of
HSC-4 cells were stained with anti-Ki-67 or anti-phospho-AKT antibodies and

hematoxylin. Ki-67-positive cells were counted, and results are expressed as the
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percentage of positively stained cells compared with total hematoxylin-stained cells (n
= 10,977) (right graph). Dashed lines show the outline of xenograft tumors. x400
magnification, scale bars, 50 um. Results are shown as means + s.d. of three

independent experiments. *P<0.01.

Fig. 5 TRPV4 is expressed in human oral squamous cell carcinoma tissues.

a Oral squamous cell carcinoma tissues (n = 36) were stained with anti-TRPV4
antibody and hematoxylin. Percentages of three groups based on TRPV4-positive signal
intensity in the tumor lesions and the non-tumor regions are shown in the right panel.
TRPV4-positive signal intensity is classified as follows: weak; moderate; strong.
Dashed box and solid box show enlarged images of non-tumor region and tumor lesion,
respectively. x12.5 magnification, scale bars, 500 um. Dashed box and solid box, x400
magnification. b Oral squamous cell carcinoma tissues (n = 36) were stained with
anti-TRPV4 and anti-phospho-AKT antibodies, and hematoxylin. Solid boxes show
enlarged images. *x200 magnification, scale bars, 100 um. Solid boxes, %400
magnification. Numbers of cases with  phospho-AKT-positive (+) or
phospho-AKT-negative (-), and TRPV4-positive (+) or TRPV4-negative (-) were

shown.

33



Table Relationship between TRPV 4 intensity and clinicopathological characteristics of

OSCC cases
TRPV4 expression P value
- Weak Moderate Strong
Clinical T stage
Tl 6 2 2 2 0
T2 6 2 2 2 0
T3 14 5 3 4 2
T4 10 5 5 0 0 N.S2
Histologic grade
Well 29 10 12 6 1
Moderately 5 2 0 2 1
Poorly 2 2 0 0 0 N.S2
Lymph node
metastasis
Positive 9 2 6 0 1
Negative 27 12 6 8 1 N.S?

Abbreviations: Clinical T stage; T1, Tumor 2 cm or less in greatest dimension and 5
mm or less depth of invasion. T2, Tumor 2 cm or less in greatest dimension and more
than 5 mm depth of invasion or tumor more than 2 cm but not more than 4 cm in
greatest dimension and depth of invasion no more than 10 mm. T3, Tumor more than 2
cm but not more than 4 cm in greatest dimension and depth of invasion more than 10
mm or tumor more than 4 cm in greatest dimension and not more than 10 mm depth of
invasion. T4 (T4a and T4b): T4a (lip), Tumor invades through cortical bone, inferior
alveolar nerve, floor of mouth, or skin (of the chin or nose). T4a (oral cavity), Tumor
more than 4 cm in greatest dimension and more than 10 mm depth of invasion or tumor

invades through the cortical bone of the mandible or maxilla or involves the maxillary



sinus, or invades the skin of the face. T4b (lip and ora cavity), Tumor invades
masticator space, pterygoid plates, or skull base, or encases internal carotid artery.
Histologic grade (WHO); Grade 1, Well differentiated. Grade 2, Moderately
differentiated. Grade 3, Poorly differentiated.

4 Statistical analyses were performed by Fisher’s exact test
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