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Abstract Melanoma has an extremely poor prognosis due

to its rapidly progressive and highly metastatic nature.

Several therapeutic drugs have recently become available,

but are effective only against melanoma with specific

BRAF gene mutation. Thus, there is a need to identify

other target molecules. We show here that Transient

receptor potential, canonical 3 (TRPC3) is widely expres-

sed in human melanoma. We found that pharmacological

inhibition of TRPC3 with a pyrazole compound, Pyr3,

decreased melanoma cell proliferation and migration.

Similar inhibition was observed when the TRPC3 gene was

silenced with short-hairpin RNA (shRNA). Pyr3 induced

dephosphorylation of signal transducer and activator of

transcription (STAT) 5 and Akt. Administration of Pyr3

(0.05 mg/kg) to mice implanted with human melanoma

cells (C8161) significantly inhibited tumor growth. Our

findings indicate that TRPC3 plays an important role in

melanoma growth, and may be a novel target for treating

melanoma in patients.
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Introduction

Melanoma has the worst prognosis among skin cancers.

Therapy targeting ERK signaling due to mutated and

activated BRAF has recently improved both overall and

progression-free survival of melanoma patients [1].

Unfortunately, however, this therapy does not work with

patients who do not have BRAF mutation. Even among

patients with such mutations, some rapidly acquire resis-

tance to BRAF inhibitors [2]. Accordingly, a different

strategy that can target key signaling pathways indepen-

dently of specific gene mutation is needed. So far, however,

alterations of cellular signaling associated with melanoma

growth remain largely unexplored.

Transient receptor potential, canonical 3 (TRPC3) are

Ca2?-permeable cationic channels that regulate Ca2? influx

evoked by G protein-coupled receptor (Gq/Gi-PLCb)
activation and/or by depletion of the Ca2? store in endo-

plasmic reticulum (ER). TRP channels are activated by

changes of temperature or membrane voltage, regulating

adaptive responses to physiological stimuli [3]. TRPC also

has a pathological role, being involved in the differentia-

tion of lung cancer cells [4]. TRPC channels, including

TRPC3, may also be involved in cancer cell proliferation

and tumorigenesis of ovarian cancer [5]. TRPC3 is over-

expressed in ovarian and breast cancer tissues, compared
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with normal tissues [6, 7]. In breast cancer, a highly

metastatic cell line expressed TRPC3 at a higher level than

a less metastatic cell line [6]. It was also demonstrated that

inhibition of TRPC3 decreased cell proliferation and

invasion of bladder cancer cells [8]. However, it remains

unknown whether TRPC plays a role in other cancer cell

types. There is also no report as to whether TRPC channels

are expressed in melanoma cells, or whether TRPC3 reg-

ulates cell proliferation and migration of human melanoma.

We previously reported that Orai1/STIM1 plays an

important role in melanoma cell proliferation and migra-

tion via so-called store-operated calcium entry (SOCE) [9].

We further found that YM58483, a pyrazole compound,

potently inhibited melanoma cell proliferation by inhibiting

SOCE [9]. Because Orai and TRPC complex mediate

SOCE [10, 11], we hypothesized that TRPC inhibition

might be a useful strategy for melanoma therapy. In this

connection, it was recently reported that another pyrazole

compound, Pyr3, selectively and directly inhibits TRPC3

[12]. This inhibitor also blocked cardiac hypertrophy in rat

via reduced activation of nuclear factor of activated T cells

(NFAT), a Ca2?-dependent transcription factor [12].

In the present study, we confirmed that TRPC3 is widely

expressed in various melanoma cell types, and we exam-

ined the effect of TRPC3 inhibition on melanoma growth.

We found that either pharmacological inhibition of TRPC3

or silencing of TRPC3 gene expression effectively inhib-

ited growth of cultured melanoma cells, as well as tumor

growth in a melanoma cell-implanted animal model, sug-

gesting TRPC3 is a promising candidate as a target for

melanoma therapy.

Materials and methods

Reagents and cell lines

Reagents were purchased from Sigma unless otherwise

specified. b-Actin and GAPDH antibodies were purchased

from Santa Cruz. STIM1, Signal transducer and activator

of transcription (STAT) 5, phospho-STAT5, Akt, and

phospho-Akt antibodies were purchased from Cell Sig-

naling. TRPC3 antibody was purchased from Alomone

Labs. Second antibodies for mouse and rabbit were pur-

chased from Abcam and Cell Signaling, respectively.

C8161 cell line was kindly provided by Dr. Mary J.

C. Hendrix. SK-Mel-2 and SK-Mel-24 (human metastatic

melanoma) cell lines were obtained from the American

Type Culture Collection. HEMA-LP cell line (human

melanocyte) was obtained from Invitrogen. C8161 cells

were maintained in RPMI-1640 with GlutaMAX (Gibco),

with 10 % fetal bovine serum (FBS) and 1 % penicillin–

streptomycin. SK-Mel-2 and SK-Mel-24 cells were main-

tained in MEM containing 10 or 15 % fetal bovine serum

(FBS), respectively, and 1 % penicillin–streptomycin.

HEMA-LP was maintained in an EndoGRO-VEGF Com-

plete media kit (Millipore). All other melanoma cells were

maintained in RPMI (Gibco) containing 10 % FBS and

1 % penicillin–streptomycin.

Immunohistochemistry

Enzymatic immunohistochemical stainings were performed

as previously described [9, 13]. Microarray plates (US

Biomax Cat. #SK181 and #SK181 s) for melanoma tissues

were used for immunohistochemistry with antibodies

against melanoma antigen recognized by T-cells 1

(MART1) (Millipore) and TRPC3 (Alomone Labs).

Quantitative real-time reverse transcriptase-

polymerase chain reaction (RT-PCR)

Isolation of total RNA and generation of cDNA were

performed and RT-PCR analysis was done as described

previously [14]. The primer set was as previously described

[15]. The PCR cycle consisted of an initial cycle of 95 �C
for 4 min, then 40 repeated cycles of 95 �C for 30 s

denaturation, then 67 �C annealing for 30 s, and primer

extension at 72 �C for 30 s. Melting curve analysis was

done from 50 to 95 �C with a heating rate of 0.2 �C per

second [15]. The abundance of each gene was determined

relative to the 18S transcript [16].

Immunoprecipitation

Dynabeads-protein G for immunoprecipitation (Life

Technologies) were incubated with the primary antibodies

(anti-TRPC3 and anti-STIM1) and added to the soluble cell

lysate fraction. These antibody-coated DynabeadsTM (Life

Technologies) bound to the target proteins were separated

by the magnet and after repeated washing four times, the

isolated protein complexes were subjected to SDS-PAGE

and immunoblotting with respective antibodies [17].

Fluorescence imaging of intracellular Ca21

Measurement of intracellular Ca2? level was performed as

previously described [9, 14]. Cells were incubated with

2-[4-(2-hydroxyethyl)-1-piperazinyl]ethanesulfonic acid

(HEPES) buffer containing 4.0 lmol/l of Fluo-4AM, then
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washed and incubated with HEPES-buffered saline con-

taining 2.0 mmol/l of CaCl2. An iXon? 885 charge-cou-

pled-device camera (Andor Technology) was used to

monitor fluorescence changes. Full images were collected

every 4 s. Fluo-4 fluorescence was excited at 488 nm, and

data were expressed as normalized changes in background-

corrected fluorescence emission (F/F0). Data were analyzed

using Imaging Workbench (INDEC BioSystems). Repre-

sentative Ca2? signals averaged from eight to nine indi-

vidual cells are shown in the figures.

Short-hairpin RNA (shRNA) transduction

C8161 cells were subjected to transduction with TRPC3

and scramble control shRNA. Transductions with lentivirus

(Santa Cruz Biotechnology) were performed as previously

described [9, 13]. Briefly, cells were incubated with 10 lg/
ml of Polybrene (Santa Cruz Biotechnology) and lentiviral

particles harboring each shRNA, followed by selection

with puromycin dihydrochloride (Santa Cruz Biotechnol-

ogy) for 1 week.

Cell proliferation assay

Cell proliferation assay was performed using a commercial

kit, 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-5-[(pheny-

lamino)carbonyl]-2H-tetrazolium inner salt (XTT) Cell

Proliferation Assay Kit (ATCC), as previously reported

[9, 18].

Apoptosis assay

Apoptosis assays were performed as described [19, 20].

Cells were seeded on 6 cm dishes, incubated with Pyr3 for

24 h, washed with PBS, and transferred into culture tubes.

Annexin V, allophycocyanin conjugate (APC) and

7-amino-actinomycin D (7-AAD) (BD Biosciences) were

then added, and the tubes were incubated for 15 min at

room temperature in darkness, and then subjected to FACS

analysis (CantoTM, Japan Becton, Dickinson and Com-

pany) within 1 h. Cells that were sorted only with Annexin

V were classified as early apoptosis, cells that were sorted

with both Annexin V and 7-AAD were classified as late

apoptosis, and cells that were sorted only with 7-AAD were

classified as apoptosis.

Animal models

C8161 cells were harvested and intradermally grafted

(1.0 9 107 cells/serum-free medium 50 ll) into the side

chest of Balb/c nu/nu mice (SLC, female, 4 weeks old,

n = 4–6). Mice were anesthetized with 250–350 ll/body
intraperitoneal Avertin injection. After tumors had formed,

0.005 mg/kg or 0.05 mg/kg Pyr3 or DMSO (control) was

intradermally injected around the tumor every day. We

measured the diameter of each tumor every 2 days, and

calculated the volume as follows: (Tumor volume

(mm3) = 4 9 p 9 (major axis)2 9 (minor axis)/3).

Time-lapse videomicroscopy

Analysis of cell motility using time-lapse videomicroscopy

was performed as described [8]. C8161 cells were sub-

jected to time-lapse video recording. Frames from the

recording were digitized at 15-min intervals.

Migration assay

The scratch wound method was performed as described

[9, 13]. The cells were plated at a density of 4.0 9 104

cells/500 ll of medium, and incubated for 3 h at 37 �C.

Gelatin zymography

Matrix metalloproteinase 9 (MMP9) activity was examined

by gelatin zymography as described [16]. Cells were see-

ded on a 24-well plate, and incubated in the presence of

Pyr3 for 24 h. Supernatants were collected into 1.5-ml

tubes and signal intensities were quantified with ImageJ

software (NIH).

Western-blot analysis

Western-blot analyses were performed as described [9, 17].

Signal intensities of the bands were quantified with ImageJ

software (NIH).

Protein phosphorylation microarray

C8161 cells treated with DMSO or Pyr3 (10 lM) for

15 min was subjected to protein phosphorylation microar-

ray assay using a commercial kit (Cancer Signaling Phos-

pho-Antibody Array; Full Moon BioSystems, Inc.).

Data analysis and statistics

Statistical comparisons among groups were performed

using Student’s t test or one-factor analysis of variance
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(ANOVA) with the Bonferroni post hoc test. The criterion

of statistical significance was set as p\ 0.05. *p\ 0.05,

**p\ 0.01, ***p\ 0.001, ****p\ 0.0001; ns no signif-

icant difference.

Ethics statement

The Animal Care and Use Committee at Yokohama City

University, School of Medicine, approved all animal

studies. (Protocol Number: FA13-014).

Results

TRPC3 is expressed in melanoma

We first examined TRPC3 expression in human primary

melanoma tissues, using a tissue microarray. We found that

TRPC3 antibody-positive areas, but not -negative areas,

coincided immunohistochemically with positivity for

melanoma-related antigen (melanoma antigen recognized

by T-cells; MART-1) (Fig. 1a), and it appeared that

TRPC3 is abundantly expressed in melanoma.

Accordingly, we next examined the expression of

TRPC3 in various human melanoma cell lines and mela-

nocytes by means of semi-quantitative PCR (Fig. 1b).

TRPC3 mRNA was detected in SK-Mel-2 (NRAS muta-

ted), SK-Mel-187 (BRAF wild-type metastatic human

melanoma cell lines), SK-Mel-24 (BRAFV600E mutated),

C8161 (BRAF wild-type metastatic human melanoma cell

lines), and HEMA-LP (melanocyte cell line). Thus, TRPC3

is widely expressed among human melanoma cell types

and melanocyte. It has been reported that TRPC3 is an

SOCE component [11], therefore we examined the inter-

action of TRPC3 and STIM1 in C8161. Immunoprecipi-

tation showed that TRPC interacts directly STIM1

(Fig. 1c).

We further found that the pyrazole compound Pyr3,

which is a TRPC3-selective inhibitor [12], suppressed

SOCE in C8161 cells (Fig. 1d). Thus, TRPC3 plays a

role in SOCE activation, at least in C8161 melanoma

cells.

Role of TRPC3 in cellular proliferation

and apoptosis

We next examined the effect of depleting TRPC3 expres-

sion in C8161 melanoma cells by infecting the cells with

lentivirus encoding TRPC3 short-hairpin RNA (shRNA).

Knockdown was confirmed by means of real-time PCR and

Western-blot analysis (Fig. 2a).

We found that knockdown of TRPC3 reduced prolifer-

ation of melanoma cells (Fig. 2b). Therefore, we next

examined the effect of pharmacologically inhibiting

TRPC3 with a pyrazole compound, Pyr3. As expected,

proliferation of C8161 cells was inhibited in a dose-de-

pendent manner; the IC50 value was 12 lM (Fig. 2c).

Further, Pyr3 induced apoptosis, as indicated by the

increased levels of early, late, and total apoptotic cells

(Fig. 2d).

Pyr3 also inhibited proliferation of other melanoma cell

lines, such as SK-Mel-2, SK-Mel-24, and HEMA-LP,

although the extent of apoptosis induction varied (Fig. S1).

We also found that Pyr3 induced cell-cycle blockade of

C8161 cells at the G2 phase in a dose-dependent manner

over 24 h (Fig. S2).

We therefore examined whether Pyr3 can suppress

tumor growth of melanoma in mice. Pyr3 injection (s.c.

0.05 or 0.005 mg/kg) every day for 10 days significantly

suppressed tumor growth (Fig. 2e). The effect was greater

with a higher dose (0.05 vs. 0.005 mg/kg). These data

suggest that the inhibition of TRPC3 suppressed melanoma

tumor growth in mice. Importantly, administration of Pyr3

for up to 10 days caused no obvious abnormality or body

weight decrease (data not shown) or liver and kidney

dysfunction (Fig. S3).

Role of TRPC3 in melanoma migration

We next examined the role of TRPC3 in migration, which

is associated with melanoma metastasis. Cell migration

determined by total path length of C8161 cells was

decreased when TRPC3 was depleted (Fig. 3a). Scratch

assay showed that Pyr3 decreased cell migration in a dose-

dependent manner (Fig. 3b). These findings support the

idea that inhibition and/or depletion of TRPC3 can inhibit

melanoma migration.

We also investigated the mechanism of TRPC3-medi-

ated inhibition of migration. It is well known that MMP9, a

gelatinase, dissolves type IV collagen in basal membranes,

thereby enhancing cellular migration ability [21]. Indeed,

MMP9 secretion by C8161 cells was inhibited when

TRPC3 expression was blocked with shRNA (Fig. 3c) or

pharmacologically inhibited with Pyr3. Inhibition of

MMP9 activation by Pyr3 was dose-dependent (Fig. 3d). In

contrast, MMP2 secretion was unaffected. These data

suggest that TRPC3 plays a role in regulating cell migra-

tion by modulating MMP9 activation.
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Fig. 1 TRPC3 expression and SOCE in melanoma. a Representative

images of immunohistochemical staining of HE, MART1, and

TRPC3 in a melanoma primary tissue microarray (stage II) (original

magnification, b 9200). The calibration bars represent 200 lm.

b mRNA expression in various melanoma cell lines. SK-Mel-2 is a

skin metastasis melanoma cell line with NRAS mutation, SK-Mel-24

is a lymph node metastasis cell line with BRAFV600E mutation, SK-

Mel-187 is also a lymph node metastasis cell line, C8161 is a

metastasis cell line with wild-type BRAF, and HEMA-LP is a skin

melanocyte cell line. TRPC3 mRNA is widely expressed in human

melanoma cell lines, independently of BRAF mutation. c Immuno-

precipitation for TRPC3 and STIM1 was performed. d Cytosolic

Ca2? level in C8161 cells is shown as mean ± SD (n = 8–9). SOCE

was examined in the presence or absence of DMSO (vehicle control

1 lM) or Pyr3 (1 lM) in C8161. Pyr3 inhibited SOCE in C8161 cells.

Pyr3 was added after the addition of Ca2?. The Ca2? signal was

immediately decreased, indicating that Pyr3 inhibits SOCE in

melanoma cells. Data in each panel are averages of eight or nine cells
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TRPC regulates SOCE, Akt, and Janus kinase

(JAK)/signal transducer and activator

of transcription (STAT) signaling in melanoma cell

lines

We also investigated TRPC3-related cellular signaling in

melanoma. The Akt pathway could influence melanoma

cell migration and proliferation by coupling SOCE to

constitutive activation of PKB/Akt [22]. Therefore, we

investigated whether TRPC3 affects Akt signaling in

C8161 melanoma cells.

We found that Pyr3 inhibited Akt phosphorylation

(Fig. 4a). Protein phosphorylation microarray analysis

demonstrated that Pyr3 inhibited phosphorylation of

STAT5 as well (Fig. 4b), and we confirmed that this action

by using p-STAT antibody (Fig. 4c).
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Fig. 2 TRPC3 regulates proliferation of melanoma cells and tumor

growth in vivo. a Quantitative RT-PCR revealed that TRPC3 was

significantly reduced by shRNA transduction with lentivirus (n = 4,

**p\ 0.001) (left). Western-blot analysis showed that protein

expression of TRPC3 was also decreased. b TRPC3-knockdown

decreased proliferation of C8161 cells over 48 h (n = 8,

****p\ 0.0001). c Pyr3 dose-dependently suppressed proliferation

of C8161 cells over 24 h (n = 6, ****p\ 0.0001). The IC50 value

was 12.99 lM. d Pyr3 (1, 10 and 20 lM) induced apoptosis in

melanoma over 24 h (n = 4, ns not significant, ****p\ 0.0001).

e Pyr3-inhibited tumor growth in vivo. The tumor volume was

significantly reduced in the Pyr3-treatment group versus the control

after 10 days (n = 4–6, *p\ 0.05, ***p\ 0.001)
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Discussion

Our present findings show that TRPC3 is involved in

SOCE and serves to regulate cell proliferation and migra-

tion, probably via STAT signaling. TRPC3 are expressed

not only in cultured cells, but also in human melanoma

tissues. Knockdown or pharmacological inhibition of

TRPC3 suppressed both proliferation and cell migration.

We previously showed that SOCE is involved in pro-

liferation and migration of melanoma cells, most probably

via ERK signaling. It was also reported that SOCE occurs

in lipid rafts, and ablation of the rafts suppresses tumor

growth via the Akt pathway [23]. Further, STAT5 phos-

phorylation in malignant melanoma is mediated through

SRC (proto-oncogene tyrosine-protein kinase Src) and

Janus kinase (JAK) 1 [24]. It was also demonstrated that

STAT5b transcripts were upregulated and phosphorylated

in human melanoma metastasis compared to normal human

melanocytes and benign nevi. It was recently shown that

phosphorylation (upregulation) of STAT5 by JAK 1 kinase
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b Scratch assay showed that Pyr3 significantly inhibited cell

migration in a dose-dependent manner (n = 6, **p\ 0.01). c Gelatin

zymography confirmed that MMP9 secretion was inhibited by

ablation of TRPC3 (n = 4, ***p\ 0.001). d Pyr3 also dose-

dependently decreased MMP9 secretion (n = 4, **p\ 0.01). These

data suggest that TRPC3 regulates cell migration, i.e., melanoma

hematogenous metastasis, via MMP9 secretion
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is important for melanoma cell survival [23]. Taken toge-

ther with our findings, these data suggest that TRPC3 may

regulate melanoma proliferation and/or migration via Akt

and the JAK/STAT5 pathway.

These data, taken together, indicate that SOCE regulate

multiple pathways in melanoma, and are consistent with the

idea thatTRPC3plays a pivotal role inmelanomaprogression.

In conclusion, our findings indicate thatTRPC3contributes

tomelanoma proliferation andmigration through activation of

Akt and STAT. Therefore we propose that TRPC3 is a

promising target for treatment of malignant melanoma, irre-

spective of whether BRAF mutation is present or not.
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