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Glioma is the most common tumor of the central nervous system 
and can originate from the neoplastic transformation of fully 
differentiated glia, neural stem cells, or progenitor cells (1). 
Based on the origin of the cells, glioma is classified into three 
main types by the World Health Organization: astrocytoma, 
oligodendrocytoma, and mixed oligoastrocytoma; and all types 
are histologically graded as 1–4 based on four main features— 
nuclear atypia, mitosis, microvascular enrichment, and necrosis 
(2). Grade 1 is usually benign and curable with complete  
surgical resection; grade 2 is a low-grade diffuse glioma and  
may progress to higher grades; higher-grade gliomas like grades 
3 and 4 are malignant and have increased proliferative and inva-
sive capacity and poor patient outcomes (2–5). Glioblastoma 

multiforme (GBM), a grade 4 and malignant glioma, is the most 
aggressive of all gliomas (4,5).

Glioma accounts for 40%–90% of all brain tumors, depending 
on age (6). The most common types of gliomas are malignant as-
trocytomas, including the anaplastic astrocytoma and GBM, but 
GBM constitutes more than 50% of all gliomas (3,7). Low-grade 
(grades 1 and 2) astrocytomas are usually reported in young adult-
hood and anaplastic astrocytomas in the fourth or fifth decade of 
life, whereas GBM is usually found in patients more than 60 years 
of age (3). Because of its aggressive nature, high recurrence rate, 
and difficulty to treat by resection and adjuvant radiotherapy or 
chemotherapy, the median survival time for GBM patients is ap-
proximately 12 months, compared with 5 years in patients with 
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 Background Patients with glioblastoma multiforme, the most aggressive form of glioma, have a median survival of approx-
imately 12 months. Calcium (Ca2+) signaling plays an important role in cell proliferation, and some members of 
the Ca2+-permeable transient receptor potential canonical (TRPC) family of channel proteins have demonstrated 
a role in the proliferation of many types of cancer cells. In this study, we investigated the role of TRPC6 in cell 
cycle progression and in the development of human glioma.

 Methods TRPC6 protein and mRNA expression were assessed in glioma (n = 33) and normal (n = 17) brain tissues from 
patients and in human glioma cell lines U251, U87, and T98G. Activation of TRPC6 channels was tested by 
platelet-derived growth factor–induced Ca2+ imaging. The effect of inhibiting TRPC6 activity or expression using 
the dominant-negative mutant TRPC6 (DNC6) or RNA interference, respectively, was tested on cell growth, cell 
cycle progression, radiosensitization of glioma cells, and development of xenografted human gliomas in a 
mouse model. The green fluorescent protein (GFP) and wild-type TRPC6 (WTC6) were used as controls. Survival 
of mice bearing xenografted tumors in the GFP, DNC6, and WTC6 groups (n = 13, 15, and 13, respectively) was 
compared using Kaplan–Meier analysis. All statistical tests were two-sided.

 Results Functional TRPC6 was overexpressed in human glioma cells. Inhibition of TRPC6 activity or expression attenu-
ated the increase in intracellular Ca2+ by platelet-derived growth factor, suppressed cell growth and clonogenic 
ability, induced cell cycle arrest at the G2/M phase, and enhanced the antiproliferative effect of ionizing radia-
tion. Cyclin-dependent kinase 1 activation and cell division cycle 25 homolog C expression regulated the cell 
cycle arrest. Inhibition of TRPC6 activity also reduced tumor volume in a subcutaneous mouse model of xeno-
grafted human tumors (P = .014 vs GFP; P < .001 vs WTC6) and increased mean survival in mice in an intracra-
nial model (P < .001 vs GFP or WTC6).

 Conclusions In this preclinical model, TRPC6 channels were essential for glioma development via regulation of G2/M phase 
transition. This study suggests that TRPC6 might be a new target for therapeutic intervention of human 
glioma.

   J Natl Cancer Inst 2010;102:1052–1068

D
ow

nloaded from
 https://academ

ic.oup.com
/jnci/article/102/14/1052/2516015 by guest on 24 April 2024



jnci.oxfordjournals.org   JNCI | Articles 1053

low-grade glioma (3). Therefore, it is important to elucidate the 
mechanisms of glioma development and find key molecular targets 
for the development of effective therapies.

Maintenance of intracellular cation homeostasis is critical for 
many cellular functions (8–10). Calcium (Ca2+) signaling plays an 
important role in cell proliferation and is required at various stages 
of the cell cycle (11). The signaling involves receptors, channels, 
transducers, Ca2+ effectors, Ca2+-sensitive enzymes, Ca2+ pumps, 
and Ca2+ exchangers (8). In many forms of human cancer, the Ca2+ 
signaling proteins have abnormal expression and activity, contrib-
uting to the highly proliferative capacity of cancer cells (12,13). 
For example, protein kinase C and calmodulin-dependent protein 
kinase have been suggested as therapeutic targets for cancers 
(14,15).

Ca2+ entry through Ca2+-permeable channels activates intracel-
lular Ca2+ effectors and Ca2+-sensitive enzymes, which in turn me-
diate cellular activities necessary for cell cycle progression and cell 
proliferation (13). In tumor cells, abnormal expression of Ca2+ 
channel proteins has been shown to contribute to malignant pro-
liferation (13). At least two types of Ca2+ channels, the T-/L-type 
voltage-gated Ca2+ channels (VGCC) and transient receptor 
potential (TRP) channels, are known to have a functional role in 
the development of human tumors (16–18). The T-type VGCC 
was shown to be important for the proliferation of esophageal 
cancer cells, and the L-type VGCC expression was shown elevated 
in colon cancer (16,18).

The TRP channels are a superfamily of nonselective cation 
channels that were initially identified in Drosophila melanogaster 
(19). The mammalian homologs are categorized into seven fam-
ilies according to sequence homology—TRPC (canonical), TRPV 
(vanilloid), TRPM (melastatin), TRPA (ankyrin), TRPP (polycys-
tin), TRPN (Nompc), and TRPML (mucolipin) (19). Most of the 
TRP channels are permeable to Ca2+ and sodium, whereas TRPM6 
and 7 channels are permeable to magnesium (19).

The Ca2+-permeable TRPC subfamily contains seven members 
(TRPC1–7), and based on the amino acid similarities, the human 
TRPCs are divided into three subgroups—TRPC1, TRPC3/6/7, 
and TRPC4/5; TRPC2 being a pseudogene (19). These channels 
play an important role in many physiological and pathological 
processes (17,20,21). For example, TRPC1, 3, and 6 have demon-
strated a role in tumor cell proliferation. TRPC1 and 3 are 
involved in proliferation of breast and ovarian cancer cells, respec-
tively (22,23). TRPC6 is involved in proliferation of liver, prostate, 
breast, and brain tumor cells (24–27).

TRPC3 and 6 channels are activated either by a receptor-operated 
pathway or a store-operated pathway (19,28). The receptor-operated 
pathway is activated by G-protein–coupled receptors or receptor  
tyrosine kinases through a phospholipase C–dependent generation of 
diacylglycerol and inositol 1,4,5-triphosphate (IP3). Diacylglycerol 
can directly activate TRPCs to regulate Ca2+ signaling (28). The 
store-operated pathway activates TRPCs when there is an IP3 recep-
tor–dependent release of intracellular Ca2+, which results in influx of 
extracellular Ca2+ into the cell via TRPCs (28,29). Both the receptor-
operated pathway and the store-operated pathway play an important 
role in cell proliferation (30–33).

TRPC3- and 6-mediated Ca2+ signaling activates the calmodulin-
dependent protein kinase (34,35) and mitogen-activated protein 

cONteXt AND cAVeAtS

Prior knowledge
The median patient survival in glioblastoma multiforme, the most 
aggressive of all gliomas, is approximately 12 months. It is not 
known whether abnormal calcium signaling, which is often impli-
cated in the development of cancers, plays an important role in the 
development of gliomas.

Study design
The role of calcium-permeable transient receptor potential canon-
ical 6 (TRPC6) channel was examined in glioma cell growth, cell 
cycle progression, antigrowth effect of ionizing radiation, develop-
ment of xenografted gliomas in mice, and survival of glioma-
bearing mice.

Contribution
Inhibition of TRPC6 activity showed reduced cell growth, cell cycle 
arrest in the G2 phase, and enhanced antiproliferative effect of 
ionizing radiation in vitro, as well as reduced growth of subcutane-
ously and intracranially implanted gliomas and increased survival 
in mice in vivo.

Implications
TRPC6 channels are involved in glioma development and could be 
a therapeutic target to treat human glioma.

Limitations
Whether inhibition of TRPC6 activity increased the radiosensitivity 
of intracranial gliomas was not demonstrated. This study used a 
mouse model and the results may be different in humans.

From the Editors
 

kinase (36), which are important for cell proliferation and cell cycle 
(11,37). Calmodulin-dependent protein kinase II activates cell divi-
sion cycle 25 homolog C (CDC25C) (38), an essential phosphatase 
for Gap 2 (G2) to mitotic (M) phase transition in the cell cycle. 
CDC25C in turn dephosphorylates and activates a member of the 
cyclin-dependent protein kinases and a central regulator of G2/M 
phase transition—cyclin-dependent kinase 1 (CDK1), also known as 
cell division cycle 2 (39).

In this study, we examined whether TRPC3 and 6 channels 
play an important role in glioma development via regulation of cell 
cycle progression. We studied the expression of channel proteins 
in human glioma samples and analyzed the phenotypes after inhib-
iting TRPC channels in human glioma cell lines both in vitro and 
in vivo.

Materials and Methods
Cell Culture and Reagents
Because of the heterogeneous nature of tumors, three human 
glioma cell lines (U-251 MG [U251], U-87 MG [U87], and T98G) 
and one rat glioma cell line (C6) were used. U251 and T98G have 
mutated tumor protein p53 and mutated phosphatase and tensin 
homolog; U87 and C6 have wild-type tumor protein p53 and mu-
tated phosphatase and tensin homolog (40–44). All cell lines were 
purchased from American Type Culture Collection (ATCC, 
Manassas, VA). HeLa cells, human embryonic kidney (HEK) 293 
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cells, and HEK293T cells were also purchased from ATCC. 
Phenotypes of each cell line were compared with the typical cell 
morphology on the ATCC Web site to verify authenticity. Cells 
were cultured in Dulbecco’s modified Eagle medium (DMEM) 
(Invitrogen, Carlsbad, CA), supplemented with 10% fetal bovine 
serum (Thermo Fisher Scientific, Inc, Waltham, MA) and antibi-
otics (penicillin and streptomycin, 50 units/mL each) (Invitrogen). 
Cells were grown in a humidified incubator with 5% CO2 at 37°C. 
Other reagents were purchased: SKF96365, a nonselective inhib-
itor of Ca2+ channels (Merck KGaA, Darmstadt, Germany); mibe-
fradil, a selective T-type Ca2+ channel blocker, and cyclopiazonic 
acid, a specific inhibitor of Ca2+-ATPase of the endoplasmic retic-
ulum (45) (Sigma-Aldrich Co, St Louis, MO); platelet-derived 
growth factor-BB, a member of the PDGF ligand family that can 
interact with all types of PDGF receptors (32) (Roche, Basel, 
Switzerland); and Ca2+-free DMEM (Invitrogen). All other reagents 
were purchased from Shanghai Sangon Biological Engineering 
Technology & Services Co, Ltd (Shanghai, China) unless other-
wise specified.

Glioma and Normal Human Brain Tissues
Surgically removed human glioma tissue samples and normal brain 
tissues were obtained frozen or paraffin-embedded from Ruijin 
Hospital and Renji Hospital, Shanghai Jiaotong University 
(Shanghai, China). Gliomas were graded by the Pathology 
Department from Renji Hospital based on the World Health 
Organization grading system—presence and absence of nuclear 
atypia, mitosis, microvascular enrichment, and necrosis (4). Human 
normal brain tissues (mostly from the cortex) were obtained from 
patients with physical injuries to the brain. These specimens were 
collected from the patients registered at the above-mentioned 
hospitals, and written informed consent was obtained from the 
patients. The use of human tissues was approved by the ethics 
committees of the hospitals.

Antibodies
The following antibodies were purchased—rabbit polyclonal anti-
TRPC6 (1:400 dilution; Alomone labs, Jerusalem, Israel, and Sigma-
Aldrich Co); anti-CACNA1G (a1G subunit of T-type VGCCs, 1:300 
dilution; Alomone labs); anti-CDK1 and anti-phosphorylated CDK1 
(tyrosine15 [Y15]) (1:1000 dilution; both from Cell Signaling 
Technology, Danvers, MA); anti-phosphorylated H3F3A (histone 
H3, Serine10 [S10]), a well-defined M phase marker (46) (1:1000 
dilution; Millipore, Billerica, MA); mouse monoclonal antineuronal 
nuclei (NeuN) (1:1000 dilution; Millipore); anti-CDC25A and 
anti-CDC25C (1:1000 dilution; both from Abcam, Cambridge, UK); 
anti-CDC25B (1:1000 dilution; Santa Cruz Biotechnology, Santa 
Cruz, CA); anti-ACTB (b-actin), anti-TUBA1A (tubulin, a1A), 
and anti-GAPDH (glyceraldehyde-3-phosphate dehydrogenase) 
(1:2000 dilution; all from Sigma-Aldrich Co). All above-mentioned 
antibodies can detect targets from human, rat, and mouse.

We generated anti-TRPC3 antibody in our laboratory by im-
munizing rabbits with the antigenic peptide HKLSEKLNPSVLRC, 
which corresponds to residues 822–835 of mouse TRPC3 (Swiss-
Prot accession Q9QZC1). The specificity of this antibody to 
human TRPC3 (1:500 dilution) was verified and shown in 
Supplementary Figure 1, A and B (available online).

Horseradish peroxidase–conjugated secondary antibodies, poly-
clonal goat anti-rabbit IgG, and goat anti-mouse IgG were used at 
1:5000 dilution (antibodies from GE Healthcare, Bucks, UK). 
Texas-Red–conjugated goat anti-rabbit IgG (Invitrogen), Alexa 
Fluor 488 goat anti-rabbit IgG (Invitrogen), and Cy5-conjugated 
goat anti-mouse IgG (GE Healthcare) were used at 1:3000 
dilution.

Immunoblot, Immunofluorescence, and Immunohistology
Total proteins were extracted from normal or malignant brain 
tissues using the radioimmunoprecipitation assay buffer (150 mM 
NaCl, 5 mM EDTA, 1% Triton X-100, 1 mM sodium orthovana-
date, 50 mM NaF, 1 mM phenylmethanesulfonyl fluoride, 1 mM 
aprotinin, 1 mM leupeptin, 5 mM dithiothreitol, and 10 mM 
Tris–HCl [pH 7.4]). Total proteins were extracted from cells 
(U251, U87, T98G, C6, HeLa, and HEK293) cultured in vitro 
using sodium dodecyl sulfate lysis buffer (2% sodium dodecyl sul-
fate, 10% glycerol, 0.1 mM dithiothreitol, and 0.2 M Tris–HCl 
[pH 6.8]). Protein lysates were subjected to sodium dodecyl  
sulfate–polyacrylamide gel electrophoresis, then transferred to 
polyvinylidene difluoride membrane of 0.45-µm pore size (GE 
Healthcare), and probed with primary antibodies at 4°C overnight 
and secondary antibodies at room temperature for 1 hour. Bound 
antibodies were detected by the ECL immunoblotting detection 
reagent (GE Healthcare) and exposed to x-ray films. Band densities 
were quantified by ImageQuant software (GE Healthcare), and the 
densitometric results are shown. The relative amount of proteins 
was determined by normalizing the densitometry value of interest 
to that of the internal loading control and the external control.

To stain the mitotic cells by using indirect immunofluores-
cence, 5 × 104 U251 cells were seeded on 12-mm-diameter cover-
slips, fixed by 4% paraformaldehyde, permeabilized by 0.1% 
Triton X-100, and blocked in phosphate-buffered saline (PBS) 
(137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, 
pH 7.4) containing 5% bovine serum albumin (Sigma-Aldrich Co). 
The cells were incubated with anti-phosphorylated H3F3A (S10) 
at 4°C overnight, washed with PBS containing 0.5% Tween 20 
(Shanghai Sangon Biological Engineering Technology & Services 
Co, Ltd), and incubated with Texas-Red–conjugated goat anti-
rabbit IgG at room temperature for 1 hour. Nuclei (DNA) were 
counterstained by Hoechst 33258 (Sigma-Aldrich Co). Cells were 
observed under Olympus IX-51 inverted microscope (Olympus, 
Tokyo, Japan), and images were taken using a mercury arc lamp 
with barrier filters of 420, 495–540, or 575–625 nm for observing 
the fluorescence of Hoechst 33258, green fluorescent protein 
(GFP), or Texas-Red, respectively. The number of phosphory-
lated H3F3A (S10)-positive cells and total cell number in the same 
image were counted. Mitotic index was calculated as the per-
centage of phosphorylated H3F3A (S10)-positive cells in total 
cells. In each experiment, at least 2000 total cells were counted 
from at least three images in each group.

Immunofluorescence on cryosections was performed after sec-
tions were fixed with 4% paraformaldehyde. After washing in PBS, 
sections were blocked with horse serum (HyClone, Logan, UT) 
and incubated with TRPC6 and NeuN antibodies at 4°C over-
night. Secondary antibodies were Alexa Fluor 488 goat anti-rabbit 
IgG (Invitrogen) together with Cy5-conjugated goat anti-mouse 
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IgG (GE Healthcare). Sections were counterstained by Hoechst 
33258 and observed under a ZEISS LSM 510 inverted confocal 
microscope (Carl Zeiss MicroImaging, Inc, Thornwood, NY).

For immunohistological staining, 5-µm thickness paraffin- 
processed sections were mounted on poly-d-lysine–coated glass 
slides (Shanghai Long Island Biotech, Inc, Shanghai, China). Each 
slide was dewaxed in 100% xylene and rehydrated by incubation in 
decreasing concentrations (100%, 95%, and 75%) of alcohol. 
Sections were incubated in 3% hydrogen peroxide to quench en-
dogenous peroxidase. Sections were digested in antigen retrieval 
buffer (50 mM Tris–HCl [pH 8.0] and 5 mM EDTA) with pro-
teinase K (Merck KGaA) at a final concentration of 10 µg/mL. The 
immunoreactions were performed with VECTASTAIN Elite 
ABC Kit (Vector Laboratories, Burlingame, CA). Briefly, sections 
were blocked with horse serum and incubated overnight with di-
luted TRPC6 antibody at 4°C. The specificity of this antibody was 
confirmed in our previous study (35). Following washes with PBS, 
the slides were incubated with the appropriate biotinylated anti-
rabbit IgG secondary antibodies (Vector Laboratories) at room 
temperature for 1 hour, washed, and incubated with horseradish 
peroxidase–conjugated streptavidin (Vector Laboratories). Sections 
were developed using a peroxidase substrate 3,3′-diaminobenzidine 
kit (Vector Laboratories) and counterstained with hematoxylin to 
stain the nucleus. Sections were dehydrated by incubating in in-
creasing concentrations (75%, 95%, and 100%) of alcohol and in 
100% xylene before coverslips were mounted onto the sections. 
Serial sections of the samples were also subjected to hematoxylin 
and eosin staining.

TRPC6 immunostaining was scored based on the relative inten-
sity and area of the brown-colored 3,3′-diaminobenzidine signal. 
TRPC6 immunostaining was divided into three levels: strong (+++, 
at least 70% of the sections showed deep brown color), moderate 
(++, at least 70% of the sections showed moderate brown color), 
and weak (+, at least 70% of the sections showed light brown color) 
as suggested previously (47–49) and by pathologists in the hospi-
tals. To compare normal and malignant tissues in the same patient, 
we defined “para-tumor tissues” as normal brain tissues adjacent to 
surgically removed tumor tissues. Para-tumor tissues had normal 
cell density and well-differentiated cell types without nuclear aty-
pia, mitosis, microvascular enrichment, or necrosis.

In Situ Hybridization
The probe sequence targeting 443–1436 bases of the human 
TRPC6 mRNA (GenBank accession NM_004621) was amplified 
by polymerase chain reaction (PCR) (DNA Engine Peltier Thermal 
Cycler; Bio-Rad Laboratories, Hercules, CA) using human TRPC6 
cDNA (OriGene Technologies, Rockville, MD) as the template. 
PCR conditions were as follows: 95°C, 5 minutes; 95°C, 30 seconds; 
60°C, 30 seconds; 72°C, 1 minute, and an additional 32 cycles; 
72°C, 10 minutes. Purified PCR product (with single 3′-A over-
hangs at both ends) was directly ligated into a pGEM-T vector 
(with single 3′-T overhangs at both ends) (Promega, Madison, 
WI). To generate the sense probe (negative control), the recombi-
nant plasmid was linearized by NcoI (New England Biolabs, 
Ipswich, MA) and an in vitro transcription was performed by using 
SP6 RNA polymerase (Roche Applied Science, Bavaria, Germany). 
To generate the antisense probe, the plasmid was linearized by 

SacI (New England Biolabs) and an in vitro transcription was per-
formed by T7 RNA polymerase (Roche Applied Science). Both the 
sense and antisense probes were labeled with digoxigenin. 
Hybridization was performed on 8-µm cryosections of freshly fro-
zen tissues. Sections were immersed in hybridization solution 
(50% formamide, 5× saline sodium citrate buffer [0.75 M NaCl 
and 75 mM sodium citrate, pH 7.0], 50 µg/mL yeast tRNA 
[Invitrogen], 100 µg/mL heparin, 1× Denhardt solution, 0.1% 
3-[{3-cholamidopropyl} dimethylammonio]-1-propanesulfonate 
[CHAPS; Sigma-Aldrich Co], 0.1% Tween 20, and 5 mM EDTA) 
and hybridized at 65°C for 16 hours with sense or antisense probe 
at a concentration of 1–2 µg/mL. Posthybridization washes were 
performed three times in 2× saline sodium citrate at 37°C for  
5 minutes and twice in 0.2× saline sodium citrate at 65°C for  
30 minutes. The hybridized probes were detected using alkaline 
phosphatase–conjugated anti-digoxigenin Fab fragments (Roche 
Applied Science) and 5-bromo-4-chloro-3-indolyl phosphate/
nitro blue tetrazolium (Roche Applied Science).

Adenoviral and Lentiviral Vectors
The GFP, dominant-negative form of human TRPC6 (DNC6), 
and wild-type TRPC6 (WTC6) were cloned into an adenoviral 
vector pAdEasy-1 with the cytomegalovirus promoter using the 
AdEasy Adenoviral Vector System Kit (Agilent Technologies, 
Stratagene, La Jolla, CA). Adenovirus was amplified in HEK293 
cells and purified using Adeno-X Virus Mini Purification Kit 
(Clontech, Mountain View, CA). In DNC6, three mutations 
(L678A, F679A, and W680A) were introduced in the pore region 
of TRPC6 by PCR-mediated mutagenesis (QuikChange Site-
Directed Mutagenesis Kit; Agilent Technologies, Stratagene) to 
block Ca2+ influx via TRPC6 (50). Both DNC6 and WTC6 had a 
GFP-tagged internal ribosome entry site for monitoring infection 
efficiency. In all the experiments, U251, U87, and T98G cells were 
infected at a multiplicity of infection (MOI) of 10, unless otherwise 
noted. At this dose, 48–72 hours after infection, most of the cells were 
GFP positive, and both the DNC6 and WTC6 were well expressed, 
shown in Supplementary Figure 2, A–C (available online).

Two specific sequences of short hairpin RNA (shRNA) targeting 
different regions of human TRPC6 mRNA sequence (shTRPC6-1 
and -2, designed to rule out any nonspecific effect), a scrambled 
shRNA (based on shTRPC6-1), a specific sequence of shRNA tar-
geting human CACNA1G (T-type VGCC), and a nonsense shRNA 
were constructed into the pLentiLox3.7 (pLL3.7) lentiviral vector 
(51), which had a GFP tag. The lentivirus was packaged and ampli-
fied in HEK293T cells. The U251 cells were infected at an MOI of 
5, unless otherwise noted. The shRNA sequences targeting human 
TRPC6 and CACNA1G are described below.

shRNA Against Human TRPC6 and Human CACNA1G 
(T-Type VGCC)

The shRNA sequences (5′–3′) targeting human TRPC6 and 
human CACNA1G are listed below. Target sequences are 
underlined.
 
shTRPC6-1, forward:
TGAATGCCACTCACTCAACGTTCAAGAGA-
CGTTGAGTGAGTGGCATTCTTTTTTC;
shTRPC6-1, reverse:
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TCGAGAAAAAAGAATGCCACTCACT CAACG-
TCTCTTGAACGTTGAGTGAGTGGCATTCA;
shTRPC6-2, forward:
TGGACTTGACGAAAGTAACATTCAAGAGA-
TGTTACTTTCGTCAAGTCCTTTTTTC;
shTRPC6-2, reverse:
TCGAGAAAAAAGGACTTGACGAAAGTAA CA-
TCTCTTGAATGTTACTTTCGTCAAGTCCA;
Scrambled shRNA (based on shTRPC6-1), forward:
TGACGTAACCTACATACCCGTTCAAGAGA-
CGGGTATGTAGGTTACGTCTTTTTTC;
Scrambled shRNA (based on shTRPC6-1), reverse:
TCGAGAAAAAAGACGTAACCTACATAC CCG-
TCTCTTGAACGGGTATGTAGGTTACGTCA;
Nonsense shRNA, forward:
TGTTCTCCGAACGTGTCACGTTCAAGAGA-
CGTGACACGTTCGGAGAACTTTTTTC;
Nonsense shRNA, reverse:
TCGAGAAAAAAGTTCTCCGAACGTGTCACG-
TCTCTTGAACGTGACACGTTCGGAGAACA;
shCACNA1G, forward:
TGATCTGCAACTACATCTTCTTCAAGAGA-
GAAGATGTAGTTGCAGATCTTTTTTC; and
shCACNA1G, reverse:
TCGAGAAAAAAGATCTGCAACTACATCT TC-
TCTCTTGAAGAAGATGTAGTTGCAGATCA

 

Ca2+ Imaging
Changes in intracellular Ca2+ concentration [Ca2+]i were measured 
using Fura-2 AM (Invitrogen). A total of 5 × 104 U87 cells were 
seeded on coverslips and incubated with 2 µM Fura-2 AM at 37°C 
for 30 minutes. Cells were washed three times with normal extra-
cellular solution (120 mM NaCl, 6 mM KCl, 2 mM CaCl2, 2 mM 
MgCl2, 12 mM glucose, 12 mM sucrose, and 10 mM HEPES-free 
acid [pH 7.4]) or with zero Ca2+ extracellular solution (120 mM 
NaCl, 6 mM KCl, 2 mM MgCl2, 12 mM glucose, 5 mM EGTA, 
and 10 mM HEPES-free acid [pH 7.4]) and imaged using a Nikon 
Eclipse Te2000-E microscope (Nikon Corporation, Tokyo, Japan) 
with dual excitation wavelengths for Fura-2 AM at 340 and 380 nm 
and detection of fluorescent emission at 500 nm. The ratio (R) of 
the emission at 500 nm induced by 340 and 380 nm excitation  
was captured at 6-second intervals. The DR/R was calculated as 
follows: (R 2 Rbaseline)/Rbaseline. Rbaseline was the mean value of R  
during the pretreatment time frame (baseline) in each experiment, 
and DR was the R value at each time point of the entire experiment 
subtracted by the corresponding Rbaseline (36). The DR/R area  
was defined as the area of the [Ca2+]i elevation curve within a  
given period.

Cell Growth Assay
Cell growth assays were used to study the effect of TRPC6 on 
glioma cell proliferation. The growth of U251, U87, and C6 cells 
was estimated by determination of cell growth curves or colony 
formation assays.

Cell growth curves were estimated by counting cell numbers by 
using a Beckman particle counter (Beckman Coulter, Brea, CA) 

every 12 or 24 hours after adenoviral infection or treatment with 
inhibitors. Cell numbers at individual time points were normalized 
to those at 0 hour in each group. Data were obtained from three 
independent assays performed in duplicate.

For colony formation assays using DNC6, we seeded cells at a 
density of 1 × 104 in a 60-mm dish and infected with adenovirus at 
an MOI of 10, as mentioned earlier. For colony formation assay 
using shTRPC6, we seeded cells at a density of 2 × 103 per well in 
a six-well plate 72 hours after lentiviral infection (>90% of the cells 
were GFP positive after 72 hours of infection). After 14 days of 
seeding, we stained the colonies with 0.5% crystal violet. 
Quantification of the colonies was obtained by measuring the op-
tical density at 595 nm (OD595) after digesting the colonies in each 
dish or well with 1 mL of 10% acetic acid. The OD595 values of 
DNC6- or WTC6-infected colonies were normalized to that of 
GFP-infected colonies. The OD595 values of shTRPC6-1- or 
shTRPC6-2-infected colonies were normalized to that of scram-
bled shRNA-infected colonies. Four independent experiments 
using either DNC6 or shTRPC6 were performed in duplicate.

Reverse Transcription–Polymerase Chain Reaction and 
Quantitative Real-Time PCR
Total RNA of U251, U87, T98G, and C6 cells was extracted using 
the Trizol reagent (Invitrogen). First-strand cDNA was synthe-
sized in a 20 µL reaction volume containing 5 µg RNA, random 
hexamer, dNTP, and M-MuLV reverse trancriptase (Fermentas, 
Ontario, Canada). PCR using DNA Engine Peltier Thermal 
Cycler (Bio-Rad Laboratories) conditions were as follows: 95°C,  
5 minutes; 95°C, 30 seconds; 60°C, 30 seconds; 72°C, 45 seconds, 
and an additional 25 cycles (for CDC25 isoforms) or 32 cycles (for 
TRPC isoforms); 72°C, 10 minutes.

Quantitative real-time PCR (qPCR) was performed with SYBR 
Premix Ex Taq Kit (TaKaRa Biotechnology, Dalian, China) and 
analyzed on ABI PRISM 7000 Sequence Detection System 
(Applied Biosystems, Foster City, CA). The qPCR conditions were 
as follows: 95°C, 5 minutes; 95°C, 30 seconds; 60°C, 30 seconds, 
72°C, 31 seconds, and an additional 39 cycles. The qPCR results 
are presented as threshold cycle (Ct) value, and the relative mRNA 
level of interest was analyzed by normalizing the Ct value to that 
of the internal loading control and the external control.

Primers are listed in Supplementary Table 1 (available online).

Flow Cytometry to Examine Cell Cycle Progression
Flow cytometry assays were used to study the effect of TRPC6 or 
T-type VGCC on cell cycle progression. U251 cells were harvested 
and fixed with 75% alcohol overnight at 220°C, were washed in 
PBS, and treated with RNase A (Sigma-Aldrich Co) at 0.2 mg/mL 
and propidium iodide at 10 µg/mL at 37°C for 1 hour. In each 
sample, 2 × 104 cells were assayed on FACSCalibur (Becton-
Dickinson, Franklin Lakes, NJ) and cell cycle phase distributions 
were analyzed by CellQuest Pro software (Becton-Dickinson).

Transient Transfection of Glioma Cells With CDC25C and 
Small Interfering RNAs
Transfection of T98G glioma cells with CDC25C construct and 
transfection of U87 glioma cells with small interfering RNAs tar-
geting human TRPC6 were performed using the FuGENE HD 
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transfection reagent (Roche Diagnostics, Mannheim, Germany) 
according to the manufacturer’s instructions. The CDC25C con-
struct was generated by cloning the human CDC25C cDNA 
(Shanghai GeneChem Co, Ltd, Shanghai, China) into the pShuttle-
cytomegalovirus vector (Agilent Technologies, Stratagene) at the 
KpnI and HindIII restriction sites. The working concentration for 
each small interfering RNA was 1.5 µg/mL, and the transfections 
were performed three times independently.

Radiation Exposure
This assay was performed to test whether inhibition of TRPC6 
activity radiosensitizes glioma cells. U251 cells treated with  
10 µM SKF96365 for 24 hours or infected with DNC6 adeno-
virus at an MOI of 2 for 72 hours were irradiated using the 6 
MeV electrons (Elekta Precise, Stockholm, Sweden) at doses of 
2, 4, 6, and 8 Gy. Nonirradiated cells were treated identically as 
the irradiated cells, except for irradiation exposure. After irradi-
ation, the cells were seeded at a density of 1 × 104 cells per well 
in a six-well plate in duplicate. After 9–15 days, colonies were 
stained and quantified as mentioned earlier in the cell growth 
assay section. Surviving fraction of cells was determined as the 
OD595 values normalized to that of nonirradiated colonies. For 
both SKF96365 and DNC6, five independent experiments were 
performed.

In Vivo Studies
This assay was to study the effect of TRPC6 activity on glioma 
development in vivo. In the subcutaneous glioma xenograft model, 
U87 cells were infected with adenovirus at MOI of 10 (GFP, 
DNC6, or WTC6), and 24 hours after infection when 90% of the 
cells were GFP positive, cells were suspended at a density of 1 × 
106 per 100 µL DMEM (without antibiotics), and 2 × 106 cells were 
subcutaneously injected into the flank of BALB/c athymic nude 
male mice (SLAC Laboratory Animal, Shanghai, China), 3–4 
weeks old (n = 7 per group). We measured the length (L) and width 
(W) of xenografted tumors every 5 days. Tumor volume was calcu-
lated as follows: L × (W)2/2.

In the intracranial glioma model, U87 cells were similarly 
infected with adenovirus at MOI of 10 (GFP, DNC6, or WTC6), 
and 24 hours after infection, 5 × 105 cells were suspended in 5 µL 
Leibovitz L-15 medium (without serum or antibiotics and with  
2 mM l-glutamine) (Invitrogen). Cells were injected into the right 
caudate putamen of athymic nude male mice, 6 weeks old (n = 
13–15 per group). Briefly, a 0.5- to 0.8-mm burr hole was made  
2 mm right to the midline and 1 mm anterior to the bregma before 
the cells were stereotactically injected by a 50-µL syringe and 
23-gauge needle (0.6 mm diameter) to a depth of 3 mm. Cells were 
injected at a speed of 1 µL/min. After 20 days of implantation (at 
this time point, the size of xenografted gliomas was appropriate for 
observation), mice were anesthetized with chloral hydrate and 
perfused by 4% paraformaldehyde, and their brains were removed 
for cryosections at 20 µm per slice for hematoxylin and eosin 
staining.

All athymic nude mice were kept in specific pathogen-free con-
ditions (52), and their care was in accord with the animal welfare 
guidelines of the Institute of Neuroscience, Chinese Academy of 
Sciences.

Statistical Analysis
Statistical analysis for protein and mRNA levels, cell growth, flow 
cytometry, mitotic index, Ca2+ imaging, and in vivo tumor growth 
were performed using a two-sided Student t test. Based on pre-
vious studies (53–56), the number of mice needed for each experi-
ment was determined. Kaplan–Meier method was used to estimate 
survival as a function of time (days after implantation), and a 
two-sided log-rank test was performed to test the statistical signif-
icance of the difference between the different groups. P values less 
than .05 were considered statistically significant.

In all analysis, means and outcome variables are given as point 
estimates with 95% confidence intervals (CIs). Mean and inter-
quartile range are shown in the scatter diagram of subcutaneously 
xenografted tumor size.

All statistical analyses were performed using Office Excel 2004 
(Microsoft Corporation, Redmond, WA) or SPSS software (ver-
sion 11.5; SPSS, Inc, Chicago, IL).

results
Analysis of TRPC6 and TRPC3 Expression in Human Glioma
To study the role of TRPC6 and TRPC3 channels in human 
glioma, we first examined their protein expression in clinical 
glioma samples. Representative immunoblots were shown in 
Figure 1, A. Analysis of the band densities revealed that in 54% 
of the glioma samples, TRPC6 was expressed (mean = 3.67, 95% 
CI = 2.84 to 4.5, P < .001 vs normal tissues) at approximately 
threefold higher levels than in normal tissues (mean = 1.09, 95% 
CI = 0.64 to 1.54) (Figure 1, B). There was no difference in the 
mean level of expression of TRPC3 between the glioma samples 
(mean = 1.69, 95% CI = 1.21 to 2.17, P = .27 vs normal tissues) 
and the normal tissues (mean = 2.20, 95% CI = 1.32 to 3.08) 
(Figure 1, C).

Next, we assessed the expression and distribution of TRPC6 in 
normal and glioma tissues for both protein and mRNA levels. 
Immunohistological staining of the tissues using a polyclonal 
TRPC6 antibody showed strong staining in the GBM samples 
(Figure 1, D, a–i). Normal glial (para-tumor) tissues that are non-
neuronal exhibited little immunostaining, but strong signals were 
noted in the pyramid-shaped neurons (Figure 1, D, p–r). Also, as 
shown in Supplementary Figure 3 (available online), TRPC6 stain-
ing of neurons (NeuN positive) was strong, whereas there was no 
signal in the normal glial cells (NeuN negative). In contrast, tumor 
tissues (glioma) that were NeuN negative showed strong TRPC6 
staining. These results suggested that TRPC6 was predominantly 
expressed in the neurons and in the glioma cells. In astrocytoma 
(grade 2 glioma) and anaplastic oligodendrocytoma (grade 3 
glioma) samples (Figure 1, D, j–o), the cells had weaker immunos-
taining for TRPC6, compared with GBM samples (Figure 1, D, 
a–i). Immunohistological staining of grade 1 glioma is not shown.

The relative expression levels of different grades of glioma 
are shown in a bar chart (Figure 1, E). In low-grade (grades 1 and 
2) glioma sections, none (zero of eight), 37.5% (three of eight), 
and 62.5% (five of eight) of the samples showed strong, mod-
erate, or weak staining, respectively. In grade 3 glioma sections, 
none (zero of seven), 71.4% (five of seven), and 28.6% (two of 
seven) of the samples showed strong, moderate, or weak staining, 
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Figure 1. Expression of TRPC6 protein in 
human glioma tissue. A) Representative 
immunoblots of total lysates extracted 
from human glioma (six samples shown) 
and normal brain (six samples shown) 
tissues probed with anti–transient re-
ceptor potential canonical (TRPC)6 (106 
kDa) or anti-TRPC3 (97 kDa) antibodies. 
GAPDH served as the protein loading 
control. B and C) Quantification of TRPC6 
and TRPC3 protein levels in glioma (n = 
33) and normal brain (n = 17) tissues 
from the immunoblots. Each dot repre-
sents the band density of TRPC6 and 3 
proteins normalized to that of the corre-
sponding GAPDH in each sample. n = 
number of samples. Means and 95%  
confidence intervals are represented by 
open lines and error bars. **P < .001 vs 
normal, calculated using the two-sided 
Student t test. D) Representative immu-
nohistological staining samples of human 
glioma or normal brain tissues with anti-
TRPC6 antibody. a–i) Three glioblastoma 
multiforme (GBM, grade 4) samples; j–l) 
anaplastic oligodendrocytoma (grade 3 
oligodendrocytoma); m–o) grade 2 astro-
cytoma; and p–r) normal (para-tumor) 
tissues. Sections were stained by the 
3,3′-diaminobenzidine (DAB) staining 
method to detect TRPC6 protein in the 
tissues and were counterstained with 
hematoxylin to stain the nucleus. Serial 
sections of the same samples were used 
for hematoxylin and eosin (HE) staining. 
Magnified ×40 panels represented the 
white rectangles in the ×10 panels. Scale 
bar = 100 µm. E) Bar graph representa-
tion of TRPC6 immunohistological scores 
in glioma of different grades. The per-
centage of sections with different scores 
(strong, moderate, and weak) in each 
grade is shown. Grade 4 glioma (GBM),  
n = 18; grade 3, n = 7; grades 1 and 2 
combined, n = 8. n = number of samples. F) 
Expression of TRPC6 mRNA in glioma 
and normal tissues detected by in situ 
hybridization. Immunostaining by anti-
TRPC6 antibody (DAB, ×40) on serial 
sections of the same samples used for 
immunohistological staining. Sense 
probe (×40) was used as a negative con-
trol, and the antisense probe (×40) was 
used to detect the TRPC6 mRNA. Scale 
bar = 100 µm.

respectively. In grade 4 GBM sections, 22.2% (four of 18), 
61.1% (11 of 18), and 16.7% (three of 18) of the samples showed 
strong, moderate, or weak staining, respectively. These results 
implied that the expression level of TRPC6 was associated with 
the glioma malignancy grades.

We then performed in situ hybridization to examine the mRNA 
level of TRPC6 in normal and glioma tissues. Hybridization of a 
TRPC6-specific antisense probe was detected in glioma cells, but 
not in normal tissues, whereas hybridization of a sense probe was 
negative in these sections (Figure 1, F). In the serial sections of the 

same tumor samples, expression of TRPC6 protein was detected 
by immunostaining (Figure 1, F).

Collectively, these results suggested that TRPC6 expression, at 
both protein and mRNA levels, was increased in human glioma. 
The increased expression was also associated with the glioma ma-
lignancy grades.

Activation of TRPC6 Channels in Glioma Cells
We next studied whether TRPC6 channels were functional and 
could mediate Ca2+ influx in glioma cells. It is known that PDGF 
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receptors are commonly expressed in glioma cells (32,57) and 
PDGF can activate phospholipase C (32), a key molecule for the 
activation of TRPC6 (28). Fura-2 AM imaging of Ca2+ activity 
showed that PDGF induced an elevation of intracellular Ca2+ con-
centration [Ca2+]i in U87 glioma cells. This elevation was attenu-
ated by a putative TRPC channel blocker, SKF96365 (58,59), or 
by expressing the dominant-negative form of TRPC6 (DNC6), or 
small interfering RNA against TRPC6 in U87 cells by 33%, 50%, 
and 64%,  respectively (Figure 2, A–D, and Supplementary Figure 
4, A–C, available online). These results indicated that TRPC6 
channels partially mediated PDGF-induced [Ca2+]i elevation in 
U87 cells.

Next, we incubated U87 cells in a Ca2+-free extracellular solu-
tion, in which the resting level of [Ca2+]i did not change 
(Supplementary Figure 4, D, available online). We found that 
PDGF still induced [Ca2+]i elevation, although the magnitude was 
smaller than that in extracellular solution containing Ca2+, indi-
cating that PDGF-induced [Ca2+]i elevation was because of both 
intracellular Ca2+ release and extracellular Ca2+ entry (Figure 2, E 
and F). Indeed, PDGF has been reported to induce both Ca2+ 
release and Ca2+ entry in human glioma cells (60). On addition of 
Ca2+, PDGF again induced [Ca2+]i elevation similar to that found in 
the cells incubated in the presence of Ca2+. Importantly, DNC6 
markedly inhibited this [Ca2+]i elevation (Figure 2, E and F). 
Moreover, the PDGF-induced [Ca2+]i elevation was abolished by 
treatment with 2-aminoethyl diphenylborate, an IP3 receptor an-
tagonist (61) (Supplementary Figure 4, E, available online). 
Therefore, it was likely that PDGF stimulated Ca2+ release through 
the IP3 receptor to induce extracellular Ca2+ entry because PDGF 
can enhance store-operated Ca2+ entry (62)—an extracellular Ca2+ 
entry in response to Ca2+ release from internal stores (29). This 
notion was supported by the findings that the [Ca2+]i elevation 
induced by depleting internal Ca2+ stores using cyclopiazonic acid, 
a Ca2+-ATPase inhibitor known to deplete internal stores (45), was 
markedly reduced by DNC6 (Figure 2, G and H). Together, these 
results suggested that functional TRPC6 channels were present in 
the glioma cells, and internal Ca2+ release triggered by PDGF was 
followed by a store-operated Ca2+ entry through the TRPC6 
channels.

Effect of Inhibition of TRPC6 Activity or Expression on 
Glioma Cell Growth
Because TRPC6 was Ca2+ permeable in glioma cells and Ca2+ is 
important for cell proliferation, we next tested whether TRPC6 
has a role in glioma cell proliferation. First, we checked the ex-
pression levels of TRPC6 protein and mRNA in three human 
glioma cell lines (U251, U87, and T98G) and in one rat glioma 
cell line (C6) (Supplementary Figure 5, A and B, available online). 
To examine whether inhibition of TRPC6 activity has an effect on 
glioma cell growth, the two putative inhibitors of TRPC activity, 
SKF96365 and 2-aminoethyl diphenylborate, were tested on 
U251 and C6 cells. In C6 cells, a dose-dependent inhibition of 
growth was observed with SKF96365, and after 48 hours, at 20 
µM concentration, there was an approximately 50% inhibition of 
growth (Supplementary Figure 6, A and B, available online). In 
U251 cells, a dose-dependent inhibition of growth was observed 
with 2-aminoethyl diphenylborate, and after 48 hours, at 300 µM 

concentration, there was an approximately 60% inhibition of 
growth (Supplementary Figure 6, C, available online). In C6 cells, 
at 100 µM concentration of 2-aminoethyl diphenylborate, there 
was an approximately 50% inhibition of growth (Supplementary 
Figure 6, D, available online). These results indicated that inhibi-
tion of TRPCs suppressed the growth of glioma cells.

The TRPC inhibitors used in the cell growth analysis were not 
specific to TRPC6 channels. Therefore, we wanted to exclude the 
possibility of nonspecific effects of these inhibitors (63). To estab-
lish the specific inhibitory effect of DNC6 on TRPC6 activity, we 
showed that DNC6 expression blocked the TRPC6 channel– 
mediated current (Supplementary Figure 7, A–E, available online). 
Glioma cells (U251, U87, and T98G) were infected with adenovi-
rus-expressing DNC6 or wild-type TRPC6 (WTC6), and infec-
tion efficiencies were estimated as shown in Supplementary Figure 
2, available online. Analysis by qPCR showed that infection with 
DNC6 resulted in a 6.4-fold increase in TRPC6 protein level 
(Supplementary Figure 8, A, available online) but did not affect the 
expression of TRPC1 (mean = 1.93, 95% CI = 0.93 to 2.93, P = .21 
vs GFP) and TRPC3 (mean = 1.30, 95% CI = 0.78 to 1.82, P = .37 
vs GFP)—the two members of TRPC subfamily found in these 
glioma cells (Supplementary Figures 5, A, and 8, A, available 
online).

Cell growth analysis showed that the number of U251 and U87 
cells infected with DNC6-expressing adenovirus was markedly 
reduced compared with that of the cells infected with GFP- or 
WTC6-expressing adenovirus (Figure 3, A and B). In colony for-
mation assays, GFP fluorescence was observed in the cells after  
14 days indicating the length of time for the expression of the 
transfected genes. Infection with DNC6 markedly inhibited the 
clonogenic ability of both U251 and U87 cells as reflected by  
the size and number of colonies (Figure 3, C). In U251 cells, the 
normalized OD595 value of DNC6-infected colonies was 0.10 (95% 
CI = 0.056 to 0.15, P < .001 vs GFP or WTC6) and in WTC6-
infected colonies was 1.03 (95% CI = 0.94 to 1.13, P = .5 vs GFP), 
respectively. Similarly, DNC6 infection showed a substantially 
decreased OD595 value of the colonies in U87 cells (Figure 3, D). 
Because infection with WTC6 did not affect cell growth, it was 
unlikely that the inhibitory effect of DNC6 was because of the 
cytotoxic effect of overexpressing a large protein. These results 
suggested that blockade of TRPC6 channels inhibited growth in 
U251 and U87 cells.

To rule out the possibility that the observed effect of TRPC6 
on glioma cell growth may have been caused by nonspecific block-
ade of TRPC channels by DNC6 (50), we infected U251 cells with 
lentivirus-based shRNAs to knock down the expression of TRPC6. 
Scrambled shRNA based on shTRPC6-1 was used as a control. 
The TRPC6 protein level was markedly reduced by shTRPC6-1 
(C6-1) (mean = 0.41, 95% CI = 0.18 to 0.64, P = .03 vs control) and 
shTRPC6-2 (C6-2) (mean = 0.36, 95% CI = 0.31 to 0.41, P = .001 
vs control). The mRNA levels of TRPC1 and TRPC3 remained 
unaffected on infection with C6-1 (for TRPC1, mean = 1.01, 95% 
CI = 0.87 to 1.15, P = .45 vs control; for TRPC3, mean = 0.89, 
95% CI = 0.67 to 1.11, P = .28 vs control) and C6-2 (for TRPC1, 
mean = 0.89, 95% CI = 0.48 to 1.3, P = .63 vs control; for TRPC3, 
mean = 1.03, 95% CI = 0.59 to 1.47, P = .35 vs control) 
(Supplementary Figure 8, B, available online). In colony formation 
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assays, the colony size and number in the control group clearly 
exceeded those in C6-1 and C6-2 groups (Figure 3, E and F). The 
normalized OD595 in C6-1 and C6-2 was 0.57 (95% CI = 0.31 to 
0.83, P = .032 vs control) and 0.25 (95% CI = 0.21 to 0.29, P < .001 
vs control), respectively (Figure 3, G). Together, these results sug-
gested that specific inhibition of TRPC6 channels suppressed 
glioma cell growth.

Effect of Inhibition of TRPC6 Activity or Expression on G2 
Phase Progression of Glioma Cells
TRPC6 is a Ca2+-permeable channel in glioma cells, and Ca2+ ions 
are important for cell cycle regulation (11). To elucidate the mech-
anism by which inhibition of TRPC6 suppressed glioma cell growth, 
we first investigated the effect of inhibition on cell cycle. U251 cells 
were assayed by flow cytometry to determine the cell cycle profiles 
after infection with adenovirus expressing GFP, DNC6, or WTC6 
or infection with lentivirus-based shRNA constructs (Figure 4, A 
and B). The percentage of cells at G2/M phase in GFP-infected cells 
was 24.6% (95% CI = 20.2% to 29.0%, P = .005 vs DNC6), in 
DNC6-infected cells was 38.8% (95% CI = 33.9% to 43.7%), and 
in WTC6-infected cells was 24.2% (95% CI = 19.5% to 28.9%, P = 
.005 vs DNC6), respectively.

The percentage of cells at G2/M phase in control (scrambled 
shRNA) was 18.3% (95% CI = 16.6% to 20.0%), in C6-1 
(shTRPC6-1) was 30.1% (95% CI = 28.7% to 31.5%, P < .001 vs 
control), and in C6-2 (shTRPC6-2) was 28.6% (95% CI = 26.7% 
to 30.5%, P < .001 vs control), respectively (Supplementary Table 
2, available online). These results suggested that blockade of 
TRPC6 channels arrested glioma cells at the G2/M phase of the 
cell cycle. In both DNC6-infected (GFP, mean = 0.99%, 95% CI = 
0.17% to 1.81%, P = .01 vs DNC6; DNC6, mean = 3.02%, 95% 
CI = 2.69% to 3.35%; and WTC6, mean = 1.29%, 95%  
CI = 0.87% to 1.71%, P < .001 vs DNC6) and shTRPC6-infected 
(control, mean = 0.95%, 95% CI = 0.38% to 1.52%; C6-1, mean = 
1.61%, 95% CI = 1.00% to 2.22%, P = .18 vs control; C6-2, mean = 
4.03%, 95% CI = 3.04% to 5.02%, P < .001 vs control) groups,  
the percentage of apoptotic cells (subG0 cells) was marginally 
increased, likely because of prolonged G2/M phase arrest 
(Supplementary Table 2, available online).

The T-type VGCCs are known to be involved in tumor cell 
growth (16,64). The a1G subunit of T-type VGCCs (CACNA1G) 
was expressed by U251 cells (Supplementary Figure 9, A, available 
online), so we tested if mibefradil, a putative inhibitor for T-type 
VGCCs, has an effect on U251 cell proliferation. Approximately 

Ca2+ after about 9–10 minutes. F) Bar chart corresponds to (E). Induction 
with PDGF-BB in medium without (open bar) or with (solid bar) Ca2+. 
GFP, n = 36; DNC6, n = 34. *P = .011 vs GFP. Data from at least three 
independent experiments are shown in (E) and (F). G) Induction with 10 
µM CPA in cells infected with GFP (solid square) or DNC6 (open square) 
in Ca2+-free medium (0 Ca2+). Smaller peaks represent the internal Ca2+ 
release. After the [Ca2+]i returned to the baseline, 2 mM Ca2+ (2 mM Ca2+) 
was added to the medium and a transient elevation of [Ca2+]i was again 
induced, represented by the larger peaks. H) Bar chart corresponds to 
(F). Induction with CPA in medium without (open bar) or with (solid bar) 
Ca2+, 10 minutes after addition of CPA (open bar) or 8 minutes after 
addition of Ca2+ (solid bar). GFP, n = 90; DNC6, n = 107. **P = .004  
vs GFP. Data from four independent experiments are shown in (G)  
and (H).

Figure 2. Functional activity of transient receptor potential canonical 6 
(TRPC6) channels in glioma cells. Fura-2 AM imaging showing induc-
tion and attenuation of transient elevation of [Ca2+]i in U87 cells. R refers 
to the ratio of the emission at 500 nm induced by 340 and 380 nm exci-
tation, captured at 6-second intervals. DR/R was calculated as (R 2 
Rbaseline)/Rbaseline, Rbaseline being the mean value of R during pretreatment. 
The recording time in minutes is shown. Squares represent the mean 
values. Error bars = 95% confidence intervals. Corresponding bar charts 
show the area of DR/R curve in the Fura-2 AM imaging, 3 minutes after 
addition of platelet-derived growth factor-BB (PDGF-BB) or 10 minutes 
after addition of cyclopiazonic acid (CPA). In all bar charts, the y-axis 
shows the absolute value of the area divided by 100. Means and upper 
95% confidence intervals are shown. All P values were calculated using 
the two-sided Student t test. Ctrl = control; n = number of cells. A) 
Induction with 50 ng/mL PDGF-BB (Ctrl, solid square) and attenuation 
with 20 µM SKF96365 (SKF, open square). Medium was supplemented 
with calcium (Ca2+). B) Bar chart corresponds to (A). Ctrl, n = 48; SKF,  
n = 32. *P = .014 vs Ctrl. Data from three independent experiments are 
shown in (A) and (B). C) Induction with PDGF-BB in cells infected with 
adenovirus-expressing wild-type TRPC6 (WTC6, solid square) and at-
tenuation in cells expressing the dominant-negative form of TRPC6 
(DNC6, open square). Duration of infection was 48 hours. Medium was 
supplemented with Ca2+. D) Bar chart corresponds to (C). Cells infected 
with adenovirus expressing green fluorescent protein (GFP) served as 
the control. GFP, n = 48; DNC6, n = 51; WTC6, n = 45. **P = .001, GFP vs 
DNC6, and **P < .001, WTC6 vs DNC6. Data from at least three indepen-
dent experiments are shown in (C) and (D). E) Induction with PDGF-BB 
in cells infected with GFP (solid square) or DNC6 (open square) in Ca2+-
free medium (0 Ca2+) and Ca2+-containing medium (2 mM Ca2+). Smaller 
peaks represent the internal Ca2+ release induced by PDGF-BB, and 
larger peaks represent the extracellular Ca2+ entry on addition of 2 mM 
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40% inhibition of cell proliferation was observed with both mibe-
fradil and SKF96365 (Supplementary Figure 9, B, available online). 
However, unlike SKF96365, mibefradil did not affect the G2/M 
phase transition (Supplementary Figure 9, C, and Table 2, available 
online). Furthermore, knockdown of CACNA1G expression by 
shRNA did not influence G2/M phase transition (Figure 4, C and 

D). However, both mibefradil and shRNA targeted to CACNA1G 
caused S phase arrest (control, mean = 11.9%, 95% CI = 11.1% to 
12.7%; mibefradil, mean = 13.5%, 95% CI = 12.7% to 14.3%, P = 
.03 vs control; control RNA interference, mean = 9.38%, 95% CI = 
7.66% to 11.1%; CACNA1G RNA interference, mean = 19.1%, 
95% CI = 14.8% to 23.4%, P = .005 vs control RNA interference; 

Figure 3. Effect of inhibition of transient re-
ceptor potential canonical 6 (TRPC6) activity or 
expression on glioma cell growth. A and B) 
Number of U251 and U87 cells infected with 
adenovirus expressing green fluorescent 
protein (GFP), DNC6, or WTC6. Cell numbers 
were normalized to those at day 0. Means and 
upper 95% confidence intervals from three 
independent experiments performed in dupli-
cate are shown. *P < .05, **P < .01, GFP or 
WTC6 vs DNC6. C) Representative images of 
U251 and U87 colonies infected with adeno-
virus expressing GFP, DNC6, or WTC6. Colonies 
stained with crystal violet after 14 days of seed-
ing are shown. D) Quantification of U251 and 
U87 colonies (shown in C) by measuring the 
optical density at 595 nm (OD595). OD595 values of 
DNC6 and WTC6 groups were normalized to 
that of GFP group. Means and upper 95% confi-
dence intervals are shown. Data are representa-
tive of four independent experiments, performed 
in duplicate. *P < .05, **P < .01, GFP or WTC6 
vs DNC6. E) U251 colonies infected with lentivi-
rus-based scrambled short hairpin RNA (shRNA) 
(Ctrl), shTRPC6-1 (C6-1), and shTRPC6-2 (C6-2). 
Colonies stained with crystal violet after 14 
days of seeding were shown. Ctrl = control. F) 
Differential interference contrast (DIC) and fluo-
rescent (GFP) images of typical single colonies 
formed by U251 cells infected with the indi-
cated lentiviral constructs—scrambled shRNA 
(Ctrl), shTRPC6-1 (C6-1), and shTRPC6-2 (C6-2). 
The duration of infection was 72 hours before 
seeding. The lentivirus was GFP tagged. Ctrl = 
control. Images were taken 14 days after seed-
ing. Scale bar = 100 µm. Merge panels show the 
merged DIC and GFP images. G) Quantification 
of the U251 colonies (shown in E) by measuring 
the OD595. Means and upper 95% confidence 
intervals are shown. Data are representative of 
four independent experiments performed in 
duplicate. *P = .032, **P < .001 vs Ctrl. All P 
values were calculated using the two-sided 
Student t test.
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Supplementary Table 2, available online). These results suggested 
that in U251 cells, Ca2+ influx through TRPC6 channels, but not 
T-type VGCCs, was critical for G2/M phase progression.

To further explore the effect of inhibition of TRPC6 channels 
on cell cycle, we determined the mitotic index of U251 cells 

infected with adenovirus expressing GFP, DNC6, and WTC6 
(Supplementary Figure 10, available online). Mitotic index of 
GFP-infected cells was 1.13% (95% CI = 0.92% to 1.34%), 
DNC6-infected cells was 0.49% (95% CI = 0.39% to 0.59%, P = 
.005 vs GFP, P = .022 vs WTC6), and WTC6-infected cells was 

Figure 4. Effect of inhibition of transient receptor 
potential canonical 6 (TRPC6) activity or expres-
sion on G2 phase arrest. A and B) Flow cytometric 
analysis of U251 DNA content after infection with 
adenovirus expressing green fluorescent protein 
(GFP), DNC6, and WTC6 for 72 hours or the indi-
cated lentivirus-based short hairpin RNA (shRNA) 
constructs (Ctrl, C6-1, and C6-2), 5–10 days after 
infection. DNA content is shown as 2n and 4n in 
the x-axis. 2n = cells in G0/G1 phase, and 4n = 
cells in the G2/M phase. Data are representative of 
four independent experiments. Ctrl = control, 
scrambled shRNA (Ctrl); C6-1 = shTRPC6-1 and 
C6-2 = shTRPC6-2. C) Quantitative real-time poly-
merase chain reaction and immunoblot analysis 
(inset) showing knockdown of CACNA1G in U251 
cells by lentivirus-based shRNA constructs against 
the CACNA1G (CACNA1G RNA interference 
[RNAi]). Control (Ctrl) RNAi was nonsense shRNA. 
Data are representative of five independent exper-
iments. TUBA1A served as the protein loading 
control. Error bar = upper 95% confidence inter-
val. **P < .001 vs Ctrl RNAi. D) Flow cytometric 
analysis of U251 cell cycle after infection with the 
lentivirus-based shRNA construct (CACNA1G 
RNAi) (shown in C), 5–10 days after infection. Data 
shown are a representative of six independent 
experiments. E) Mitotic index of U251 cells after 
infection with adenovirus expressing GFP, DNC6, 
and WTC6 for 72 hours. Mitotic index (%) is the 
percentage of mitotic cells in total cells. Means 
and upper 95% confidence interval from three 
independent experiments are shown. **P = .005, 
GFP vs DNC6, and *P = .022, WTC6 vs DNC6. F) 
Effect of TRPC6 knockdown on the level of phos-
phorylated cyclin-dependent kinase 1 at tyrosine15 
(P-CDK1 [Y15]). Immunoblot analysis of total 
U251 cell lysates using the indicated antibodies. 
Proteins were extracted approximately 10 days 
after infection. C6-1 and -2 lanes show approxi-
mately 40% and 60% decrease in TRPC6 level and 
increased in P-CDK1 (Y15) level by two- or four-
fold, respectively. TRPC3 blots show that TRPC6 
knockdown did not have an effect on its homolog. 
TUBA1A served as the protein loading control. 
Data are representative of three independent ex-
periments. All P values were calculated using the 
two-sided Student t test.
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1.05% (95% CI = 0.83% to 1.27%), respectively (Figure 4, E), 
indicating that substantially fewer cells were present in the M 
phase on inhibition of TRPC6 channel. Collectively, these results 
suggested that blocking TRPC6 channels in glioma cells resulted 
in cell cycle arrest in the G2 phase.

The CDK1 and CCNB1 (also known as cyclin B1) complex is 
the central regulator of G2/M phase, and dephosphorylation at 
tyrosine15 and threonine14 of CDK1 is critical for its activation 
and G2/M phase transition (65). Knockdown of TRPC6 expres-
sion in U251 cells increased the level of phosphorylated CDK1 at 
the tyrosine15 residue (Figure 4, F). Similarly, in T98G cells, 
expression of DNC6 enhanced the level of phosphorylated CDK1 
at the tyrosine15 residue (data not shown). Together, these results 
suggested that inhibition of TRPC6 induced G2 phase arrest in 
glioma cells, and Ca2+ influx through TRPC6 channels was essen-
tial for CDK1 activation and G2/M phase transition of the cell 
cycle.

Effect of Inhibition of TRPC6 Activity or Expression on 
CDC25C Expression
The CDC25C phosphatase is a critical component in the G2/M 
phase transition because it activates CDK1 via dephosphorylation 
at the tyrosine15 and threonine14 residues (39). We first examined 
whether blockade of TRPC6 activity affected CDC25C expres-
sion. CDC25C protein levels were substantially reduced in both 
U251 and T98G cells after DNC6 infection (Figure 5, A, and 
Supplementary Figure 11, A, available online), and this reduction 
was noted within 24 hours of infection (Figure 5, B). CDC25A or 
CDC25B protein levels were either not affected or mildly affected 
(Figure 5, A, and Supplementary Figure 11, A, available online). 
Knockdown of TRPC6 expression with shRNA also decreased the 
protein levels of CDC25C but not of CDC25A or CDC25B 
(Figure 5, C).

Analysis by qPCR revealed that normalized CDC25C mRNA 
levels were reduced to 0.37 (95% CI = 0.22 to 0.52, P < .001 vs 
GFP or WTC6) in U251 cells and 0.36 (95% CI = 0.19 to 0.53, 
P = .002 vs GFP, P = .003 vs WTC6) in T98G cells, respectively, 
after adenovirus-based DNC6 infection (Figure 5, D). Similarly, 
normalized CDC25C mRNA levels were reduced to 0.68 (95% 
CI = 0.54 to 0.82, P = .004 vs control) in U251 cells infected with 
lentivirus-based shTRPC6-1 (C6-1) and 0.54 (95% CI = 0.37 to 
0.71, P = .01 vs control) in cells infected with shTRPC6-2 (C6-2) 
(Figure 5, E). The reverse transcription–polymerase chain 
reaction analysis further confirmed that DNC6 expression did 
not affect CDC25A or CDC25B mRNA levels but decreased the 
level of CDC25C mRNA 24 hours after infection (Supplementary 
Figure 11, B and C). These results suggested that reduction of 
CDC25C expression as a result of inhibition of TRPC6 activity 
or expression occurred before the G2/M phase arrest and that 
TRPC6 proteins were essential for CDC25C expression.

To determine whether Ca2+ influx through TRPC6 channels 
was essential for CDC25C expression, we incubated U251 cells 
in a Ca2+-free medium and found that protein levels of CDC25C, 
but not of CDC25A or CDC25B, were markedly reduced 
(Supplementary Figure 11, D, available online). However, inhi-
bition of T-type VGCCs did not affect CDC25C protein levels 
(Figure 5, F, and Supplementary Figure 11, E, available online). 

These results implied that Ca2+ influx through TRPC6 chan-
nels, rather than through T-type VGCCs, was important for 
CDC25C expression, and the differential effect of TRPC6 and 
T-type VGCCs on CDC25C expression may contribute to 
their different roles in the cell cycle. Furthermore, overexpres-
sion of CDC25C reversed the DNC6-induced increase in the 
level of phosphorylated CDK1 at tyrosine15 (Figure 5, G). 
These results suggested that blockade of TRPC6 channels 
inhibited CDK1 activation via suppression of CDC25C 
expression.

Effect of Inhibition of TRPC6 Activity on Radiosensitization 
of Glioma Cells
The above results showed that inhibition of TRPC6 activity 
induced glioma cell cycle arrest at G2/M phase, the phase most 
sensitive to irradiation (66,67). Therefore, we examined whether 
TRPC6 inhibition enhanced the antiproliferative effect of ionizing 
radiation on glioma cells. At 2 and 4 Gy of irradiation, the sur-
viving fraction of U251 cells treated with SKF96365 group was 
greatly reduced compared with vehicle control group (P = .006 at 
2 Gy and P = .005 at 4 Gy vs vehicle control) (Figure 6, A and B). 
The surviving fraction of cells was calculated by normalizing the 
OD595 of the colonies, for each dose of irradiation, to that of the 
corresponding nonirradiated colonies. Similarly, the survival in 
U251 cells infected with adenovirus-based DNC6 was markedly 
reduced compared with the vehicle control (P < .001 at 2 Gy and 
P = .002 at 4 Gy vs GFP) (Figure 6, C). These results suggested 
that inhibition of TRPC6 activity enhanced the antiproliferative 
effect of irradiation in glioma cells.

Effect of Inhibition of TRPC6 Activity on the Development 
of Xenografted Human Glioma
To provide evidence that TRPC6 channels are indeed important 
for glioma development in vivo, we established both subcutane-
ously and intracranially xenografted glioma models in nude mice.

In the subcutaneous model, after implantation, tumor volumes 
were estimated every 5 days (Figure 7, A). DNC6-infected cells 
grew statistically significantly slower than GFP- or WTC6-infected 
cells. Thirty days after implantation, the mice bearing tumors did 
not show deterioration in physiological conditions, and tumors 
formed by DNC6-infected cells were visibly smaller than those 
formed by GFP- or WTC6-infected cells (Figure 7, B). The mean 
tumor volume of GFP-infected cells was 342.5 mm3 (interquartile 
range = 204.2–465.5 mm3, n = 7), of DNC6-infected cells was 55.8 
mm3 (interquartile range = 43.5–65.6 mm3, n = 7, P = .014 vs GFP, 
P < .001 vs WTC6), and of WTC6-infected cells was 352.0 mm3 
(interquartile range = 276.8–404.5 mm3, n = 7) (Figure 7, C), 
respectively.

In the intracranial model (Figure 7, D), mice (n = 15) bearing 
glioma originating from DNC6-infected U87 cells had longer 
survival time (mean = 37.5 days, 95% CI = 35.8 to 39.2 days, P 
< .001 vs GFP or WTC6) compared with mice bearing glioma 
from GFP-infected (mean = 27.7 days, 95% CI = 26.5 to 28.8 
days) or WTC6-infected (mean = 28.2 days, 95% CI = 26.9 to 
29.5 days) cells (n = 13 in each group). After 20 days of implan-
tation, the staining of coronal sections of the brains with hema-
toxylin and eosin showed that tumors from DNC6-infected 
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cells were visibly smaller than those from GFP- or WTC6-
infected cells (Figure 7, E).

These results suggested that TRPC6 channel activity was 
important for glioma development.

Discussion
In this study, we showed that TRPC6 channels, which are perme-
able to Ca2+, contributed to glioma development via regulating the 
G2 phase progression. Several lines of evidence supported this 
conclusion. First, we observed that TRPC6 was highly expressed 
in human glioma and level of expression was associated with grade. 
Second, we showed that TRPC6 channels in glioma cells were Ca2+ 
permeable and could be activated by PDGF. Third, inhibition of 
TRPC6 expression suppressed glioma growth both in vitro and in 
vivo. Fourth, inhibition of TRPC6 expression induced G2 phase 
arrest of the glioma cell cycle. Another important finding of this 

study was that TRPC6 regulates G2 phase progression likely via 
control of CDC25C expression.

Several studies have shown that TRPC6 channels are involved in 
cell proliferation, including pulmonary artery smooth muscle cells 
(68); vascular endothelial cells (69,70); and different types of cancer 
cells, like prostate, breast, liver, and brain (24–27,71–73). In addi-
tion, TRPC1 channels play a role in proliferation of breast cancer 
cells (22) and mouse astrocytes (74), and TRPC3 channels are 
involved in proliferation of ovary and breast cancer cells (23,24).

Although it is well established that TRPC6 plays a role in cell 
proliferation in diverse cancer cells, it is not well understood 
whether TRPC6 channels regulate cell cycle progression to affect 
cell growth. A recent study demonstrated TRPC6 overexpression 
in tissue samples from GBM patients and suggested that TRPC6 
was a key mediator of Notch-dependent glioblastoma growth and 
invasion (71). Here, we showed that TRPC6 affected glioma cell 
growth via regulation of G2 to M phase cell cycle progression. 

Figure 5. Effect of inhibition of transient 
receptor potential canonical 6 (TRPC6) 
activity or expression on cell division 
cycle 25 homolog C (CDC25C) expression. 
A) U251 cells were infected with adeno-
virus expressing green fluorescent protein 
(GFP), DNC6, and WTC6 for 72 hours and 
analyzed for CDC25C, CDC25A, and 
CDC25B by immunoblotting. GAPDH 
served as the protein loading control. One 
representative blot of three independent 
experiments is shown. B) Time-dependent 
decrease in CDC25C expression after ade-
novirus-based DNC6 expression in U251 
cells. Cell lysates were analyzed for TRPC6 
and CDC25C expression by immunoblot-
ting. ACTB served as the protein loading 
control. One representative blot of three 
independent experiments was shown. C) 
U251 cells were infected with lentiviral-
based scrambled short hairpin RNA (Ctrl), 
shTRPC6 (C6-1 and C6-2) for 120 hours 
and analyzed for TRPC6, CDC25C, CDC25A, 
and CDC25B by immunoblotting. ACTB 
served as the protein loading control. One 
representative blot of three independent 
experiments is shown. D) Quantitative 
real-time polymerase chain reaction 
(qPCR) results showing reduction in 
CDC25C mRNA levels 72 hours (U251 
cells) or 96 hours (T98G cells) after aden-
ovirus-based DNC6 infection. CDC25C 
mRNA levels were normalized to those in 
GFP infection. Means and upper 95% con-
fidence intervals from three independent 
experiments are shown. **P < .001, GFP 
or WTC6 vs DNC6 in U251 cells; **P = 
.002, GFP vs DNC6, **P = .003, WTC6 vs 
DNC6 in T98G cells. E) qPCR results 
showing reduction in CDC25C mRNA 
levels in U251 cells 120 hours after lentivi-
rus-based infection with scrambled shRNA 
(Ctrl) and shTRPC6 (C6-1 and C6-2). 
CDC25C mRNA levels were normalized to 
those in the control group. Ctrl = control. Means and upper 95% con-
fidence intervals from three independent experiments are shown. *P = 
.01, C6-2 vs Ctrl; **P = .004 C6-1 vs Ctrl. F) U251 cells were infected 
with lentivirus-based shTRPC6 (C6-2 was used) or lentivirus-based 
shCACNA1G for 120 hours and analyzed for TRPC6, CACNA1G, and 
CDC25C by immunoblotting. TUBA1A served as the protein loading 

control. Data are representative of three independent experiments. G) 
Effect of CDC25C overexpression on P-CDK1 (Y15) level in T98G cells 
24 hours before DNC6 infection. TUBA1A served as the protein 
loading control. Data are representative of two independent experi-
ments. All P values were calculated using the two-sided Student t 
test.
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Together, the results strongly suggest that TRPC6 plays a critical 
role in glioma development. Studies by Bomben and Sontheimer 
(25) showed that treatment with SKF96365 induced M phase ar-
rest in glioma cells, whereas in our system, inhibition of TRPC6 
by DNC6 or shTRPC6 induced G2, but not M, phase arrest. The 
difference might be explained by the nonspecific effects of 
SKF96365, which also blocks various other types of Ca2+ channels 
(63,75–79).

Previously, we have shown that TRPC6 channels are involved 
in the growth of human gastric carcinoma (80) and esophageal 
squamous cell carcinoma (81). Inhibition of TRPC6 channels in 
these human cancer cells suppressed cell proliferation and arrested 
cell cycle in the G2/M phase. These findings in different types of 
tumors indicate that TRPC6 is likely a key regulator of Ca2+-
mediated cell cycle progression. The current study on glioma cells 
further advanced these previous findings in several aspects. First, 
CDC25C is an essential regulator of G2/M transition (39), with a 
peak mRNA level at the G2 phase (82). Although CDC25C acti-
vation by phosphorylation has been extensively studied (39,83), 
whether Ca2+ signaling is involved in regulating its expression 
remains unknown. In this study, we showed that CDC25C tran-
scription was regulated by TRPC6 channels but not by VGCCs. 
Illustration of signaling molecules downstream of TRPC6 will 
offer a better understanding of how Ca2+ signaling regulates G2 
phase progression, a critical phase in the cell cycle for maintaining 
genomic stability (84). Second, it is well known that TRPC6 can 
be activated either by a receptor-operated pathway or by a store-
operated pathway (19,28). We showed that in glioma cells, TRPC6 
channels were activated by a store-operated pathway. Third, 

because cells are most radiosensitive in the G2/M phase of the cell 
cycle, enhanced radiosensitivity upon inhibition of TRPC6 chan-
nels in glioma cells supported the role of TRPC6 in G2/M phase 
progression. In addition, because radiotherapy is beneficial for the 
treatment of glioma, our results may provide a novel target for 
therapeutic intervention. Fourth, the intracranial glioma model, 
which is better than the subcutaneous model, produced additional 
convincing in vivo data and reinforced the importance of TRPC6 
channels in glioma growth.

In normal cells, the G2 phase DNA damage checkpoint 
ensures genomic stability (84–86); however, cells with an impaired 
DNA damage checkpoint will develop genomic instability (87,88). 
It is possible that increased expression of TRPC6 in glioma cells 
accelerates G2 phase progression, and the cells override the DNA 
damage checkpoint as a result. Bypassing this checkpoint may 
facilitate the accumulation of mutations in the DNA and enhance 
glioma cell malignancy. However, we did not observe any gain-
of-function effect when we infected glioma cells with WTC6.  
It is possible that the endogenous TRPC6 levels are high and 
channels are already saturated such that induced expression of 
more TRPC6 channels would not mediate more Ca2+ entry. 
Indeed, in Ca2+ imaging experiments, PDGF-induced [Ca2+]i  
elevation in WTC6-infected cells was similar to that of control 
cells.

Our study has a few limitations. It did not address whether the 
homotetrameric or heterotetrameric form of TRPC6 affects 
glioma cell proliferation. It is possible that TRPC6 channels func-
tion as homotetramers; however, because TRPC3 is also expressed 
in the glioma cells, TRPC6 may also function as heterotetramers 

Figure 6. Effect of inhibition of transient re-
ceptor potential canonical 6 (TRPC6) activity 
on radiosensitization of glioma cells. A) 
Representative crystal violet staining of the 
colonies formed by U251 cells 11 days after 
irradiation with 0, 2, 4, 6, and 8 Gy. Cells were 
treated with vehicle (Ctrl) or 10 µM SKF96365 
(SKF) 24 hours before irradiation. Ctrl = con-
trol. B and C) Surviving fraction of U251 cells 
after irradiation with 0, 2, 4, 6, and 8 Gy. Cells 
were treated with vehicle (Ctrl) or 10 µM 
SKF96365 (SKF) for 24 hours (B), or infected 
with adenovirus-based green fluorescent 
protein (GFP) or DNC6 at multiplicity of infec-
tion = 2, for 72 hours (C) before irradiation. 
Ctrl = control. Data were representative of five 
independent experiments, performed in dupli-
cate. Error bars = 95% confidence interval. 
**P = .006, SKF vs Ctrl at 2 Gy; **P = .005, SKF 
vs Ctrl at 4 Gy; **P < .001, GFP vs DNC6 at 2 
Gy; **P = .002, GFP vs DNC6 at 4 Gy. All P 
values were calculated using the two-sided 
Student t test.
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(50,89) to regulate cell cycle and glioma development. We would 
also like to point out that the signaling molecules downstream of 
TRPC6 that regulate CDC25C expression are not known. 
Identification of the signaling pathways downstream of TRPC6 
that are involved in cell proliferation will provide a better under-
standing of how Ca2+ regulates G2/M phase transition in glioma 
cells. Additionally, we did not investigate whether inhibition of 
TRPC6 activity showed enhanced radiosensitivity in mice intra-
cranially implanted with glioma.

In summary, the data presented in this study imply that TRPC6 
channels may be a potential therapeutic target to treat human 
glioma. It is noteworthy that TRPC6 is also expressed in neurons 
and is important for neuronal functions (34–36). Therefore, a pos-
sible side effect of TRPC6 blockade on neurons must be consid-
ered. The adenovirus vector expressing DNC6 used in this study 
showed a very high affinity for glioma cells but a very low affinity 
for neurons (data not shown). Therefore, it is possible to reduce the 
potential side effects of TRPC6 inhibition on neurons using such 
adenovirus vectors. Additionally, because TRPC6 expression was 
barely detectable in normal glial cells, inhibition of TRPC6 in 
glioma cells likely has limited potential side effects on normal glial 
cells.

Supplementary Data

Supplementary data can be found at http://www.jnci.oxfordjournals 
.org/.
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