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A B S T R A C T   

P-glycoprotein (P-gp) acts as a pump to transport cytotoxic drugs out of cells and is upregulated in cancer cells. 
Suppressing the expression of P-gp is an effective strategy to overcome multidrug resistance in cancer chemo-
therapy. Temozolomide (TMZ) is the recommended drug for the standard treatment of patients with glioblas-
toma, but its clinical application is restricted due to drug resistance. Transient receptor potential channel-5 
(TRPC5), a Ca2+-permeable channel, has been attributed to a different drug resistance mechanism except DNA 
repair system; therefore, we aimed to elucidate the mechanism regarding the role of TRPC5 in TMZ resistance. 
TRPC5 and P-glycoprotein (P-gp) are upregulated in TMZ-resistant glioblastoma cell lines. The downregulation 
of TRPC5 inhibited P-gp expression and led to a significant reversal of TMZ resistance in TMZ-resistant cell lines. 
TRPC5-siRNA restricted the growth of tumour xenografts in an athymic nude mouse model of TMZ-resistant cells. 
In specimens from patients with recurrent glioblastoma, TRPC5 was found to be highly expressed, accompanied 
by the upregulation of P-gp expression. The nuclear factor of activated T cell isoform c3 (NFATc3), which acts as 
a transcriptional factor, bridges TRPC5 activity to P-gp induction. In conclusion, these results demonstrate the 
functional role of the TRPC5-NFATc3-P-gp signalling pathway in TMZ resistance in glioblastoma cells.   

Introduction 

Glioblastoma is the most common, malignant primary brain tumour 
in adults, accounting for approximately 65% of adult central nervous 
system (CNS) tumours. The current standard of care for this malignancy 
is a combination of surgical resection, radiotherapy, and chemotherapy. 
However, patients with glioblastoma have a poor prognosis and their 
median overall survival time is less than 15 months [4,14]. These data 
highlight the urgent need for innovative and effective therapeutic stra-
tegies against this disease. 

Temozolomide (TMZ), a lipophilic second-generation imidazote-
trazine prodrug, has improved the prognosis of patients with glioblas-
toma either treated directly or followed after surgical resection because 
it can cross the blood brain barrier (BBB) [10], spontaneously undergo 
hydrolysis, and generate the active metabolite 5-(3-dimethyl-1--
triazenyl)-imidazole-4-carboxamide at physiological pH [17], forming 
O6-methylguanine adducts, which mispairs with thymine. Mispaired 
thymines cannot be repaired; hence, they induce the breakage of single- 
and double-strand DNA and trigger senescence and apoptotic activation 
in glial cells [9,15]. However, the clinical application of TMZ is limited 

because of drug resistance in some patients. Several drug-resistance 
mechanisms may be responsible for the therapeutic failure of TMZ in 
glioblastoma. 

The chemotherapeutic effect in cancer is usually restricted by drug 
resistance, either because tumour cells are intrinsically resistant to drug 
action or because tumour cells are initially positive to therapy, but after 
a period of time, they become capable of circumventing drug action and 
are therefore selected within the cell population [12]. There is a large 
body of knowledge describing acquired drug resistance from studies on 
cellular models. These mechanisms include increased drug efflux, 
decreased drug uptake into cells, the activation of the DNA repair sys-
tem, the activation of detoxifying enzymes (such as cytochrome P450), 
and the inhibition of apoptotic signalling pathways [7]. The mechanism 
of TMZ resistance has been associated with the activation of DNA repair 
systems. However, the downregulation of the enzyme cannot fully 
induce TMZ sensitivity in TMZ-resistant glioblastoma cells. Therefore, 
other mechanisms are involved in TMZ resistance. The overexpression of 
ATP-binding cassette (ABC) transporters to increase drug efflux is a 
common mechanism for inducing cellular resistance to doxorubicin 
(DOX) and other anticancer agents, such as paclitaxel and vinblastine [3, 
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7]. ABCB1 is a member of the ABC transporter family and encodes the 
membrane-bound P-glycoprotein (P-gp; also called ATP-binding cassette 
sub-family B member 1[ABCB1] or multidrug resistance protein 1 
[MDR1]), which participates in an efflux pump responsible for multiple 
drug resistance (MDR) [6]. Multiple resistance proteins are highly 
expressed in more than 70% of the tumour specimens from the CNS, and 
P-gp expression has been detected in up to 18% of high-grade glio-
blastomas [1]. P-gp and other transporters positively transport sub-
strates out of the brain, thereby restricting their effects on the CNS [5,24, 
26]. However, the precise mechanism by which P-gp removes TMZ in 
glioblastoma cells is still under debate. 

An important indicator of the transcriptional regulation of P-gp is 
cytosolic Ca2+ level([Ca2+]i) [16,23,25]. Studies have shown that the 
chelation of Ca2+ by 1, 2-bis(2-aminophenoxy)ethane-N,N,N’,N’-tet-
raaceticacid abolishes the P-gp expression induced by many drugs, 
whereas thapsigargin, which inhibits sarcoplasmic/endoplasmic retic-
ulum Ca2+-ATPase, increases [Ca2+]i, and therefore enhances P-gp 
production [23,25]. Moreover, several different Ca2+ channel antago-
nists have been shown to inhibit P-gp expression [16]. TRP channels, a 
group of cation channels, consist of several isoforms such as TRPM and 
TRPC. TRPC5, a TRPC channel, is a canonical Ca2+-permeable, 
receptor-operated channel that is widely expressed in the brain, testis, 
kidney, adrenal gland, ovary, uterus, and endothelial cells. In breast 
cancer, TRPC5 participates in the production of P-gp by changes in 
[Ca2+] [18]. However, the precise function of TRPC5 in glioblastoma 
remains unknown. Hence, we hypothesised that P-gp is upregulated in 
TMZ-resistant cells, and TRPC5 upregulation mediates P-gp expression 
and contributes to TMZ resistance. 

Materials and methods 

Cells and reagents 

U87 wild-type (U87/WT) and U251 wild-type (U251/WT) cells were 
obtained from the Chinese Academy of Sciences (Shanghai, China), and 
HEK-293 cells were obtained from the Institute of Neuroscience, Soo-
chow University. All cells were cultured in Dulbecco’s Modified Eagle’s 
Medium (DMEM)/F12 culture medium containing 10% foetal bovine 
serum (FBS; Thermo Fisher Scientific, Inc., Waltham, MA, USA). TMZ- 
resistant human glioblastoma cells (U87/TMZ) were derived by 
exposing U87/WT cells to TMZ at a high dose of 400 nM for 6 months. 
TMZ was reconstituted in dimethyl sulphoxide (DMSO) prior to use, 
resulting in an effective TMZ concentration of 25 µM. When the cells 
were in the logarithmic growth phase, TMZ was combined with DMEM 
to a final concentration of 400 nM. Subsequently, at every 24 h incu-
bation interval, the spent medium was discarded and replaced with the 
fresh medium with identical TMZ concentration. Dead cells were dis-
carded by washing with PBS after 3 days, and the remaining cells were 
diluted at a density of 2 × 105 cells/ml in DMEM containing 10% FBS 
and cultured in a 6 cm cell culture dish; this procedure was repeated for 
6 months. Finally, a cell line resistant to 400 nM TMZ (termed U87/ 
TMZ) was derived from the U87/WT cells after 6 months of culture. All 
cells were incubated at 37̊C in a humidified air chamber containing 5% 
CO2. 

The following antibodies were used: anti-β-actin (cat. no. sc-47778; 
1:200) and anti-NFATc3 (cat. no. sc-8405; 1:500) from Santa Cruz 
Biotechnology, Inc. (Dallas, TX, USA), anti-TRPC5 (cat. no. ACC-020; 
1:200) from Alomone Labs (Jerusalem, Israel); and anti-MDR1 (cat. 
no. 13978S; 1:200) from Cell Signaling Technology, Inc. (Danvers, MA, 
USA). 

The plasmids pcDNA3.1-TRPC5, pcDNA3.1-GFP-NFATc3, and a 
control plasmid were purchased from Shanghai GenePharma Co., Ltd. 
(Shanghai, China). The TRPC5-siRNA (sense strand, 5’-CCA AUG GAC 
UGA ACC AGC UUU ACU U-3’; antisense strand, 5’-AAG UAA AGC UGG 
UUC AGU CCA UUG G-3’) was purchased from Shanghai Genechem Co., 
Ltd. (Shanghai, China). TRPC5 shRNA(h) lentiviral particles (sc-42670- 

V) were purchased from Santa Cruz Biotechnology(Dallas, TX, USA). 
TRPC5 shRNA(h) lentiviral particles is a pool of three different shRNA 
plasmids: 

A(5’-GATCCGAACCAGCTTTACTTCTATTTCAAGAGAATA-
GAAGTAAAGCTGGTTCTTTTT-3’); 
B(5’-GATCCCTACCATGTTTGGAACATATTCAAGAGA-
TATGTTCCAAACATGGTAGTTTTT-3’); 
C(5’-GATCCCCATCTTTGTTGCCATTCATTCAAGA-
GATGAATGGCAACAAAGATGGTTTTT-3’); 
A scramble sequence 
(5’-CACCGTTCTCCGAACGTGTCACGTCAAGAGATTACGTGA-
CACGTTCGGAGAATTTTTTG) was used as a control. 

TMZ chemosensitivity assay 

The cytotoxicity of TMZ was tested in vitro using the Cell Counting 
Kit-8(CCK8) assay. Briefly, 5 × 103 cells per well were plated in 96-well 
plates. After 24 h, the spent medium was aspirated, replaced with TMZ, 
and the cells were culture for another 24 h. The concentrations of TMZ 
used in each group were 25, 50, 100, 200, 400, 800, 1600, 3200, and 
6400 μM. After the treatment, the TMZ-containing medium was 
replaced with 10μL of CCK-8 and 100 μL of complete culture medium for 
4h. The absorbance of the cells at 590 nm was measured using a 
microplate reader (Thermo, Synergie HT, USA). Five wells were used for 
each concentration, and the entire experiment was repeated at least 
three times. The IC50 (concentration resulting in 50% inhibition of cell 
growth) value for TMZ was calculated using SPSS16 software. 

Intracellular calcium level measurement 

U87/WT cells were added to 96-well plates (5000 cells/well) and 
cultured overnight at 37 ̊ C. The cells were transfected with TRPC5 
plasmid or TRPC5-siRNA for 24 h. Subsequently, Fluo-4 (2 mM/l; cat. 
no. F14201; Thermo Fisher Scientific, Inc.) was added for 30 min at 37 
C̊, and fluorescence was measured at 485 nm using a spectrophotometer. 

Immunofluorescence staining 

U87/WT and HEK-293 cells were plated at a density of 8 × 103 cells/ 
well. The cells were then transfected with GFP-tagged NFATc3 and 
TRPC5 plasmid or TRPC5-siRNA for 24 h. Afterwards, the cells were 
fixed in 4% paraformaldehyde for 15 min and permeabilised with 0.3% 
Triton-X 100 for 10 min at room temperature. The samples were then 
blocked with 1% bovine serum albumin (Bytotime Biotechnology, Bei-
jing, China) in PBS for 1 h at room temperature, incubated overnight 
with a primary antibody at 4 ◦C, and then incubated with a fluorescently 
labelled secondary antibody for 2 h at room temperature. Images were 
captured using a confocal laser scanning microscope with a 63 × oil- 
immersion objective lens. 

Western blot 

Cells or tissues were collected and lysed in RIPA lysis buffer con-
taining 1% PMSF protease and phosphatase inhibitors. BCA protein 
assay kit from Biotime (Shanghai, China) was used to achieve equal 
protein loading of the lysates. Samples were loaded onto a Tris-glycine 
SDS-PAGE and transferred to nitrocellulose membranes. The immuno-
blots were probed overnight at 4 ◦C with the appropriate primary 
antibody after blocking with 5% skim milk in TBST. The membranes 
were then incubated with horseradish peroxidase-conjugated secondary 
antibodies for 2 h. ECL kits (Bytotime Biotechnology, Beijing, China) 
were used to visualise the protein bands. 

Y. Zou et al.                                                                                                                                                                                                                                      



Translational Oncology 14 (2021) 101214

3

Reverse transcriptase (RT)-PCR 

Total RNA was extracted using TRIzol reagent (Sigma-Aldrich), and 
complementary DNA was synthesised using a SuperScript First-strand 
cDNA synthesis kit (Invitrogen, Carlsbad, USA) according to the man-
ufacturer’s protocol. Quantitative PCR was conducted with 40 cycles of 
95 ◦C for 10 s, and 60 ◦C for 40 s. Data were analysed using Graphpad 
Prism 8. GAPDH was used as an endogenous control. The primer se-
quences used were: 

GAPDH forward 5′-AAGGTCGGAGTCAACGGATTTGGT-3′, reverse 
5′-AGTGATGGCATGGACTGTGGTCAT-3′; 
TRPC5 forward 5′-TGAACTCCCTCTACCTGGCAAC-3′; reverse 5′- 
CGAAGAGTGCTTCCGCAATCAGT-3′; and 
mdr forward 5′-CTGTTTGACTGCAGCATTGCTGAGAACAT-3′, 
reverse 5′-CTGGCGCTTTGTTCCAGCCTGGACACTGAC-3′

Mouse xenograft models 

All mice were housed in an air-filtered pathogen-free environment. 
To generate subcutaneous tumours, U87/WT or U87/TMZ cells were 
first treated with or without TRPC5-shRNA lentivirus particles for 72 h, 
then 4 × 106 cells were injected subcutaneously into the nude mice after 
an intraperitoneal injection of 5% chloral hydrate (300 mg/kg). Each 
group contained 6 mice, and the mice with tumours derived from U87/ 
WT and U87/TMZ cells were checked and administered with 75 mg/m2 

TMZ every 3 days. The humane endpoint was determined to be the 
weight of mice decreased by 20%. After 21 days, the mice were 
enthanized using spinal cord dislocation (none of them died), and all of 
them had a single subcutaneous tumour. The longest diameter of a single 
subcutaneous tumour was 1.905cm in the TRPC5/TMZ group and 
tumour volumes were measured using the formula: volume(cm3) =
(length) × (width)2/2. 

Patients 

Human glioblastoma samples (n = 20) were obtained from the 
Affiliated Wuxi No. 2 Hospital of Nanjing Medical University. 

Inclusion and exclusion criteria 
Patients who met all of the following criteria at the start of the 

treatment are eligible for the study:  

1 At least 18 years of age and provided a signed written informed 
consent.  

2 Patients undergoing open skull surgery.  
3 The pathology results showing WHO II to Ⅳglioblastoma.  
4 Patients who were receiving standard TMZ treatment after surgery. 

Patients who met any of the following criteria at the start of treat-
ment were not eligible for the study:  

1 Patients undergoing radiotherapy.  
2 Patients with other malignant tumours. 

The patients were separated into two groups: the first group included 
10 patients (mean age: 40.3; age range: 30 to 59 years; six females and 
four males) with primary glioblastoma, and the other group included the 
same patients who received TMZ treatment and had recurrent glio-
blastoma. Informed consent was obtained for the anonymous specimens 
provided by all human participants in this study. Patients were recruited 
between January 2013 and December 2018. All patients received the 
standard STUPP protocol and the clinical outcomes were assessed using 
MRI. 

Ethics statement 

All experiments involving patients and animals were conducted in 
accordance with the Guide for Animal Care and Use of Laboratory An-
imals published by the National Institutes of Health, USA. All experi-
ments were approved by the Animal Experimentation Ethics Committee 
of Nanjing Medical University. The use of clinical samples was approved 
by the review board and ethics committee of the Affiliated Wuxi No.2 
Hospital of Nanjing Medical University (Reference Number: 20121104). 

Statistics 

All experiments were repeated at least three times. Quantitative data 
were statistically analysed as the average value of replicates with the t- 
test and presented as the representative experimental means± SD 
(standard deviation). P <0.05 was considered statistically significant 
difference. *: P <0.05; **: P <0.01; ***: P <0.001. 

Results 

Increased TRPC5 expression in human secondary glioblastoma tissue 

To investigate the clinical expression of TPRC5 in patients with 
glioblastoma, we analysed the specimens of 10 patients whose glio-
blastoma was primary and those that were recurrent after TMZ treat-
ment. RT-PCR analysis indicated that TRPC5 mRNA expression in the 
recurrent group was higher than that in the primary group(Fig. 1A). To 
investigate the TRPC5 mRNA expression in peripheral blood, we also 
assessed TRPC5 mRNA expression in peripheral blood collected from the 
same 10 patients using RT-PCR. The results indicated that TRPC5 mRNA 
levels in the peripheral blood after chemotherapy were significantly 
higher than those in the control group(Fig. 1B). TRPC5 protein levels in 
glioblastoma tissues were also measured and it was observed that TRPC5 
expression was upregulated in the recurrent group compared to that in 
the primary group (Fig. 1C). Thus, TRPC5 mRNA and protein expression 
increased in patients with recurrent glioblastoma after TMZ treatment. 

Expression of TRPC5 mRNA and protein in U87/TMZ and U251/TMZ 
cells 

The TMZ-resistant U87 and U251 cell lines were established via high- 
dose treatment with TMZ as described and were named U87/TMZ and 
U251/TMZ, respectively. We conducted the CCK-8 assay to confirm the 
resistance of U87/TMZ and U251/TMZ cells to TMZ. The IC50 values for 
U87/WT and U87/TMZ cells were 162.45 μM and 3134.15 μM 
(P<0.01), and the IC50 values for U251/WT and U251/TMZ cells were 
96.66 μM and 1633.62 μM (P < 0.01), respectively (Supplementary.1A). 
The resistance index (RI), which is defined as the ratio between the IC50 
of drug-resistant and drug-sensitive cell lines, of the U87/TMZ and 
U251/TMZ cell lines were 19.29 and 16.90, respectively, indicating the 
successful establishment of TMZ-resistant cell lines. 

TRPC5 mRNA and protein expression were examined in both U87/ 
TMZ and U251/TMZ cells. RT-PCR results indicated that TRPC5 mRNA 
levels increased in U87/TMZ or U251/TMZ cells compared to their 
respective wild-type counterparts by almost 60-fold, and the difference 
was statistically significant (P < 0.05)(Supplementary. 1B). TRPC5 
(110-120 kDa) protein levels were also considerably elevated in U87/ 
TMZ and U251/TMZ cells than those in their corresponding wild-type 
counterparts (P < 0.05)(Supplementary. 1C). β-Actin was used as an 
internal control. 

Regulation of P-gp expression and TMZ resistance via TRPC5 upregulation 
or downregulation 

To further determine the mechanism of TMZ resistance in the cell 
lines used, we focused on a common target of drug resistance—P- 
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Fig. 1. TRPC5 expression is increased in secondary glioblastoma tissue. 
(A) TRPC5 mRNA expression in primary or secondary glioblastoma tissues. TRPC5 mRNA levels increased in secondary patients after TMZ treatment (n =10 each 
group). Data were analysed using Student’s t-test. (B) TRPC5 mRNA expression in the peripheral blood of primary or secondary patients. TRPC5 mRNA expression 
increased in the peripheral blood of secondary patients (n =10 each group). Data were analysed using Student’s t-test. (C) TRPC5 protein levels in primary or 
secondary glioblastoma tissue. TRPC5 protein expression was increased in patients postchemotherapy (n =10 each group). Data were analysed using Student’s t-test. 

Fig. 2. TRPC5 activated P-gp induction in glioblastoma cells. 
(A) Protein levels of P-gp detected via western blot showed that the protein expression of P-gp increased in U87/TMZ or U251/TMZ cells compared with the 
corresponding control cells. These changes were statistically significant by Student’s t-test (P < 0.05). (B) TRPC5 was inhibited by treatment with TRPC5-siRNA (5 
nM, 24 h) in U87/TMZ cells, and western blot analysis of TRPC5 and P-gp expression indicated that the levels of these proteins were lower than those in the control. 
(C) Overexpression of TRPC5 using a TRPC5 expression-plasmid led to an enhanced expression of TRPC5 and P-gp. This difference was statistically significant by 
Student’s t-test. 
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glycoprotein (P-gp), an efflux pump protein that acts as a multidrug 
binding site by moving drugs from the endoplasm to the extracellular 
matrix. Although P-gp has been found in many other tumour cells, its 
exact role in glioblastoma remains unknown. 

First, P-gp protein expression was determined in different cell lines 
via western blot analysis. The protein (170 kDa) was highly expressed in 
U87/TMZ or U251/TMZ cells, whereas only a low expression was 
detected in its parental line U87/WT (P < 0.01)(Fig. 2A). TRPC5 was 
inhibited by TRPC5-siRNA, which also inhibited P-gp expression in 
U87/TMZ cells (Fig. 2B). In contrast, the knockdown of P-gp had no 
effect on TRPC5 protein levels (data not shown), suggesting that TRPC5 
could regulate P-gp expression. The TRPC5 plasmid was transfected into 
U87/WT and U251/WT cells, and it was observed that TRPC5 enhanced 
the expression of P-gp in both U87/WT and U251/WT cells (Fig. 2C). 
Furthermore, mock transfection with an empty plasmid did not affect P- 
gp expression. 

We also investigated the possibility of inhibiting TRPC5 to reverse 
TMZ resistance in U87/TMZ cells. CCK8 assays indicated that compared 
to U87/WT cells, U87/TMZ cells were much more resistant (19.29-fold) 
to TMZ-induced cell death (Supplementary. 1A). Many other chemo-
therapeutic drugs have also been used to evaluate the drug-resistance of 
U87/TMZ cells. U87/TMZ cells also displayed resistance to these drugs, 
including paclitaxel and vincristine (data not shown). Treatment with 
TRPC5-siRNA led to a reversal of TMZ resistance in U87/TMZ cells, with 
TMZ IC50 values reduced from 3134.15 μM to 594.22 μM (P < 0.001) 
(Fig. 3A). Furthermore, we observed enhanced sensitivity to TMZ in 
TRPC5-knockdown U87/WT cells. The TMZ IC50 values for U87/WT and 
TRPC5-knockdown U87/WT cells were 162.45 μM and 93.78 μM, 
respectively (P < 0.05) (Fig. 3B). To further confirm the effect of TRPC5 
on drug resistance, the cells were transfected with a TRPC5- 
overexpression plasmid, and the TMZ IC50 value for the transfected 
U87/WT cells was 703.72 μM (P < 0.01)(Fig. 3C). Previous research has 
pointed out that TRPC5 accelerates Ca2+ influx to activate P-gp 
expression. Thus, we measured Ca2+ influx in U87/WT cells after 
transfection with TRPC5-plasmid or TRPC5-siRNA for 24 h. Our results 
indicated that TRPC5 overexpression upregulated Ca2+ influx in U87/ 

WT cells, whereas TRPC5-siRNA inhibited Ca2+ influx (Fig. 3D). 
Therefore, the results showed that TRPC5 accelerated Ca2+ influx to 
activate P-gp expression and mediate TMZ resistance. 

TRPC5-siRNA restricted the growth of U87/TMZ tumour xenografts 

An animal model of human glioblastoma was established by injecting 
U87/TMZ or U87/WT cells into athymic nude mice (BALB/cAnNCr-nu/ 
nu). After TMZ treatment, the tumour continued to grow in size, indi-
cating that cells were resistant to TMZ (Fig. 4A). Immunoblotting 
analysis indicated that TRPC5 and P-gp levels increased in U87/TMZ- 
injected tumours compared to those in U87/WT-injected tumours 
(Fig. 4B). TRPC5 and P-gp mRNA expression was then examined, and it 
was found that both TRPC5 and P-gp mRNA expression upregulated in 
U87/TMZ-injected tumours (Fig. 4C). U87/TMZ cells pre-treated with 
TRPC5-siRNA lentivirus particles showed restricted tumour growth 
(Fig. 4D), whereas P-gp expression decreased in TRPC5-siRNA lenti-
virus-treated tumours compared to those in scramble lentivirus-treated 
tumours (Fig. 4E). 

Involvement of NFATc3 in TRPC5-regulated P-gp induction 

According to our previous results, P-gp mRNA expression was much 
higher in U87/TMZ cells than in U87/WT cells (data not shown). Ac-
cording to previous research [18], it was reported that TRPC5 mediates 
P-gp expression via a Ca2+-dependent transcription factor, a nuclear 
factor of activated T cells (NFAT). Thus, we attempted to inhibit NFAT 
activity via VIVIT, a cell permeable peptide inhibitor of NFAT that 
selectively inhibits calcineurin-mediated NFAT dephosphorylation. The 
results showed that VIVIT reduced P-gp expression in U87/TMZ cells 
(Fig. 5A). Next, we treated U87/WT and U251/WT cells with VIVIT, and 
this inhibitor also reduced P-gp expression in both cell lines (Fig. 5B). In 
CCK8 assays, VIVIT caused a remarkable reversal of TMZ resistance, 
upgrading the sensitivity of U87/TMZ cells to TMZ (P <0.01)(Fig. 5C). 

There are four isoforms of NFAT, namely NFATc1-4. Previous 
research has pointed out that in drug-resistant breast cancerous cells, 

Fig. 3. TRPC5 increased TMZ resistance in glioblastoma cells 
(A) U87/TMZ cells were first treated with TRPC5-siRNA (5 nM) for 24 h, and then with increasing concentrations of TMZ for another 24 h. The IC50 values of the 
U87/TMZ and U87/TMZ-TRPC5-siRNA cells to TMZ were 3134.15 μM and 538.52 μM, respectively. (B) U87/WT cells were first treated with TRPC5-siRNA (5 nM) 
for 24 h, and then with increasing concentrations of TMZ for another 24 h. The IC50 value of the U87/WT cell line was 93.78 μM. (C) U87/WT cells were first treated 
with a TRPC5-overexpression plasmid (1 μM) for 24 h, and then with increasing concentrations of TMZ for another 24 h. The IC50 value for the U87/WT cell line was 
703.72 μM. (D) The U87/WT cell line was treated with either a TRPC5-plasmid or TRPC5-siRNA for 24 h, and then Ca2+ influx was measured. TRPC5-plasmid 
transfection upregulated Ca2+ influx in U87/WT cells, while TRPC5-siRNA inhibited it. 
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NFATc3 activates P-gp expression [18]. Hence, we determined the 
expression levels of NFATc3 and found that NFATc3 expression in 
U87/TMZ cells was higher than in U87/WT cells (Fig. 5D). NFAT is a 
Ca2+-dependent transcription factor that is translocated from the cytosol 
to the nucleus by a rise in [Ca2+]i, which stimulates gene transcription 
[11]. Treatment with TRPC5-siRNA decreased NFATc3 expression in 
U87/TMZ cells (Fig. 5E). NFATc3 expression was also downregulated in 
TRPC5-knockdown U87/WT and U251/WT cells (Fig. 5F). Rescue ex-
periments were performed and the result indicated that VIVIT inhibited 
NFATc3 expression (Supplementary 2A). Indeed, the co-transfection of 
TRPC5 and GFP-tagged NFATc3 plasmid in U87/WT cells, along with 
the stimulation of TRPC5 expression using carbachol, induced NFATc3 
translocation from the cytoplasm to the nucleus (Fig. 5G). Next, we 
transfected TRPC5 and GFP-tagged NFATc3 plasmids in HEK-293 cells. 
The results indicated NFATc3 translocation from the cytoplasm to the 
nucleus (Fig. 5H and Supplementary 2B). Taken together, these results 
revealed a signalling pathway involving the overexpression of TRPC5, 
NFATc3 nuclear translocation, and P-gp induction. 

High expression of TRPC5 and P-gp in human glioblastoma samples 

To investigate the clinical potential of detecting P-gp expression in 
glioblastoma tissue, we re-analyzed the specimens of 10 patients whose 
glioblastomas were primary and recurrent after TMZ treatment. Im-
munoblots indicated that P-gp expression was increased in the chemo-
therapy group (Fig. 6A). Meanwhile, P-gp levels in cancer tissues were 
positively correlated with TRPC5 expression in primary (Fig. 6.B) and 
secondary glioblastoma tissues (Fig. 6C). We also assessed P-gp mRNA 
expression in peripheral blood and the results indicated that the level of 
P-gp in peripheral blood after chemotherapy was significantly higher 
than that in the control group (Fig. 6D). 

Discussion 

The efficacy of TMZ as the first-choice treatment for glioblastoma is 
limited by a high rate of drug resistance. Considerable research has 
focused on the enzyme—O6-methylguanine-DNA methyltransferase 

(MGMT), which is the effector site of TMZ binding in glioma cells [2]. 
However, MGMT inhibition failed to fully inhibit TMZ resistance. For 
this reason, this study focused on P-gp, which is the most important 
factor in many drug-resistant cancer cells. A previous study has pointed 
out that increased transcription of MDR1 led to an autonomous induc-
tion of TMZ resistance and increasing concentrations of TMZ competed 
with calcein for P-gp [19]. Our results indicated that P-gp expression 
was elevated in U87/TMZ and U251/TMZ cells. Previous research has 
identified that an increase in [Ca2+]i stimulates P-gp induction in cancer 
cells [16,23]. TRPC5 is a Ca2+-permeable non-selective cation channel 
that increases Ca2+ influx and plays an important role in neuronal 
growth cone extension [8,13], vascular smooth muscle migration [13], 
and animal fear behaviour [22]. Ma et al. determined that TRPC5 
upregulation in breast cancer leads to adriamycin resistance by 
increasing P-gp expression [18]. 

TRPC5 is abundantly expressed in the brain tissues; however, the 
function of TRPC5 in TMZ resistance in glioblastoma is not well un-
derstood. In the present study, we first evaluated TRPC5 mRNA and 
protein levels in both patient specimens and glioblastoma cell lines. Our 
results confirmed that in patients with recurrent glioblastoma, both 
TRPC5 mRNA and protein expression was upregulated. Meanwhile, 
TRPC5 mRNA and protein levels in U87/TMZ and U251/TMZ cells were 
significantly different, and the difference between TRPC5 mRNA levels 
was more obvious than the protein expression levels. This may be 
affected by translation being monitored via other mechanisms, which 
requires further investigation. Next, we determined the function of 
TRPC5 in the stimulation of P-gp induction and TMZ resistance in 
glioblastoma cells. To monitor TMZ resistance, we determined two 
different indices, P-gp expression and TMZ-induced cancer cell death. In 
TMZ-resistant U87 and U251 cells, P-gp expression increased, and both 
cell lines were more resistant to TMZ-induced cell death compared to 
wild-type cell lines. Inhibition of TRPC5 by TRPC5-siRNA decreased P- 
gp expression and reversed TMZ resistance. To further confirm the effect 
of TRPC5 on P-gp expression and TMZ resistance, the cells were trans-
fected with a TRPC5 expression plasmid. We observed an increase in P- 
gp expression and drug resistance to TMZ in these cells. We also 
confirmed that TRPC5 regulated P-gp expression and TMZ resistance in 

Fig. 4. Inhibition of TRPC5 restricted the growth of human glial tumour xenografts in athymic nude mice. (A) Athymic nude mice were injected subcutaneously with 
U87/TMZ and U87/WT cells, then treated with TMZ for 21 d. After harvest, the tumour sizes were measured. Each group contained six mice. (B) Western blot 
analysis of TRPC5 and P-gp expression showed that protein levels of TRPC5 and P-gp in tumours were significantly higher in U87/TMZ cells than in U87/WT cells. 
(Student’s t-test) (C) U87/TMZ cells were first treated with TRPC5-lentiviral particles for 72 h, and then athymic nude mice were injected subcutaneously with 
TRPC5-lentivirus-treated U87/TMZ cells. After harvest, the tumour sizes were measured. Each group contained six mice. (D) Western blot analysis of P-gp expression 
showed that P-gp levels were significantly decreased in U87/TMZ tumours treated with TRPC5-lentiviral particles compared with untreated U87/TMZ tumours. 
(Student’s t-test) Values are means ± SD of three to six experiments. 
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vivo. Meanwhile, P-gp mRNA and protein expression increased in pa-
tients with recurrent glioblastoma and was positively correlated with 
TRPC5 expression. These data demonstrate that TRPC5 is a prominent 
protein that regulates P-gp expression and mediates TMZ resistance in 
vivo and in vitro. 

NFAT is a transcription factor activated by Ca2+, which is mediated 

through the Ca2+-binding proteins calmodulin and calcineurin [11], 
where TRPC channels could mediate Ca2+ entry [20]. Previous research 
has documented that Ca2+ entry through other TRPC channels, 
including TRPC1, TRPC3, and TRPC6, could accelerate NFAT-dependent 
gene transcription [20,21]. A putative NFAT binding site can be found in 
the 5’-flanking sequence of MDR1. In breast cancer cells, TRPC5 

Fig. 5. NFATc3 mediated P-gp induction and 
affected TMZ resistance in U87/TMZ cells. (A) 
U87/TMZ cells were treated with VIVIT over-
night and P-gp protein expression was measured 
via western blot. VIVIT treatment significantly 
reduced P-gp level in U87/TMZ cells.(Student’s 
t-test) (B) U87/WT and U251/WT cells were 
treated with VIVIT overnight at the indicated 
concentrations. P-gp expression level signifi-
cantly decreased in U87/WT or U251/WT cells 
after VIVIT treatment.(Student’s t-test) (C) U87/ 
TMZ cells were treated overnight with VIVIT, 
then TMZ was incubated at different concen-
trations for 24 h. Each point represents the mean 
± SD of three measurements. (D) NFATc3 pro-
tein levels increased in U87/TMZ cells 
compared with U87/WT cells. (E) The protein 
expression of NFATc3 decreased in U87/TMZ 
cells after treatment with TRPC5-siRNA for 24 h. 
(F) Knockdown of TRPC5 downregulated 
NFATc3 expression in U87/WT and U251/WT 
cells. (G) U87/WT cells were co-transfected 
TRPC5 and GFP-tagged NFATc3 plasmids for 
24 h and a challenge with 100 μM carbachol was 
performed at the indicated time. Representative 
images of the migration of GFP-tagged NFATc3 
from the cytosol to the nucleus are shown. (H) 
HEK-293 cells were co-transfected with TRPC5 
and NFATc3 plasmid for 24 h and a challenge 
with 100 μM carbachol was performed at the 
indicated time. Representative images of the 
migration of GFP-tagged NFATc3 from the 
cytosol to the nucleus are shown. Values were 
means ± SD of the three experiments. 50 cells 
were measured in one experiment and the pro-
cedures were repeated at least three times.   
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stimulates the expression of NFAT, especially NFATc3 [18]. Thus, we 
explored the possible mechanism of action of NFAT in P-gp expression 
mediated by TRPC5. The NFAT inhibitor, VIVIT, substantially reduced 
P-gp expression in U87/WT or U251/WT cells. It also increased cell 
death and upregulated the efficacy of TMZ. In our study, we found that 
TRPC5 upregulation or downregulation could accelerate or inhibit Ca2+

influx and intracellular Ca2+ concentration, which could activate or 
inhibit the nuclear translocation of NFATc3, respectively. Meanwhile, 
the stimulation of TRPC5 by carbachol also induced the nuclear trans-
location of NFATc3. These data suggest that overexpression of TRPC5 
stimulates the nuclear translocation of NFATc3 to enhance P-gp 
induction. 

There were some limitations to our study. The inhibition of TRPC5 
did not fully restrict P-gp expression. P-gp acts as a drug transporter in 
the cell membrane to receive numerous signals to mediate drug trans-
port; hence, other mechanisms underlying P-gp regulation may exist 

without changing TRPC5 expression. In vivo, we generated subcutaneous 
glioblastoma tumours to determine the effect of TRPC5-shRNA lentiviral 
particles on P-gp and TMZ resistance. There may exist several differ-
ences between subcutaneous glioblastoma tumours and glioblastoma 
tumours in the brain; therefore, we need to orthotopically implant U87 
cells in the brain to further confirm our results. In addition, there is still 
doubt regarding the origin of the U87 cell line. Although we have con-
ducted our experiments both in U87 and U251 cell lines, more research 
should be conducted on other glioblastoma cell lines. 

In conclusion, our results demonstrate that the overexpression of 
TRPC5 stimulates NFATc3 translocation and increases P-gp expression 
and TMZ resistance both in vivo and in vitro. The inhibition/suppression 
of TRPC5 can inhibit P-gp expression and reverse TMZ resistance in 
glioblastoma cells and enhance the therapeutic effects of TMZ on glio-
blastoma both in cell lines and animal models. 

Fig. 6. Clinical utility of measuring TRPC5 and P-gp expression in patients with glioblastoma. (A) The P-gp expression level in glioblastoma tissue specimens was 
measured via western blot and a representative image is shown. P-gp protein level increased in postchemotherapy patients (n =10 each group) compared to the same 
patients before surgery. Data were analysed using Student’s t-test. (B and C) The Spearman’s rank test was used to analyse the relationship between TRPC5 and P-gp 
expression levels between primary and secondary glioblastoma tissues. (D) RT-PCR analysis of P-gp in the peripheral blood of patients with glioblastoma showed that 
the mRNA level of P-gp increased in postchemotherapy patients (n =10 each group). Data were analysed via Student t-test. (E) The signalling pathway involved in 
TRPC5-activated P-gp expression in glioma cells under exposure to TMZ is shown. 
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