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Silencing of TRPC1 regulates store-operated calcium entry and
proliferation in Huh7 hepatocellular carcinoma cells
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A B S T R A C T

Purpose: Previously, we observed reciprocal changes in TRPC1 and TRPC6 expression levels in aging rat

aorta and A7r5, rat embryonic vascular smooth muscle cells. Furthermore, downregulation of TRPC1

significantly elevated store-operated Ca2+ entry suggesting the regulatory role of TRPC1 in A7r5 cells.

Since TRPC6 upregulation shown to be associated with cell proliferation, the purpose of our study was to

investigate the functional consequences of TRPC1 ion channel downregulation by RNA interference in

Huh7 human hepatocellular carcinoma cell line.

Methods: Huh7 cells used in quantitative gene and protein expression as well as in functional analyses. To

determine mRNA and protein levels, quantitative real-time RT-PCR and western blot analyses were

performed, respectively. In functional analyses, real-time changes in proliferation, migration and

intracellular Ca2+ levels were monitored.

Results: In shTRPC1-transfected Huh7 cells, TRPC1 mRNA and protein levels significantly decreased

whereas store-operated Ca2+ entry significantly elevated. TRPC1-silencing suppressed cell proliferation

without affecting cell migration in real-time cellular analyses.

Conclusion: These results suggest that TRPC1 may take part both in regulation of store-operated Ca2+

entry and proliferation of hepatocellular carcinoma cells.

� 2015 Elsevier Masson SAS. All rights reserved.

Available online at

ScienceDirect
www.sciencedirect.com
1. Introduction

Transient receptor potential (TRP) genes were first described in
the fruit fly Drosophila melanogaster [1]. Approximately 30 members
of TRP ion channel gene superfamily have been identified in
mammalian cells until now. On the basis of amino acid sequence
similarity, TRP ion channel family has been further classified into
seven subfamilies: TRPC (canonical), TRPM (melastatin), TRPV
(vanilloid), TRPA (ankyrin), TRPP (polycystin), TRPML (mucolipin),
and TRPN (NOMPC, no mechanoreceptor potential C). TRP channels
are operational in pathological conditions such as cancer (lung,
prostate, breast), neurodegenerative disorders (Alzheimer’s disease,
epilepsy) and cardiovascular disorders (pulmonary hypertension,
cardiac hypertrophy) [2,3] along with numerous physiological
functions in vascular system such as contraction/relaxation,
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proliferation, angiogenesis and vascular remodelling [4,5]. Role of
TRPC channels in cell proliferation [6–9] and cancer treatment [10]
have been reported.

TRPC1 suggested to be the essential component of store-operated
Ca2+ entry (SOCE) channel via forming heteromultimeric combi-

nations with other TRPCs [11,12] and co-localization with the

lipid raft proteins such as caveolin-1 [13,14]. SOCE was suggested

to be a mechanism to maintain optimal endoplasmic reticulum

(ER) Ca2+ levels necessary for critical cellular processes such as

protein synthesis, cell growth, and proliferation [15]. Although,

described more than two decades ago in non-excitable cells [16]

and different activation mechanisms have been suggested, the

exact mechanism of SOCE other than being activated by store

depletion is still unclear. The generally accepted ‘‘conformational

coupling model’’ suggests a direct interaction between an

endoplasmic reticulum (ER) Ca2+ sensor, initially proposed as

inositol-3-phosohate receptor (IP3R) [17] then STIM1 [18], and

plasma membrane channels. STIM1 also suggested regulating the

function of the transmembrane protein Orai [19] and store

depletion activates STIM-Orai1 interaction leading to SOCE

[20]. TRPC1 was the most upregulated subtype in proliferative
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Table 1
Oligonucleotide sequences of RT-PCR primers.

Target accession

number

Sequence (50–30) Amplicon size

hTRPC1 F: TGCGACAAGGGTGACTATTA 176 bp

NM_003304 R: TCCATTAGTTTCTGACAACCG

hTRPC6 F: GATATCTTCAAATTCATGGTCATA 317 bp

NM_004621 R: ATCCGCATCATCCTCAATTTC

h18S rRNA F: CGACGACCCATTCGAACGTCT 312 bp

NR_003286 R: GCTATTGGAGCTGGAATTACCG

F: forward; R: reverse; bp: base pair.
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conditions and was co-localized with Orai and STIM1 in the
plasma membrane [21].

Three decades ago, Ca2+ entry found to be requisite for
neoplastic transformation [22] and Ca2+ channel blocker,
amlodipine inhibited tumor progression and increased survival
of mice [23]. Furthermore, SOCE and store depletion were both
related with apoptosis and proliferation of cancer cells [24–
26]. SOCE inhibition suppresses cell growth and proliferation due
to lack of store replenishment [27] and SOC blockers such as 2-
aminoethoxydiphenyl borate (2-APB) have anti proliferative
effects [28]. In addition, transforming growth factor-beta induces
cancer cell motility via stimulation of both intracellular Ca2+

release and Ca2+ entry through TRPC1 and Na+/Ca2+ exchangers
[29].

It was previously shown that TRPC1 and SOCE upregulated in
order to maintain elevated intracellular Ca2+ levels during cell
proliferation [30]. In addition, TRPC6 upregulation shown to be
associated with cell proliferation, suggesting a new therapeutic
approach for pulmonary vascular diseases [8]. TRPC6 was also
associated with a1-adrenergic receptor stimulated proliferation of
human prostate cancer cells with epithelial origin [9]. TRPC6
mediated increase in intracellular Ca2+ levels resulted in nuclear
translocation of NFAT and subsequent expression of proliferation-
related genes [9]. We previously showed that TRPC1 and TRPC6
expression levels were reciprocally altered in aging rat thoracic
aorta [31]. Furthermore, to delineate a possible causal relationship,
we mimicked the age-related downregulation of TRPC1 in vascular
smooth muscle cells via post-transcriptional gene silencing. In
TRPC1-silenced A7r5 cells that derived from embryonic rat aorta,
both TRPC6 expression and SOCE increased suggesting the
regulatory role of TRPC1 [32,33] and compensatory role of TRPC6
for TRPC1 loss in SOCE [32].

Based on these findings, we further investigated SOCE along
with proliferation and migration of TRPC1-silenced Huh7 hepato-
cellular carcinoma cells. Our results suggest a possible regulatory
role of TRPC1 in SOCE and proliferation of hepatocellular
carcinoma cells.

2. Materials and methods

2.1. Cell culture

Well-differentiated human hepatocellular carcinoma cell line,
Huh7 [34] cultured in DMEM (Biological Industries) supplemented
with 10% fetal bovine serum (FBS, Gibco), 2 mM L-glutamine
(Gibco), 0.1 mM non-essential aminoacid solution (Gibco). Huh7
cells, originally from Jack Wands Laboratory at Massachusetts
General Hospital, Boston, MA, was a gift from Professor Mehmet
Ozturk. Cells were tested for authenticity in 2010 and were also
regularly checked for mycoplasma contamination using MycoAlert
Mycoplasma Detection kit (Lonza) in our laboratory.

2.2. Post-transcriptional gene silencing

2.2.1. Construction of silencing vector

TRPC1-silencing shRNA sequence (shTRPC1) purchased and
cloned into pSUPERIOR.retro.neo+gfp vector (oligoengine) to
construct pSUPERIOR.shTRPC1 vector. Silencing sequence (50-
GAACAUAAAUUGCGUAGAU-30) targets 361–379th nucleotides of
TRPC1 mRNA (NM_003304). Plasmids that purified using midi kit
(Genopure, Roche Applied Science) were confirmed with restric-
tion enzyme digestion and sequencing.

2.2.2. Vector transfection

Huh7 cells transfected with 2 mg pSUPERIOR.shTRPC1 and,
empty pSUPERIOR vector as negative control, using 6 ml FugeneHD
transfection reagent (Roche Applied Science). Transfection effi-
ciency was determined by monitoring the GFP signal using
fluorescence microscopy (IX71, Olympus). After incubation per-
iods (24, 48, 72 h) effects of silencing on expression levels
measured by quantitative real-time RT-PCR and western blot
experiments.

2.3. Quantitative real-time RT-PCR

High Pure RNA Isolation Kit (Roche Applied Science) used to
isolate total RNA and reverse transcription was performed with
Transcriptor High Fidelity cDNA Synthesis Kit (Roche Applied
Science). To determine the expression level of TRPC1 and TRPC6,
real-time RT-PCR experiments performed using FastStart DNA
Master SYBR Green I kit and LightCycler 1.5 (Roche Applied
Science). Primer sequences are given in Table 1. A serially diluted
standard 18S rRNA cDNA-containing plasmid with known copy
number was used to determine the linear regression. All
expression levels normalized to that of internal 18S rRNA
([TRPCx]/[18S rRNA] � 1000).

2.4. SDS-PAGE and Western Blot

Complete lysis-M EDTA-free (Roche Applied Science) kit used to
isolate proteins and samples were boiled for 5 min before resolving
on SDS-PAGE. Proteins (40 mg) transferred onto nitrocellulose
membranes using dry blotting system (iBlot, Invitrogen). Multiplex
western blot performed using DyLight 680/800 Western Blotting
kit that contains near infrared (IR) dye conjugated secondary
antibodies (Thermo Scientific). Advantages of using IR dyes are
high sensitivity, reduced autofluorescent background and simul-
taneous detection of multiple proteins on the same blot.
Membranes incubated with TRPC1 primary antibody (anti-rabbit,
Chemicon, 1:1000) overnight at 4 8C and anti-mouse beta-actin
(Sigma, 1:5000) 1 h at room temperature. Infrared imager
(Odyssey, LI-COR Biosciences) was used to visualize bands and
optical density of each blot normalized to that of beta-actin and
represented as relative optical density.

2.5. Intracellular Ca2+ measurements

Cells were grown on round glass coverslips and imaging
performed 72 h after shTRPC1 transfection. Cells were incubated in
HEPES-buffered saline with 2.5 mM Fura-2/AM (Molecular Probes)
[35]. Changes in intracellular Ca2+ levels ([Ca2+]i) monitored
indirectly via using a dual wavelength front surface spectrofluo-
rometer (PTI QM8/2005) [32]. Fluorescence emission at 510 nm
monitored with excitation at 340 and 380 nm. Changes in
intracellular calcium levels ([Ca2+]i) expressed as ‘‘F340/F380’’
ratios. Background fluorescence determined at the end of the
experiment by quenching the fura-2 fluorescence with MnCl2
(5 mM) in the presence of 10 mM ionomycin in Ca2+-free solution
containing 2 mM EGTA [32]. Cyclopiazonic acid (CPA, 10 mM) was



Fig. 1. The presence of TRPC1 and TRPC6 mRNA in Huh7 cells. The presence of TRPC1

(A) and TRPC6 (B) mRNA in Huh7 cells confirmed by agarose gel electrophoresis of

PCR products. Total RNA isolated from cells reverse transcribed and real-time RT-

PCR performed using specific primers for TRPC1 and TRPC6. NC: negative control,

contains water instead of cDNA.
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used to activate SOCE. Cells were taken into Ca2+ free solution then
CPA was applied, following increase in Ca2+ levels due to depletion
of stores, Ca2+ was added to determine SOCE.

2.6. Real-time monitoring of proliferation and migration

Real-time and label-free impedance-based monitoring of Huh7
cells performed using xCELLigence MP and DP system (Roche
Applied Science). These impedance-based systems allow perform-
ing real-time and label-free cellular analyses. Cells transfected in
6-well plates and after 48 h incubation, 2500 cells/well seeded into
E-plate 96. Cell proliferation monitored every 30 minutes for 96 h.
Doubling time calculated with RTCA software 1.2.1 (Roche Applied
Science). For migration experiments, cells transfected in 6-well
plates and after 72 h incubation, 5000 cells/well seeded into CIM-
plate 16. In this system, microelectronic sensors are integrated
onto the underside of microporous membrane of a Boyden-like
chamber and the impedance correlates to the number of migrated
cells. Cell migration monitored every 10 minutes for 12 h. DMEM
with 10% FBS used as chemo-attractant and serum free DMEM as
control. Changes in proliferation and migration expressed as ‘‘cell
index’’.

2.7. Data analysis

Data expressed as mean � standard error of the mean. ‘‘n’’
represents the number of samples. Statistical significance between
the means of two groups was evaluated using Student’s t-test
(unpaired data), with P < 0.05 considered significant.

3. Results

3.1. Changes in TRPC expression following shTRPC1 transfection

Consistent with a previous report by El Boustany et al. [36], both
TRPC1 and TRPC6 were shown to be expressed in Huh7 cells
(Fig. 1). After TRPC1-silencing vector transfection, mRNA levels
reversibly inhibited at 24th h, a significant decrease at 48th h
(P < 0.05, n = 4–5), and recovered at 72nd h (Fig. 2A). TRPC6 mRNA
levels at 48th h did not change (Fig. 2B). TRPC1 protein levels
decreased significantly (P < 0.05, n = 3) by 60% at 72nd h after
transfection (Fig. 3).
Fig. 2. The effects of TRPC1-silencing on TRPC mRNA levels. Effects of silencing on TRPC m

rRNA. TRPC1 mRNA levels after 24, 48, 72 h incubation (A, *P < 0.05, n = 4–5); TRPC6 m
3.2. Changes in intracellular Ca2+ levels following shTRPC1
transfection

Cells grown on polystyrene cover slips and incubated with fura-
2/AM at 72 h following shTRPC1 transfection. In TRPC1-silenced
Huh7 cells, both ER Ca2+ release and SOCE induced by CPA
significantly enhanced (P < 0.05 and P < 0.01, n = 3 respectively,
Fig. 4).

3.3. Changes in Huh7 cell proliferation and migration following

shTRPC1 transfection

xCELLigence system employing electronic impedance-based
measurement was used to study real-time cell proliferation and
migration. shTRPC1 transfection did not affect the morphology of
Huh7 cells. Cell index values were used to compare proliferation
RNA levels measured by quantitative real-time RT-PCR and normalized against 18S

RNA levels after 48 h incubation (B, n = 4).



Fig. 3. The effects of TRPC1-silencing on TRPC1 protein levels. After 72 h incubation

period effects of silencing on TRPC protein levels measured by western blot

experiments. The representative image of immunoblot experiments with IR dyes,

TRPC1 and beta-actin proteins are shown in green and red, respectively (A); TRPC1

Fig. 4. The effects of TRPC1-silencing on CPA-induced intracellular calcium elevations. Cha

spectrofluorometer in fura-2/AM loaded cells. CPA-induced [Ca2+]i elevations in control

*P < 0.05, **P < 0.01, n = 3).
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rates. After shTRPC1 treatment, Huh7 cell proliferation rates
significantly suppressed between 24th to 72nd h (P < 0.01,
n = 10–11, Fig. 5A, B). Huh7 cells expressing shTRPC1 had longer
doubling time compared to the control cells (Fig. 5C). A 28 h time
interval, between 28th–56th h for control and 42nd–70th h for
shTRPC1, was chosen for calculation of doubling time. On the other
hand, shTRPC1 transfection did not affect the migration of Huh7
cells (Fig. 6, n = 9–10).

4. Discussion

4.1. Regulatory role of TRPC1 in SOCE

Suppression of TRPC1 protein levels by 60% resulted in
increase of both CPA-induced Ca2+ release and SOCE in Huh7
cells, suggesting a regulatory role of TRPC1 in SOCE that
previously suggested by our group [32] and recently reviewed
by Dietrich et al. [33]. In our previous studies, inhibition of
TRPC1 protein levels by 64% resulted in two-fold increase in
SOCE levels with three-fold increase in TPRC6 protein levels in
A7r5 cells [32]. Both in A7r5 and Huh7 cells, TRPC1 appeared to
be the regulatory subunit of SOCE as silencing of TRPC1 led to
elevation of CPA-induced SOCE [32]. Lin et al. also showed that
TRPC1 is responsible for SOCE in pulmonary artery smooth
muscle cells [37] in which TPRC1, TRPC3 and TRPC6 subtypes
were expressed. When TRPC1 protein levels were down
regulated approximately by 75%, SOCE was suppressed without
affecting the TRPC6 protein levels [37]. The degree of TRPC1-

silencing may affect the SOC channel composition by altering
the expression of other subtypes and resulting decrease or
increase in SOCE. Unchanged TRPC6 mRNA levels following
TRPC1-silencing in Huh7 cells unlike in A7r5 cells [32], may
suggest a compensatory role of a different TRPC family member
nges in intracellular calcium ([Ca2+]i) monitored via a dual wavelength front surface

 (A), shTRPC1-treated (B) cells. The cumulative data of ER Ca2+ release and SOCE (C,



Fig. 5. The effects of TRPC1-silencing on Huh7 cell proliferation. Cell proliferation determined using real-time, label-free impedance-based monitoring and changes in

proliferation expressed as ‘‘cell index’’. At 48th h following shTRPC1 transfection, 2500 cells/well seeded on E-plate 96 and real-time cell proliferation monitored for 4 days.

The proliferation curves (A), cumulative data (B, **P < 0.01, n = 10–11) and doubling time (C, **P < 0.01, n = 10–11) are shown.
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or Orai, or disruption of the SOCE regulatory mechanism in
cancer cells. The changes in Ca2+ levels through other
entry pathways in SOCE upregulated cells awaits further
investigation.
Fig. 6. The effects of TRPC1-silencing on Huh7 cell migration. Cell migration determined

expressed as ‘‘cell index’’. At 72th h following shTRPC1 transfection, 5000 cells/well see
4.2. Role of TRPC1 in Huh7 cell proliferation

In glioma cells decreased TRPC1 expression suppresses SOCE
resulting in incomplete cell division as well as in multinucleated
 using real-time, label-free impedance-based monitoring and changes in migration

ded on CIM-plate 96 and real-time cell proliferation monitored for 12 h (n = 9–10).
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cells that cannot further proliferate [38]. Although, we did not
examine the mitosis and cytokinesis, the numbers of multinucle-
ated cells in immunofluorescence images were similar between
control and TRPC1-silenced cells. Furthermore, TRPC1-silencing in
glioma cells decreases channel function and SOCE; however, we
observed significant increase in SOCE suggesting a different
underlying mechanism that is not associated with cytokinesis.
In non-small cell lung carcinoma cell lines, siRNA-mediated TRPC1
downregulation along with SOCE inhibition resulted in reduced
cyclin levels, G0/G1 cell cycle arrest and decreased cell growth
[39]. In our study, although TRPC1-silencing suppresses Huh7 cell
proliferation, both ER Ca2+ release and SOCE upregulated. In a
previous study [36], Huh7 cell proliferation was shown to be
related with TRPC6 and SOCE, along with no change in ER Ca2+

release, SOCE amplitude and cell proliferation in TRPC1-silenced
Huh7 cells in contrast to our results. This discrepancy may result
from different silencing efficiencies resulting in diverse changes in
SOCE channel subunit composition and SOCE levels. In addition,
SOCE was shown to be at control levels during G1, upregulated
during S phase whereas suppressed during mitosis in mast cells
[40]. Regulation of both SOCE and TRPC1 during different phases of
cell cycle progression may lead these controversial findings. Our
microarray results showed alterations in cell cycle regulation
genes in TRPC1-silenced cells suggesting a possible cell cycle
deregulation (unpublished data). Analysis of cell cycle distribution
and measuring newly synthesized DNA strands of proliferating
cells may further support our findings.

4.3. Role of TRPC1 in Huh7 cell migration

In our study, TRPC1-silencing resulted in stimulation of both ER
Ca2+ release and SOCE suggesting a possible induction of Huh7 cell
motility. However, real-time cell migration was monitored in
medium containing 10% FBS as chemo-attractant and TRPC1-
silencing did not change Huh7 cell migration. TRPC1 is reportedly
associated with chemotactic migration of human malignant
gliomas without affecting unstimulated cell motility [41]. Contri-
bution of TRPC1 in chemotactic migration of Huh7 cells may
further investigated in the presence of a different chemo-attractant
such as hepatocyte growth factor that stimulates Huh7 migration
in a dose-dependent manner by activation of phosphatidylinositol-
3-kinase [41].

5. Conclusion

In conclusion, our study provides evidence for the regulatory
role of TRPC1 in SOCE and its possible contribution to Huh7 cell
proliferation. Our data may contribute overall knowledge on SOCE
and TRPC1-related cellular mechanisms involved in hepatocellular
carcinogenesis, the third leading cause of death from cancer in the
world.
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