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BACKGROUND AND PURPOSE
Ca2+ influx is important for cell cycle progression, but the mechanisms involved seem to vary. We investigated the potential
roles of transient receptor potential (TRP) channels and store-operated Ca2+ entry (SOCE)-related molecules STIM (stromal
interaction molecule)/Orai in the cell cycle progression of rat bone marrow stromal cells (BMSCs), a reliable therapeutic
resource for regenerative medicine.

EXPERIMENTAL APPROACH
PCR and immunoblot analyses were used to examine mRNA and protein levels, fluorescence imaging and patch clamping for
Ca2+ influx and membrane potential measurements, and flow cytometry for cell cycle analysis.

KEY RESULTS
Cell cycle synchronization of BMSCs revealed S phase-specific enhancement of TRPC1, STIM and Orai mRNA and protein
expression. In contrast, TRPC6 expression decreased in the S phase and increased in the G1 phase. Resting membrane
potential (RMP) of BMSCs was most negative and positive in the S and G1 phases, respectively, and was accompanied by an
enhancement and attenuation of SOCE respectively. Chemically depolarizing/hyperpolarizing the membrane erased these
differences in SOCE magnitude during the cell cycle. siRNA knockdown of TRPC6 produced a negative shift in RMP, increased
SOCE and caused redistribution of BMSCs with increased populations in the S and G2/M phases and accumulation of cyclins
A2 and B1. A low concentration of Gd3+ (1 μM) suppressed BMSC proliferation at its concentration to inhibit SOC channels
relatively specifically.

CONCLUSIONS AND IMPLICATIONS
TRPC6, by changing the membrane potential, plays a pivotal role in controlling the SOCE magnitude, which is critical for cell
cycle progression of BMSCs. This finding provides a new therapeutic strategy for regulating BMSC proliferation.

Abbreviations
CPA, cyclopiazonic acid; FUCCI, fluorescent ubiquitination-based cell cycle indicator; NMDG, N-methyl-D-glucamine;
OAG, 1-oleoyl-2-acetyl-sn-glycerol; Pyr2, pyrazole compound-2; RMP, resting membrane potential; SOC, store-operated
channel; SOCE, store-operated Ca2+ entry; STIM, stromal interaction molecule; TRP, transient receptor potential; TRPC,
canonical TRP
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Table of Links

TARGETS LIGANDS

Akt (PKB) Cyclopiazonic acid

CDK 5-fluorouracil

M2 receptor Gd3+

TRPC1 OAG

TRPC6 Thymidine

TRPM5

This Table lists key protein targets and ligands in this document, which are hyperlinked to corresponding entries in http://
www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are
permanently archived in the Concise Guide to PHARMACOLOGY 2013/14 (Alexander et al., 2013a,b,c).

Introduction

Bone marrow stromal cells (BMSCs) are non-haematopoietic
cells residing in the bone marrow cavity (Krebsbach et al.,
1999). BMSCs include mesenchymal stem cells (MSCs),
which differentiate into osteoblasts, adipocytes and chondro-
cytes in vitro, and thus can be used as a reliable therapeutic
resource for regenerative medicine and bioengineering
(Prockop, 1997; Pittenger et al., 1999; Uccelli et al., 2008).
Controlling the proliferative potential and cell cycle progres-
sion of MSCs is an attractive approach to maximizing the
yield of MSCs during expansion in vitro. In addition, identi-
fying the cell cycle-driving machinery or mechanism of MSCs
will increase our understanding of stem cell-specific proper-
ties such as self-renewal and multilineage differentiation
potential (Caplan, 2007). It is known that intracellular sig-
nalling activated by growth factors/hormones and cytokines
is crucial for the growth and differentiation of MSCs (Pricola
et al., 2009), but the mechanisms underlying these processes
remain poorly understood.

Intracellular Ca2+ regulates a multitude of cellular events
including fertilization, contraction, cell growth and differen-
tiation (Berridge et al., 2003). Ca2+ influx via both voltage-
gated and non-voltage-gated Ca2+ entry channels plays
important roles in cell cycle progression in many types of
cells (Beech, 2007; Oguri et al., 2010). Transient receptor
potential (TRP) and store-operated (SOC) channels are recog-
nized as the main families of non-voltage-gated Ca2+ channels
(Elliott, 2001). Mammalian TRP channels are classified into
six subfamilies (TRPC, TRPM, TRPV, TRPP, TRPA and TRPML)
and are activated by various physicochemical stimuli (Nilius
et al., 2007). TRPC channels are activated by stimulation of
PLC-coupled receptors via generation of DAG or depletion of
intracellular Ca2+ stores (Nilius et al., 2007) and permeate
both Na+ and Ca2+. SOC channels can be activated by store
depletion per se irrespective of receptor stimulation and show
a high selectivity for Ca2+ (Parekh, 2007). Many recent studies
have proposed that STIM (stromal interaction molecule)/Orai
families are the main pore-forming/regulatory molecules
responsible for SOC channels (Cahalan, 2009). Several reports
have demonstrated that TRP/SOC channels contribute to
cell growth regulation (Abdullaev et al., 2008; Cheng et al.,
2010; El Boustany et al., 2010; Armisén et al., 2011; Becchetti,

2011; Dhennin-Duthille et al., 2011), but the mechanism(s)
involved therein seems variable depending on the cell type.

In this study, we explored the roles of TRP channels and
store-operated Ca2+ entry (SOCE)-related molecules, STIM and
Orai, in the Ca2+-dependent regulation of cell cycle progres-
sion of BMSCs. We found that, in the S phase, the expression
levels of TRPC1, STIM and Orai were significantly increased
together with the increased magnitude of SOCE, whereas that
of TRPC6 was markedly reduced. Furthermore, membrane
potential measurement and flow cytometric cell cycle analy-
sis combined with siRNA knockdown techniques suggested
that the transmembrane gradient for Ca2+ influx, which is
effectively regulated by the depolarizing activity of TRPC6, is
critical for BMSC proliferation.

Methods

Cell culture
All animals were handled in accordance with the ‘Rules of Ani-
mal Experimentation Committee, Fukuoka University School
of Medicine’. Standard culture medium was Eagle’s minimum
essential medium with Eagle’s salts (E-MEM; Wako, Tokyo,
Japan) supplemented with 10% heat-inactivated FBS (Nichirei
Biosciences Inc., Tokyo, Japan) and antibiotics (100 U·mL−1

penicillin, 100 μg·mL−1 streptomycin and 0.25 μg·mL−1

amphotericin B; Sigma-Aldrich, St. Louis, MO, USA).
The isolation and culture of BMSCs were performed as

described previously (Ichikawa and Gemba, 2009). Briefly,
BMSCs were isolated from the femoral shaft of male Fischer
344 rats (6 or 7 weeks old; CLEA Japan, Inc., Tokyo, Japan).
Both ends of the femurs were cut at the epiphyses and the
marrow was flushed out using 10 mL of culture medium
expelled from a syringe through a 21 gauge needle. The bone
marrow suspensions were cultured in 75 cm2 culture flasks.
Culture medium was changed 24 h later to remove non-
adherent cells and subsequently renewed every 2–3 days.
Adherent cells were allowed to grow as a monolayer in a
humidified atmosphere at 5% CO2 and 37°C for 1–2 weeks
until reaching confluency. Cells were then dissociated using
trypsin and replated on coverslips (0.12–0.17 mm thickness
and 4 × 6 mm in size; Matsunami, Osaka, Japan) for fluores-
cence digital imaging and patch-clamping experiments, or
maintained in culture dishes for other assays.
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Cell cycle synchronization
After serum deprivation for 24–48 h in 0.1% FBS-containing
MEM, cells were stimulated for 4 days using the following
cell cycle-arresting drugs dissolved in 10% FBS-containing
medium; mimosine (0.4 mM), thymidine (10 mM), 5-
fluorouracil (400 μM) and demecolcine (60 ng·mL−1) for the
G1, S, G2 and M phases respectively.

Expression of FUCCI (fluorescent
ubiquitination-based cell cycle indicator)
To visualize cell cycle stages of each cell tested, the Premo™
FUCCI Cell Cycle Sensor (Invitrogen, Carlsbad, CA, USA) was
used according to the manufacturer’s instructions. To detect
geminin-GFP (S, G2 and M phases) and Cdt1-RFP (G1 phase)
fluorescence, a set of multiband filters (DAPI/FITC/TRITC,
Semrock, Lake Forest, IL, USA) were equipped on a fluores-
cence microscope.

siRNA procedure
Stealth™ siRNA duplexes specific for targeted proteins (Inv-
itrogen) were transfected to BMSCs using Lipofectamine 2000
(Invitrogen), according to the manufacturer’s instructions.
For a negative control, we used Stealth RNAi duplexes (Inv-
itrogen) with minimal sequence homology to any vertebrate
transcripts and medium GC content.

Quantitative real-time PCR
Total RNA was isolated using the ‘RNAeasy’ mini kit (Qiagen,
Venlo, the Netherlands) and cDNA was synthesized from
total RNA using the ‘high capacity cDNA reverse transcrip-
tion kit’ (Applied Biosystems, Foster City, CA, USA) according
to the manufacturer’s instructions. Quantitative real-time
PCR was performed using the 7500Fast real-time PCR system
(Applied Biosystems) according to the manufacturer’s instruc-
tions. The sequences of oligonucleotide primers used for the
amplification reaction are described in Supporting Informa-
tion Table S1. Rat 18SrRNA, an endogenous housekeeping
gene, was used as an internal control to assess the overall
cDNA content. Amplification was performed in a final
volume of 20 μL, which contained templates, primers and the
Power SYBR® Green PCR Master Mix (Applied Biosystems).
The amplification programme was as follows: 95°C for
10 min followed by 40 cycles of 95°C for 15 s and 60°C for
1 min. The operating software of the 7500Fast real-time PCR
system was used for automated data collection and data
analysis. The analysed data are presented as ratios compared
with the controls. At least five independent experiments in
four rats were performed.

Immunoblotting
Total cell lysates from BMSCs were prepared in sample
buffer. The total protein concentration of the sample was
determined using the bicinchoninic acid protein assay kit
(Pierce, Rockford, IL, USA). Before electrophoresis, 5% (v/v)
2-mercaptoethanol and 1% (w/v) bromophenol blue were
added to the sample, and proteins were separated by 10%
(w/v) SDS-PAGE and electrophoretically transferred to a PVDF
membrane. The membrane was blocked with 5% (w/v)
skimmed milk dissolved in Tween-PBS and then incubated
with appropriate primary antibodies diluted as recommended

by the manufacturers. Protein expression was visualized by
incubating the membrane with a secondary antibody conju-
gated with HRP.

Proliferation assay
To assay cell numbers, WST-8 [2-(2-methoxy-4-nitrophenyl)-
3- (4-nitrophenyl) -5- (2,4-disulfophenyl) -2H-tetrazolium,
monosodium salt], known commercially as the ‘Cell Count-
ing Kit-8’ (Dojindo, Kumamoto, Japan), was used according
to the manufacturer’s instructions. The colourless substrate
WST-8 was reduced by intracellular dehydrogenase to water-
soluble, orange-coloured formazan. The amount of formazan
could be directly measured spectrophotometrically at
450 nm. Cells cultured in 96-well plates were incubated with
the Cell Counting Kit-8 for 90 min at 37°C and then the
absorbance at 450 nm was measured in triplicate wells using
a microplate reader (TriStar LB941, Berthold Technologies,
Bad Wildbad, Germany).

Flow cytometry
Cells were harvested by trypsinization, washed with PBS and
then incubated in propidium iodide/Triton X-100 staining
solution with RNase A for 10 min at room temperature. The
DNA content of stained cells was measured using a flow
cytometer (FACSCanto II, BD Biosciences, San Jose, CA, USA)
and its cell cycle-dependent distribution was analysed using
the ModFit LT 3.0 software.

Measurement of [Ca2+]i and
membrane potential
The intracellular Ca2+ concentration ([Ca2+]i) was monitored
by use of a digital fluorescence imaging technique. Briefly,
cells plated on a glass coverslip were loaded with fura
2-acetoxymethyl ester (2 μM) at 37°C for 30 min. With alter-
nating excitations at 340 and 380 nm, the intensity of fura 2
fluorescence emitted at 510 nm (±10 nm) was measured using
a digital fluorescence image analysis system consisting of
an inverted fluorescence microscope (DMI600B; Leica
Microsystems GmbH, Wetzlar, Germany) and a low-noise,
high-intensifying EMCCD camera (QuantEM 512SC, Photo-
metrics, Tucson, AZ, USA). Data acquisition and analysis were
performed using the software SlideBook 4.2 (Intelligent
Imaging Innovation, Inc., Denver, CO, USA). The fluores-
cence values obtained were corrected for background fluores-
cence and autofluorescence, and changes in [Ca2+]i were
defined as the ratio of corrected fluorescence intensities at
340 and 380 nm (F340/F380).

For the measurement of membrane potential, cells were
loaded with DiBAC4(3) (2 μM) at 37°C for 30 min. The inten-
sity of DiBAC4(3) fluorescence emitted at 510 nm with
488 nm excitation was measured using the same system as
described for [Ca2+]i measurement.

Electrophysiology
Membrane currents were recorded using the tight-seal, whole-
cell patch-clamp technique. Patch electrodes with a resistance
of 4–6 MΩ (when filled with internal solution) were made
from 1.5 mm borosilicate glass capillaries using an automated
electrode puller (Sutter Instrument, Novato, CA, USA) and
heat-polished. Voltage generation and current signal acquisi-
tion were performed using a patch-clamp amplifier (EPC-10,
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HEKA Electronics, Lambrecht/Pfalz, Germany) controlled
by the PatchMaster v. 2 × 53 software (HEKA Electronics).
Current clamp recordings were performed with an A/D-, D/A-
converter MacLab/4e (ADInstruments, Dunedin, New
Zealand) and data evaluation was made by the Chart v. 4.2
software (ADInstruments). Cells showing a leak more negative
than −5 pA at −60 mV after the establishment of whole-cell
conditions were not included in the evaluation because the
artificial leak seriously affected the value of the resting mem-
brane potential (RMP). The pipette solution consisted of
(mM): 140 KCl, 2 MgCl2, 1 EGTA, 10 HEPES, 2 ATP, 0.1 GTP, 10
glucose (adjusted to pH 7.2 with Tris base). Bath solution
consisted of (mM): 140 NaCl, 5 KCl, 1.2 MgCl2, 1.8 CaCl2, 10
HEPES, 10 glucose (adjusted to pH 7.4 with Tris base). Test
solutions were rapidly applied using a handmade solenoid-
driven fast solution change device ‘Y-tube’. For perforated
patch-clamp recording, an aliquot of the stock solution of
nystatin (Calbiochem, Darmstadt, Germany) dissolved in
methanol (5 mg·mL−1) was diluted 25 times in pipette
solution and ultrasonicated immediately before use. Nystatin-
suspending pipette solution was filtered to remove undis-
solved nystatin aggregates. Approximately 1–2 min after
‘giga’ seal formation, a sufficiently low access resistance (typi-
cally < 20 MΩ) was attained using nystatin-mediated mem-
brane perforation.

Solutions
Standard bath solution used for fluorescence imaging con-
sisted of (mM): 140 NaCl, 5 KCl, 1.2 MgCl2, 1.8 CaCl2, 10
HEPES, 10 glucose (adjusted to pH 7.4 with Tris base). Ca2+-
free solution consisted of (mM): 140 NaCl, 5 KCl, 1.2 MgCl2,
1 EGTA, 10 HEPES, 10 glucose (adjusted to pH 7.4 with Tris
base). High-K+ solution consisted of (mM): 45 NaCl, 100 KCl,
1.2 MgCl2, 1.8 CaCl2, 10 HEPES, 10 glucose (adjusted to
pH 7.4 with Tris base). Na+-free-external solution [N-methyl-
D-glucamine (NMDG) solution] was made by equimolar sub-
stitution of Na+ with NMDG.

Drugs and antibodies
Drugs for cell cycle synchronization (mimosine, thymidine,
5-fluorouracil and demecolcine) were purchased from Sigma-
Aldrich. Gadolinium chloride was purchased from Sigma-
Aldrich and cyclopiazonic acid (CPA) from Calbiochem.
1-Oleoyl-2-acetyl-sn-glycerol (OAG) was purchased from
Cayman Chemical (Ann Arbor, MI, USA). Pyrazole
compound-2 (Pyr2) was kindly supplied by Professor Yasuo
Mori of Kyoto University.

Antibodies against TRPC1 and TRPC6 were purchased from
Alomone labs (Jerusalem, Israel). Other antibodies were as
follows: anti-STIM1 (Sigma-Aldrich), anti-STIM2 and anti-
Orai3 (AnaSpec, Fremont, CA, USA), anti-Orai1 and anti-Orai2
(Osenses, Keswick, Australia), anti-phospho-Akt, anti-Akt and
anti-cyclin D1 (Cell Signaling Technology, Danvers, MA, USA)
and anti-β-actin (Abcam, Cambridge, UK).

Statistical analysis
All data are expressed as means ± SEM. For a single compari-
son, Student’s unpaired t-test was used to evaluate statistical
significance. For multiple comparisons, statistical significance
was evaluated by one-way ANOVA followed by Tukey–Kramer
or Steel–Dwass multiple comparison post hoc tests.

Results

Cell cycle-dependent expression of TRPC
and STIM/Orai
We first analysed the expression of TRPC, STIM and Orai
subtypes in rat BMSCs using conventional reverse
transcription-PCR with subtype-specific primers (Supporting
Information Table S1). As shown in Figure 1A, BMSCs express
TRPC1, TRPC6 and all subtypes of STIM (STIM1, STIM2) and
Orai (Orai1, Orai2, Orai3). To compare their mRNA levels at
different cell cycle stages, we next carried out quantitative
real-time PCR analyses in cell cycle-synchronized cultures.
The total number of phase-arrested cells was significantly
smaller than that of the control, but there was little noticeable
increase in the number of dead cells (Figure 1B). Synchroni-
zation procedures (see the Methods section) significantly
increased the fraction of cells arrested in each cell cycle phase
(Figure 1C,D). The mRNA levels of TRPC1, STIM and Orai
increased several fold in the S phase, but tended to decrease
during the G1 phase (Figure 1E). Quite oppositely, however,
the TRPC6 mRNA level was significantly decreased in the S
phase (P < 0.01, Figure 1E), but increased in the G1 phase (P <
0.001, Figure 1E). This expression pattern was also confirmed
at the protein level by immunoblotting (Figure 1F). These
results imply that, compared with the other molecules related
to Ca2+ mobilization (i.e. TRPC1 and STIM/Orai), TRPC6 may
play a unique role in BMSC cell cycle progression.

Cell cycle-dependent Ca2+ channel activities
To elucidate the functional significance of differences
observed upon cell cycle synchronization, we performed Ca2+-
imaging experiments. The magnitude of Ca2+ influx induced
by reintroduction of Ca2+ following store depletion (SOCE)
was largest in the S phase, whereas smallest in the G1 phase
(Figure 2A,B). The opposite pattern was observed for Ca2+

influx induced by the application of a membrane-permeable
DAG analogue OAG (Figure 2C,D). These results clearly indi-
cate the cell cycle dependence of store depletion- and DAG-
activated Ca2+-transporting activities, which paralleled the
expression levels of their molecular correlates (see the former
section Cell cycle-dependent expression of TRPC and STIM/
Orai), that is TRPC1 or STIM/Orai and TRPC6 respectively
(Hofmann et al., 1999; Potier and Trebak, 2008; Vaca, 2010).

We also compared the effects of cell cycle synchronization
on the basal [Ca2+]i level, in the presence and absence of
external Ca2+ without CPA treatment. In the presence of
external Ca2+, basal [Ca2+]i was not significantly different
among different cell cycle stages [F340/F380 = 0.89 ± 0.050, 0.92
± 0.075, 0.90 ± 0.080 and 0.88 ± 0.060 in the G1, S, G2 and M
phases, respectively; each value represents the average of the
means (from 50 to 60 cells) of four independent experi-
ments]. However, when external Ca2+ was removed, basal
[Ca2+]i decreased significantly less in the G1 phase compared
with other phases [P < 0.05 by ANOVA with Tukey–Kramer test;
ΔF340/F380 = 0.14 ± 0.015, 0.30 ± 0.025, 0.25 ± 0.020 and 0.24
± 0.025 in the G1, S, G2 and M phases, respectively; each value
represents the average of the means (from 50 to 60 cells) of
four independent experiments]. These results suggest that,
although the absolute basal [Ca2+]i level is not significantly
different, the magnitude of basal Ca2+ influx is reduced during
the G1 phase of the cell cycle.
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RMP is deepest in the S phase
Up-regulation of SOCE-related molecules, such as TRPC1 and
STIM/Orai (Figure 1E) and of SOCE (Figure 2A,B), during the
S phase is suggestive of their roles for driving the cell cycle
towards the S phase. However, the reciprocal decrease of
TRPC6 expression in the same cell cycle phase is somewhat
perplexing. It should, however, be noted that TRPC6 can
predominantly permeate Na+, being capable of positively
shifting the RMP (Estacion et al., 2006). In addition, in non-
excitable cells, such as BMSCs, RMP has been reported to
affect the transmembrane Ca2+ influx in such a way that
depolarization decreases it (Gees et al., 2010).

To explore the above possibility for BMSCs and to under-
stand the role of RMP for cell cycle regulation more exactly,
we systematically investigated the cell cycle dependence of

RMP in BMSCs arrested at various stages of the cell cycle. As
summarized in Figure 3A,B, the average RMP values were
most negative in the S phase while least negative in the G1

phase. These results are consistent with the cell cycle-
dependent pattern of TRPC6 expression that was observed by
PCR and immunoblot analyses (Figure 1E,F).

Although cell cycle synchronization procedures seemed
effective to arrest BMSCs in the aimed phases, a minority of
cells still remained unsychronized (Figure 1D), which may
have introduced some errors in the evaluation. We therefore
attempted to determine both cell cycle phases and RMPs
in individual BMSCs using a cell cycle sensor FUCCI
(Sakaue-Sawano et al., 2008), without disturbing the cell cycle
progression. As illustrated and demonstrated in Figure 3C,D
respectively, FUCCI-expressing BMSCs showed red-, green- or
yellow-coloured fluorescence depending on the cell cycle

Figure 1
Cell cycle-dependent changes in the expression of TRPC1, TRPC6 and all subtypes of STIM and Orai in BMSCs. (A) mRNA expression profile of
TRPC, STIM and Orai subtypes in non-synchronized BMSCs. Representative data of conventional PCR obtained from BMSC mRNAs extracted from
seven rats. (B) phase-contrast images of cell cycle-synchronized BMSCs. Each cell cycle stage is labelled. The scale bar indicates 100 μm. All
photographs were taken 4 days after drug application. Control (cont): non-synchronized cells. (C) representative histograms of cell cycle
phase-synchronized BMSCs. All data were obtained 4 days after drug application. (D) Cell cycle distribution presented as % at different cell cycle
stages evaluated by flow cytometry. Data are the averages of six experiments for each stage. **Significantly different from the control
(unsynchronized) for each cell cycle stage (P < 0.01; Student’s unpaired t-test). (E) mRNA expression levels of TRPC1, TRPC6, STIM and Orai at
different stages of the cell cycle evaluated using real-time PCR analysis. In each graph, data are normalized to control (unsynchronized) and
represent the mean of six independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001, significantly different from the control; Student’s unpaired
t-test. (F) Western blot analysis of TRPC1, TRPC6, STIM and Orai at different cell cycle stages. Data are representative of six experiments.
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phase in which they predominantly resided. The RMPs
recorded from red-coloured BMSCs (−44.0 ± 1.1 mV; G1

phase) were considerably less negative than those of green-
coloured (−61.0 ± 2.9 mV; S/G2/M phase) or yellow-coloured
(−58.0 ± 1.9 mV; G1/S transition) BMSCs (Figure 3E). The rela-
tively scattered RMP values in the G2/S/M phase (Figure 3F)
may reflect the rather wide range of RMPs recorded from the
three different cell cycle stages (i.e. S, G2 and M). A similar
tendency of reduced RMP in the G1 phase was also observed
by the nystatin-perforated current clamp recording [−52.8 ±
8 mV in the G1 phase (red, n = 21), −67 ± 14 mV in the S/G2/M
phase (green, n = 7), and −64.5 ± 12 mV in the G1/S transition
(yellow, n = 7)].

Combined with the results of Ca2+-imaging and PCR/
immunoblot analyses, these results collectively suggest that
RMP is critical to determine the magnitude of SOCE during
cell cycle progression (Figure 2B), to which the expression
level of TRPC6 may substantially contribute (see succeeding
sections).

Chemical clamping of RMP equalizes the
magnitude of SOCE
To further corroborate the idea that RMP can itself alter the
magnitude of SOCE in BMSCs, we employed two widely used
membrane-depolarizing/hyperpolarizing manoeuvres.

As shown in Figure 4A, when bathed in a high
K+-solution, DiBAC4(3) fluorescence of BMSCs increased (i.e.
depolarization occurred). It subsequently reached levels
indistinguishable among different cell cycle stages. Similarly,

bathing BMSCs in Na+-free solution (Na+ was substituted with
NMDG), which decreased the DiBAC4(3) fluorescence (i.e.
hyperpolarization occurred), also abolished the cell cycle-
dependent differences in fluorescence (Figure 4A). Impor-
tantly, under these conditions, differences in the magnitude
of SOCE observed among different cell cycle phases
(Figure 2A,B) diminished almost completely, giving similarly
decreased and increased magnitudes with depolarizing and
hyperpolarizing procedures respectively (Figure 4B,C).

These results provide further compelling evidence that
RMP itself is a crucial regulator for SOCE in BMSCs.

Knockdown of TRPC6 deepens the RMP and
increases SOCE
To explore whether the expression level of TRPC6 causally
regulates cell cycle-dependent changes in RMP and thereby
the magnitude of SOCE in BMSCs, we assessed the effects of
siRNA knockdown of TRPC6 on the RMP and SOCE with a
voltage-sensitive fluorescent dye DiBAC4(3) and by the
current clamp and Ca2+ imaging techniques. In preliminary
experiments, we confirmed that TRPC6-targetting siRNA
(siTRPC6) selectively inhibited TRPC6 expression (Supporting
Information Figs. S1 and S2), as well as the response to OAG
(Supporting Information Fig. S3).

DiBAC4(3) signals significantly decreased in siTRPC6-
treated BMSCs; that is the RMP became hyperpolarized, as
compared with those treated with control siRNA (siCon). In
contrast, TRPC1-targetting siRNA (siTRPC1) was totally inef-
fective (Figure 5A). In current clamp experiments, siTRPC6

Figure 2
Store-operated (SOC) and OAG-evoked Ca2+ influxes in cell cycle-synchronized BMSCs. (A) Typical traces for SOCE at different stages of cell cycle.
Cells were first depleted of stored Ca2+ by CPA (10 μM) in the absence of external Ca2+ and then re-exposed to 1.8 mM Ca2+-containing external
solution, which caused a large increase in [Ca2+]i. (B) The peaks of the SOC-mediated increases in [Ca2+]i at different stages of cell cycle. Data are
the averages of eight independent experiments (each represents the mean of 50–80 cells). **Statistically significant (P < 0.01) with ANOVA followed
by Tukey–Kramer test. (C) Typical traces for OAG (100 μM)-evoked [Ca2+]i increase at different cell cycle stages. (D) Magnitudes of OAG-evoked
[Ca2+]i increases at different cell cycle stages. Data are the averages of five independent experiments, each of which represents the mean of 50–70
cells. **Statistically significant (P < 0.01) with ANOVA followed by Tukey–Kramer test. Traces in panels A and C show the average time courses of
[Ca2+]i changes in more than 50 cells recorded on the same day.
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treatment also caused a hyperpolarizing shift of RMP in
BMSCs as compared with siTRPC1 or siCon treatment (−54.7
± 1.8 mV in siTRPC6, −45.7 ± 2.4 mV in siTRPC1 and −43.1 ±
1.6 mV in control for siRNA; Figure 5B). Concomitantly, the
magnitude of SOCE was significantly enhanced by siTRPC6
treatment (Figure 5C,D).

These results are consistent with the idea that, in the S
phase, the RMP of BMSCs is maintained at a more hyperpo-
larized level than in the other phases via decreased basal
TRPC6 activity, and that this hyperpolarized RMP level
enhances the magnitude of SOCE by increasing the driving
force for Ca2+ influx.

Knockdown of TRPC6 affects cell cycle
progression and changes the expression
pattern of cyclins
Finally, to more directly investigate the participation of
TRPC6 channel in cell cycle progression of BMSCs, we ana-
lysed the effect of TRPC6 knockdown on cell cycle distribu-
tion, as well as the expression pattern of cyclins, key
regulators of cell cycle progression (Coqueret, 2002). We per-
formed cell cycle analyses at 4 days after siRNA treatment,
when the expression of TRPC6 was selectively reduced (Sup-
porting Information Figs. S1 and S2).

siRNA knockdown of TRPC6 dramatically changed the
cell cycle distribution profile of BMSCs, with about twofold
increases in the S and G2/M phases (23.0% vs. 11.0% and
46.5% vs. 22.0% respectively; Figure 6B and Table 1). These
changes were accompanied by the accumulation of cyclins
A2 and B1, the major cyclins known to be up-regulated prior
to G1 phase entry (6.6- and 4.0-fold increases respectively;
Figure 7).

Figure 3
Cell cycle-dependent changes in the RMP of BMSC. (A) DiBAC4(3)-based RMP measurements at different cell cycle phases. Columns represent the
averages of data from six independent experiments, each of which represents the mean from 50–80 cells. **Statistically significant (P < 0.01) with
ANOVA followed by Tukey–Kramer test. (B) RMP recorded using the current clamp method at different cell cycle phases. Data represent the average
of 17 (G1), 12 (S), 10 (G2) and 15 (M) cells for each stage. **Significantly different among the four cell cycle stages (P < 0.01) with ANOVA followed
by Tukey–Kramer test. (C) Schematic presentation of FUCCI-based, cell cycle-dependent colour changes. (D) Fluorescence image of FUCCI-
expressing BMSCs. The scale bar indicates 50 μm. (E) Summary of FUCCI-based RMP measurements in BMSCs obtained by using current clamp
recording. Columns represent averaged RMP values from 23 (G1), 7 (G1/S transition) and 14 (S/G2/M) cells for each stage respectively.
**Significantly different among the three stages (P < 0.01) with ANOVA with Steel–Dwass test. (F) Distribution of respective RMP values is shown
in Figure 4E. Note that the FUCCI system cannot distinguish among the S/G2/M phases.

Table 1
Summary of the effects of TRPC6 knockdown on cell cycle
progression

Culture
condition

Cell cycle phase (%)

G0/G1 S G2/M

siCon 67.0 ± 4.0 11.0 ± 1.3 22.0 ± 2.0

siTRPC6 30.5 ± 2.9** 23.0 ± 2.0** 46.5 ± 1.8**

Values were taken from Figure 6B. siCon, negative control
siRNA; siTRPC6, TRPC6-specific siRNA. Data represent the means
± SEM of six independent experiments. **Significantly different
compared with siCon (P < 0.01, Student’s unpaired t-test).
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These results strongly suggest that TRPC6 activity is essen-
tial for cell cycle progression during the G1 phase in BMSCs.

Pharmacological inhibition of TRPC and SOC
channels suppresses cell proliferation
In another series of experiments, we tested the effects of
pharmacological inhibition of SOCE on BMSC proliferation.
As there is no ideally specific inhibitor for SOC channel, we
chose its representative inhibitor Gd3+ (1 μM). This concen-
tration of Gd3+ has been reported to block SOCE with little
effect on TRP channel activities (Trebak et al., 2002). The
application of Gd3+ at 1 μM did not affect RMP measured by

either DiBAC4(3) fluorescence imaging or current clamp
recording (data not shown). On the other hand, Gd3+ effec-
tively slowed BMSC proliferation (Figure 8) and concomi-
tantly suppressed store depletion-induced Ca2+ elevation
(Supporting Information Fig. S4). Although circumstantial,
these results indicate that cell cycle-dependent expression of
STIM/Orai and the resultant changes in the magnitude of
SOCE are not epiphenomena, but of primary importance for
BMSC proliferation.

As for the role of TRPC6 channel in BMSC proliferation,
we could not unequivocally test it because there is no known
specific inhibitor for this channel. We, however, found that a
reportedly TRPC-selective compound Pyr2 (Kiyonaka et al.,

Figure 4
Excessive depolarization or hyperpolarization reduces the cell cycle-dependent differences in SOCE. (A) summary of RMP values at respective cell
cycle stages under depolarized (by high extracellular K+) or hyperpolarized (by replacing extracellular Na+ to NMDG) conditions. Columns indicate
the averages of six independent experiments (each represents the mean of 50–80 cells). Control is the same as shown in Figure 3A. (B) Actual
records of SOCE for control (control), high-K+ (depolarized) or Na+-free (NMDG-substituted; hyperpolarized) conditions at different cell cycle
stages. Traces show the averaged time courses from more than 50 cells obtained on the same day. Control traces are the same as shown in
Figure 2A. (C) Summary of the peak magnitude of SOCE at respective cell cycle stages under control (cont), high-K+ (depo) or Na+-free
(NMDG-substituted; hyper) conditions. Data for high-K+ (depo) or Na+-free (hyper) conditions are the averages of six independent experiments
(each represents the mean of at least 50–80 cells). Data for control (cont) are the same as those shown in Figure 2B (averaged from eight
independent experiments, each of which represents the mean of at least 50–80 cells).
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2009) also inhibited BMSC proliferation (Supporting Infor-
mation Fig. S5), but this compound recently turned out to
inhibit SOCE non-specifically (Schleifer et al., 2012).

Discussion and conclusions
In this study, we found that the expression levels of
TRPC1/C6 and SOCE-related molecules (STIM and Orai) in rat
BMSCs vary in close linkage with the cell cycle. The mRNA
and protein expression levels of STIM/Orai and TRPC1 were
high in the S phase, whereas those of TRPC6 were low in the
same cell cycle phase. Many previous studies in other cell
types including both normal and cancer cells reported that
expressions of TRPC subtypes and STIM/Orai are correlated
with cell cycle progression (Abdullaev et al., 2008; Cai et al.,
2009; Potier et al., 2009; Ding et al., 2010; Leuner et al., 2011;
Li et al., 2012; Tajeddine and Gailly, 2012). However, these

studies focused mostly on the cell cycle-arresting effects of
TRPC or STIM/Orai knockdown, and did not examine their
expression profiles over the whole-cell cycle. In this respect,
the present study is the first detailed investigation of cell
cycle-dependent changes in TRPC and STIM/Orai expression,
in conjunction with associated functions such as SOC activ-
ity, membrane potential and cell cycle progression.

Our results indicate that SOC activity in BMSCs is highest
in the S phase and lowest in the G1 phase. This is paralleled by
altered expression of the SOCE-related molecules, TRPC1,
Orai and STIM. It is known that an elevated [Ca2+]i level is a
requisite to drive the cell cycle, and that sustained Ca2+ influx
through SOC activates the calcineurin-NFAT (nuclear factor
of activated T-cells) pathway thereby promoting the prolif-
eration of T lymphocytes and vascular smooth muscle cells
(Lipskaia and Lompré, 2004; Kotturi et al., 2006; Gwack et al.,
2007). Activation of NFAT signalling was also found to be
essential for the undifferentiation of BMSCs (Kawano et al.,

Figure 5
TRPC6 knockdown induces a negative shift in the membrane potential (RMP) and increases SOCE of BMSC. Experiments were performed 4 days
after transfection with siRNA. siCon, control siRNA; siTRPC6, TRPC6-specific siRNA; siTRPC1, TRPC1-specific siRNA. (A) RMP was evaluated as a
DiBAC4(3) fluorescence in siCon-, siTRPC6- and siTRPC1-treated BMSCs. Columns show the averaged RMP values from five independent
experiments (each represents the mean of more than 60 cells). (B) Columns show the means of RMP recorded by the current clamp method, for
siCon (n = 10), siTRPC6 (n = 15) and siTRPC1-treated (n = 11) BMSCs. (C) Typical traces of SOCE in siCon- and siTRPC6-treated cells. Each trace
shows the averaged time course of at least 50 cells evaluated on the same day. (D) Summary of the magnitude of SOCE in siCon- or
siTRPC6-treated cells. Data represent the averages of five independent experiments (each represents the mean of at least 50–70 cells). In panels
A, B and D, the symbol ‘**’ means significantly different from the control (P < 0.01); Student’s unpaired t-test.
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2006). It is thus plausible that a similar NFAT-dependent
mechanism may be involved in Ca2+-mediated regulation of
BMSC proliferation.

In principle, SOC activity can be controlled not only by
altered membrane expression of SOCE-related molecules via
transcription, translation, trafficking and degradation pro-
cesses, but also by any other post-translational mechanisms
that can alter the functionality of these molecules. For
instance, Smyth et al. (2009) reported that phosphorylation

of STIM1 at Ser486 and Ser668 controls the translocation of
STIM1 to the plasma membrane, resulting in decreased SOC
activity in the M phase (Smyth et al., 2009). As will be dis-
cussed in the following section, our present findings also
suggest that membrane potential is a key regulator of SOC
activity in BMSCs, in which TRPC6 plays a particular role.

Membrane potential modulated by TRPC6
may be a key mechanism regulating SOC
activity of BMSCs
The RMP of BMSCs showed cell cycle-dependent changes,
being most depolarized in the G1 phase and hyperpolarized in

Figure 6
Effect of TRPC6 knockdown on BMSC cell cycle progression. Experiments were performed 4 days after transfection with siRNA. siCon, negative
control siRNA; siTRPC6, siRNA specifically targeting TRPC6. (A) Cell cycle distribution of siCon- and siTRPC6-transfected BMSCs. Data are
representative of six experiments. (B) Average percentages of cells residing in respective cell cycle stages for each siRNA treatment (n = 6
respectively). **Statistically significant (P < 0.01); Student’s unpaired t-test.

Figure 7
Cyclin mRNA expression profile after knockdown of TRPC6. Experi-
ments were performed 4 days after transfection with siRNA. siCon,
negative control siRNA. Each column in the right panel (siTRPC6)
represents a value relative to the corresponding control (siCon); data
are the average of six independent experiments. *P < 0.05 and **P <
0.01, Student’s unpaired t-test. Information on specific primers is
given in Supporting Information Table S1.

Figure 8
The effect of Gd3+ (1 μM) on BMSC proliferation. Each data point is
normalized to the corresponding one on day 0 for each condition
and represents the average of five independent experiments. *P <
0.05 and **P < 0.01, significantly different from the control; Stu-
dent’s unpaired t-test.
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the S phase (Figure 3). This cell cycle-dependent profile of
RMP exactly matches the observed G1 phase up-regulation
and S phase down-regulation of TRPC6 (Figure 1E,F) and with
the fact that knockdown of TRPC6 reduces the RMP
(Figure 5). These observations give rise to the idea that the
cell cycle progression of BMSCs may be tightly regulated by
TRPC6 channel activity through changes in the RMP. In
general, members of the TRPC subfamily including TRPC6 are
recognized as Ca2+ entry channels. However, poor cation dis-
crimination makes them act as ‘depolarization channels’ that
pass Na+ inwardly across the cell membrane (Estacion et al.,
2006). This means that activation of TRPC channels can lead
to membrane depolarization (Soboloff et al., 2005) reducing
the driving force for Ca2+ influx through any non-voltage-
gated Ca2+ entry pathways such as SOC channels (Gees et al.,
2010).

This scenario indeed appears applicable for TRPC6
channels for the following reasons. Firstly, SOCE was lowest
in the G1 phase and highest in the S phase whereas
TRPC6 expression was highest and lowest in these phases
respectively (Figure 2A). Secondly, artificial depolarization/
hyperpolarization manoeuvres suppressed/enhanced SOCE
and reduced the differences in the magnitude of SOCE among
the cell cycle stages (Figure 4). Thirdly, SOCE was increased
by siTRPC6 which simultaneously caused a negative shift in
RMP (Figure 5). Finally, despite the decreased SOCE in the G1

phase (Figure 2A,B), the mRNA levels of TRPC1 and STIM/
Orai were not dramatically decreased at the same cell cycle
stage (Figure 1E). This last finding further suggests the critical
role of TRPC6 in regulating SOCE in BMSCs. However, there
is a caveat against the interpretation of TRPC6 knockdown
data, as it is still uncertain whether it was the decreased
TRPC6 expression or the consequent alteration in cell cycle
distribution (i.e. decreased population of BMSCs in the G1

phase; Figure 6) that ultimately was responsible for the
observed negative shift in the RMP. Acute and selective
inhibition of TRPC6 channel activity, for example by its spe-
cific blocker, may unequivocally distinguish between these
possibilities.

In addition, although no significant changes in the basal
[Ca2+]i level were detected among different cell cycle stages,
the magnitude of basal Ca2+ influx assessed by external Ca2+

removal was clearly reduced during the G1 phase (see the
Results section). This could also be accounted for by the
up-regulation of TRPC6 channel which would reduce
the RMP (i.e. depolarizes the membrane more) thereby
decreasing the driving force for basal Ca2+ influx. Conceiv-
ably, the decreased basal Ca2+ influx might then reduce stored
Ca2+ content and attenuate the subsequent SOCE. Although
the molecular entity of basal Ca2+ influx pathway remains to
be determined, these results support pivotal roles of TRPC6
channel for regulating both unstimulated and stimulated
(by store-depleting stimuli) Ca2+ influxes and thereby
BMSC proliferation via membrane depolarization-mediated
mechanisms.

A similar mechanism involving TRP channels in regulat-
ing RMP, SOCE and cellular function has also been reported
for bone marrow-derived mast cells. Therein, knockout of
TRPM4 expression enhanced the driving force for IgE-
induced Ca2+ entry and thereby facilitated the release of
inflammatory mediators, histamine, leukotrienes and tumour

necrosis factor (Vennekens et al., 2007). Interestingly, in our
preliminary experiments, TRPM5, another BMSC-abundant
TRP isoform and the closest homologue of TRPM4, also
showed a cell cycle-dependent expression pattern similar to
that of TRPC6 (J. Ichikawa and R. Inoue, unpubl. data). Thus,
RMP-mediated regulation of Ca2+ entry via altered TRP
channel activities may be a widely operating mechanism to
modulate the functions of non-excitable cells such as BMSCs.

TRPC6 may control cell cycle progression by
regulating the levels of cyclins
Our siRNA experiments showed that elimination of TRPC6
greatly affected cell cycle progression with a twofold increase
in the BMSC populations in the S and G2/M phases and
reducing the number in the G0/G1 phase by half (Figure 6 and
Table 1). This pattern was similar to those observed under S-,
G2- or M-arrested conditions (Figure 1), and is consistent with
the notable accumulation of the S/G2/M-specific cyclins A2
and B1 (Coqueret, 2002) observed upon TRPC6 knockdown
(Figure 7). Cyclins play an important role in driving the cell
cycle in conjunction with cyclin-dependent kinases (CDKs).
The periodic synthesis and degradation of four cyclins (cyclin
A, B, D and E) phosphorylate CDKs at appropriate timings in
a cell cycle-specific manner (Coqueret, 2002). Thus, although
the mechanism involved remains unclear, the above findings
may suggest that cell cycle-specific changes in TRPC6 channel
activity, by altering cyclin levels, are essential for the transi-
tion from the S/G2/M to G0/G1 phases. How this mechanism
involves RMP-regulated SOC activity will need further
investigation.

Membrane potential may have more
ubiquitous roles in the regulation of long-term
cellular functions
In several types of cells, there is good evidence suggesting
that RMP plays non-trivial roles in regulating cell
differentiation/undifferentiation/proliferation processes. It is
generally thought that the depolarized state enhances DNA
synthesis and cell cycle progression, while the hyperpolarized
state drives cells into differentiation. For example, it has been
reported that hyperpolarization stops the proliferation of
endothelial cells, with accompanying down-regulation of
cyclin E and up-regulation of a cyclin inhibitor p27 (Wang
et al., 2003). Conversely, depolarization has been shown to
promote DNA synthesis in macrophages (Kong et al., 1991).
Even in mature neurons in which differentiation is termi-
nated, prolonged depolarization leads to mitosis and DNA
synthesis (Stillwell et al., 1973; Cone and Cone, 1976). The
level of RMP also significantly affects the differentiation
potential of BMSCs. Differentiation of BMSCs into osteoblasts
or adipocytes is accompanied by membrane hyperpolariza-
tion, and conversely, culturing undifferentiated BMSCs under
depolarized conditions prevents their differentiation while
hyperpolarizing reagents facilitate osteogenic differentiation
(Sundelacruz et al., 2008). These findings again suggest that
changes in RMP, by altering the function of ion channels,
may strongly influence the phenotypic transformation of
cells among differentiation, undifferentiation and prolifera-
tion through cell cycle regulation.
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In human MSCs, a high extracellular glucose level induces
phosphorylation of PKC, MAPK and activation of the PI3K-
Akt pathway which leads to the synthesis of cyclin D/E (Ryu
et al., 2010). The PI3K-Akt pathway is known to be activated
by electrical stimulation (Zhao et al., 2006). Changes in mem-
brane potential may also activate PI3K and enhance the
cyclin D/E synthesis of BMSCs. Consistently, we confirmed
the inhibitory effect of TRPC6 knockdown on the phospho-
rylation of Akt, but this was not observed for the expression
of cyclin D1 protein (Supporting Information Fig. S6; note
also that cyclin D1 mRNA level was not changed by TRPC6
knockdown; see Figure 7). Further thorough studies are
needed to determine in what way TRPC6 activity regulates
the PI3K-Akt signalling pathway.

Membrane potential is also known to modulate the
agonist-binding affinity of the M2 muscarinic receptor
(Ben-Chaim et al., 2006) and IP3 production pathway (Billups
et al., 2006). Provided that such modulation of metabotropic
receptors by membrane potential would be operative in
BMSCs, cell cycle-dependent changes in RMP may variably
affect both receptor- and store-operated Ca2+ mobilizing
mechanisms and this may lead to further complex
consequences.

Limitations of the present study
There are a number of technical limitations, which results in
some uncertainties in our conclusions. Firstly, the pharmaco-
logical interventions we used failed to arrest BMSCs exactly at
the desired cell cycle stages (see Figure 1C,D). Even with an
alternative approach using the FUCCI cell cycle sensor, we
could only distinguish among the G1 phase, G1/S boundary
and S/G2/M phases. Thus, although statistically significant,
the observed differences in RMP and TRPC6 expression levels
between the S and non-S phases will require further rigorous
scrutiny with better tools/strategies that can separate four cell
cycle stages more exactly. Secondly, the relatively low trans-
fection efficiency of siRNAs in primary cultured BMSCs did
not completely suppress the expression of targeted TRPC
proteins including TRPC6 and TRPC1. One promising alter-
native to the siRNA technology is knockout animals. In fact,
there are several knockout mice deficient in the trpc genes

available. However, this approach is unlikely to be suitable for
the purpose of the present study for the following reasons.
The profile of TRPC subtype expression varies considerably
among different species of animals and/or the different
strains of the same animal species. For example, BMSCs from
F344 rats (which were used in the present study) express
TRPC6 but not TRPC3, while those from Wistar rats express
both. Such differences could be more serious between differ-
ent species such as rats and mice, and only the latter has TRP
knockout models available. Another issue is that, even in
TRP-knockout animals, a compensatory up-regulation of
homologous TRP isoforms may obscure the functional
deficiency. In fact, it was previously shown that, in a
TRPC6-knockout mouse, its closest homologue TRPC3 was
up-regulated and caused a functional overcompensation
(Dietrich et al., 2005; Sel et al., 2008). Nonetheless, we did not
observe such compensatory up-regulation in F344 BMSCs
subchronically treated with cell cycle-synchronizing agents
or siRNA. We would also like to point out that, although
TRPC6’s mRNA level of BMSCs was decreased only to ∼50%
by siRNA treatment (Supporting Information Fig. S1), its
protein level was more substantially decreased (Supporting
Information Fig. S2, we used siTRPC6 cells at day 4 for our
study). Thus, we believe that our present data tolerably reflect
TRPC6-deficient conditions, but this issue needs further
clarification.

In summary, the present study has provided the first clear
evidence that the activities of TRPC/SOCE-related molecules
are closely correlated with the cell cycle progression of
BMSCs. In particular, the role of TRPC6 therein seems unique
in that its altered expression during the cell cycle effectively
changes the RMP and affects SOCE and cell cycle progression/
proliferation (Figure 9). Until now, such a tight functional
link between the cell cycle and electrical properties has not
received enough attention in regenerative medicine or in
investigations into the physiology/pathophysiology of stem
cells including BMSCs (Sundelacruz et al., 2009). In this
respect, the present findings may serve to develop a novel
therapeutic strategy for modulating the proliferative/
phenotypic plasticity of these cells. Further studies to assess
the significance of targeting TRPC6 with its specific blockers
or TRPC6-knockout animals are warranted.

Figure 9
Schematic diagram of the role of the TRPC6 channel in cell cycle progression of BMSCs. In the G1 phase, the highest expression level of TRPC6
induces membrane depolarization (Depo) and functionally suppresses Ca2+ entry via SOC channels (indicated by ‘−’) in BMSCs. On the contrary,
the lowest expression level of TRPC6 in the S phase maintains RMP at a more hyperpolarized level (Hyper) and enhances SOC-mediated Ca2+ entry
(indicated by ‘+’). The highest expression levels of STIM/Orai and TRPC1 molecules in the S phase also contribute to an enhanced SOCE. Vm,
membrane potential.
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Figure S1 Quantitative real-time PCR analysis with siRNAs
specific for TRPC1 and TRPC6. Target specificity of each
siRNA is demonstrated. siCon, negative control siRNA;
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siTRPC1, TRPC1-specific siRNA; siTRPC6, TRPC6-specific
siRNA. Experiments were performed 4 days after transfection
with siRNA. Data represent the average of five independent
experiments and are normalized to those of siCon. **Signifi-
cantly different to siCon (P < 0.01, Student’s unpaired t-test).
Figure S2 Effects of siRNA knockdown on TRPC1 or TRPC6
protein levels. siCon, siTRPC1 and siTRPC6: the same abbre-
viations as in Supporting Information Fig. S1. After siRNA
treatment for at least 3 days, the expression of both proteins
was almost completely lost. Data are representative of five
independent experiments.
Figure S3 The effect of TRPC6 siRNA treatment on OAG-
induced Ca2+ response. siCon and siTRPC6: the same abbre-
viations as in Supporting Information Fig. S1. Experiments
were performed 4 days after transfection with siRNA. Knock-
down of TRPC6 significantly decreased [Ca2+]i rise induced by
OAG. (A) typical traces for OAG (100 μM)-evoked [Ca2+]i rises
in BMSCs after treatment with siCon and siTRPC6. Traces in
the upper panels are averages of more than 50 cells collected
on the same day. (B) Summary of OAG-evoked [Ca2+]i rise in
BMSCs with siRNA treatment; average of five independent
experiments (each represents 50–70 cells). **Statistically sig-
nificant (P < 0.01) with Student’s unpaired t-test.
Figure S4 Inhibitory effects of Gd3+ (1 μM) on SOC-mediated
[Ca2+]i rises. (A) A typical time course of SOC-mediated [Ca2+]i

rise and its inhibition by Gd3+ applied after SOCE activation;
average of 63 cells. (B) Typical time course of SOC-mediated
[Ca2+]i rise and its inhibition by Gd3+ applied before SOCE

activation; average of at least 50 cells evaluated on the same
day. (C) Peak [Ca2+]i rise of SOCE and its inhibition by Gd3+

applied before SOCE activation; average of at least five inde-
pendent experiments (each represents the mean of 50–70
cells). **Statistically significant (P < 0.01) with Student’s
unpaired t-test.
Figure S5 The effect of Pyr2 (5 μM) on BMSC proliferation.
For both the absence and presence of Pyr2, each data point
shows the mean of five independent experiments after nor-
malization with respect to the day 0 value. *P < 0.05 and **P
< 0.01 with respect to the control (no drug; open circle), with
Student’s unpaired t-test. Control curve is the same as that
shown in Figure 8.
Figure S6 The effect of TRPC6 siRNA treatment on the acti-
vation of Akt and the expression of cyclin D1 protein. siCon
and siTRPC6: the same abbreviations as in Supporting Infor-
mation Fig. S1. Experiments were performed 4 days after
transfection of siRNA. Knockdown of TRPC6 suppressed the
phosphorylation of Akt (p-Akt) without affecting the total
expression of Akt protein. In contrast, the expression level of
cyclin D1 protein was not affected by TRPC6 siRNA treat-
ment. This is compatible with the unchanged cyclin D1
mRNA expression (Figure 7).
Table S1 List of conventional PCR primers specific for TRPC,
STIM, Orai and cyclin isoforms. Primer pairs for TRPC1,
TRPC6, STIM1, STIM2, Orai1, Orai2, Orai3, cyclinD1,
cyclinE1, cyclinA2, cyclinB1 and 18SrRNA were also used for
quantitative real-time PCR.
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