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TRPC3 cation channel plays an important role in proliferation
and differentiation of skeletal muscle myoblasts
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Abstract

During membrane depolarization associated with
skeletal excitation-contraction (EC) coupling, dihy-
dropyridine receptor [DHPR, a L-type Ca** channel in
the transverse (t)-tubule membrane] undergoes con-
formational changes that are transmitted to ryanodine
receptor 1 [RyR1, an internal Ca**-release channel in
the sarcoplasmic reticulum (SR) membrane] causing
Ca”’ release from the SR. Canonical-type transient re-
ceptor potential cation channel 3 (TRPC3), an ex-
tracellular Ca®*-entry channel in the t-tubule and plas-
ma membrane, is required for full-gain of skeletal EC
coupling. To examine additional role(s) for TRPC3 in
skeletal muscle other than mediation of EC coupling,
in the present study, we created a stable myoblast line
with reduced TRPC3 expression and without a.1sDHPR
(MDG/TRPC3 KD myoblast) by knock-down of TRPC3
in a1sDHPR-null muscular dysgenic (MDG) myoblasts

using retrovirus-delivered small interference RNAs in
order to eliminate any DHPR-associated EC cou-
pling-related events. Unlike wild-type or a.1sDHPR-null
MDG myoblasts, MDG/TRPC3 KD myoblasts exhibited
dramatic changes in cellular morphology (e.g., un-
usual expansion of both cell volume and the plasma
membrane, and multi-nuclei) and failed to differentiate
into myotubes possibly due to increased Ca* content
in the SR. These results suggest that TRPC3 plays an
important role in the maintenance of skeletal muscle
myoblasts and myotubes.

Keywords: calcium channel; dihydropyridine recep-
tor; MG29; Orait; ryanodine receptor; TRPCS3 cation
channel; TRPC4 cation channel

Introduction

During membrane depolarization associated with
skeletal muscle excitation-contraction (EC) coupling,
the L-type Ca®* channel (dihydropyridine receptor
(DHPR) in the transverse (t)-tubule membrane)
allows entry of extracellular Ca” and, at the same
time, undergoes conformational changes that are
transmitted to the internal Ca®*-release channel
(ryanodine receptor 1 (RyR1)) in the sarcoplasmic
reticulum (SR) membrane causing Ca** release
from the SR to cytoplasm, which finally induces
skeletal muscle contraction (Sandow, 1965; Lee et
al., 2006b; Lee and Allen, 2007). Myotubes derived
from a1sDHPR-null muscular dysgenic (MDG) or
RyR1-null dyspedic mice show no L-type Ca**
current or no Ca®* transient from the SR, respec-
tively, and subsequently no EC coupling in both
cases (Klaus et al., 1983; Flucher et al., 1993;
Nakai et al., 1996).

Canonical-type transient receptor potential cation
channel 3 (TRPC3) forms homo- and hetero-tetra-
meric extracellular Ca2+-entry channels of varying
current-voltage relationships and activation proper-
ties in plasma membrane (Kiselyov and Patterson,
2009). TRPC3 plays important roles in various
cells such as immune cells, osteoblastic cells,
cardiac myocyte, skeletal muscle cells, smooth
muscle cells, neuronal cells, A431 human carci-
noma cells, and LNCap prostate cancer cells
(Abramowitz and Birnbaumer, 2009; Kiselyov and
Patterson, 2009). For example, TRPC3 is a
mediator of pathologic cardiac hypertrophy in



mouse myocyte (Wu et al., 2010); TRPC3 is
required for BDNF (brain-derived neurotrophic
factor)-induced elevation of ca* at the growth
cone and chemo-attractive growth cone-turning (Li
et al., 2005); TRPC3 mediates uridine triphosphate
(UTP)-induced depolarization of smooth muscle
cells (Reading et al., 2005). In general, TRPC3 can
be activated by two different mechanisms: 1) direct
modulation by binding of endogenous molecules
(for example, activation by diacylglycerol analo-
gues (Hofmann et al., 1999; Nilius et al., 2008);
and, 2) phospholipase C (PLC)-mediated activation
through PLC-coupled receptors. The latter mecha-
nism can be sub-divided into two different sub-me-
chanisms. One is store-operated Ca2+-entry
(SOCE) mechanism (for example, when the ER
Ca*"-store depletion through inositol 1,4,5-tripho-
sphate (IP3) receptor by PLC signaling pathway
triggers TRPC3 activation) (Li et al, 1999;
Vazquez et al., 2001; Yildirim et al., 2005). On the
other hand, contradictory studies of TRPC3
mediating SOCE have been reported; TRPC3 acts
as a SOCE channel at a relatively lower expre-
ssion level in DT40 chicken B-lymphocytes
(Vazquez et al., 2003), but not in HEK293 cells
(McKay et al., 2000). The other is receptor-operated
Ca”-entry (ROCE) mechanism. For example, in B
lymphocytes, when TRPC3 is activated by physical
coupling with PLCys,, it is responsible for secon-
dary extracellular Ca**-entry after B-cell receptor
activation (Zhu et al., 1998; Nishida et al., 2003;
Philipp et al., 2003). In skeletal muscle, there have
been also contradictory studies on TRPC3 as a
SOCE channel; TRPC3 is responsible for SOCE in
skeletal muscle (Santillan et al., 2004), however
other groups have suggested that TRPC1 or Orai1
rather than TRPC3 is the SOCE channel
(Vandebrouck et al., 2002; Sampieri et al., 2005;
Lee et al., 2006a; Lyfenko and Dirksen, 2008). As
yet little is known of TRPC3 as a ROCE channel in
skeletal muscle.

Skeletal muscle cells (myoblasts and myotubes)
express mainly four types of TRPCs: TRPC1,
TRPC3, TRPC4, and TRPC6 (TRPC2 with extre-
mely low expression level than others) (Vande-
brouck et al., 2002; Kiselyov and Patterson, 2009).
TRPC1 is involved in maintaining the force during
sustained repeated contractions in mouse skeletal
muscle (Zanou et al., 2010). TRPC1 and TRPC4
form channels anchoring to the dystrophin-asso-
ciated protein complex and are necessary to
maintain the normal regulation of extracellular
Ca2+-entry in skeletal muscle (Sabourin et al.,
2009). Not much is known about TRPC6 function
in skeletal muscle. TRPC3 in the t-tubule and
plasma membrane of skeletal muscle cells is
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required for full-gain of skeletal EC coupling
(especially for a sustained high Ca* level at
cytoplasm during EC coupling) by allowing extra-
cellular Ca**-entry (Freichel et al., 2005; Pedersen
et al., 2005; Lee et al., 2006a; Ramsey et al., 2006;
Abramowitz and Birnbaumer, 2009). Expression of
TRPC3 in skeletal myoblasts is sharply up-regu-
lated during the early stage of myoblast differen-
tiation into multinucleated myotubes, and it remains
elevated in mature myotubes compared with
myoblasts (Lee et al., 2006a; Abramowitz and
Birnbaumer, 2009). TRPC3 physically interacts
with several key skeletal muscle proteins such as
TRPCA1, junctophilin-2, homer1b, mitsugumin-29,
calreticulin, and calmodulin as shown by matrix-assi-
sted laser-desorption ionization-time-of-flight mass
spectrometry (MALDI-TOF MS) analysis of a
chemically cross-linked triadic protein complex
from rabbit skeletal triad vesicles and by co-immu-
noprecipitation assays using primary mouse
skeletal myotubes (Woo et al., 2008). TRPC3-de-
ficient mice shows impaired walking behavior due
to the abnormal skeletal muscle coordination
(Hartmann et al., 2008). Transgenic mice with
TRPC3 over-expression show an increase of
extracellular Ca**-entry resulting in a phenotype of
muscular dystrophy causing muscle weakness,
wasting, and premature death (Millay et al., 2009).

The present study examined possible role(s) of
TRPC3 in skeletal muscle other than mediation of
EC coupling. We created a stable myoblast line
(MDG/TRPC3 KD myoblasts) with reduced TRPC3
expression and without a1sDHPR expression (by
knock-down of TRPC3 in a1sDHPR-null MDG
myoblasts using retrovirus-delivered small interfe-
rence RNAs) in order to eliminate DHPR-asso-
ciated EC coupling-related event(s), and examined
the characteristics of the MDG/TRPC3 KD
myoblasts.

Results

Creation of the MDG/TRPC3 KD myoblast line

To examine possible role(s) of TRPC3 in skeletal
muscle other than mediation of EC coupling, we
created a stable myoblast line that had reduced
expression of TRPC3 and no expression of DHPR
by knock-down of TRPC3 in a1sDHPR-null MDG
myoblasts using retrovirus-delivered small inter-
ference RNAs. MDG myoblasts that do not express
pore-forming als subunit of DHPR and sub-
sequently have no EC coupling were used to
eliminate any DHPR-associated EC coupling-re-
lated events. Total mRNA isolated from ten
different TRPC3 knock-down and a1sDHPR-null
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Figure 1. Creation of the MDG/TRPC3 KD myoblast line. (A) To obtain the virus to interfere with TRPC3 mRNA in a.1sDHPR-null MDG myoblasts, a ret-
roviral vector and two different sequences (Sequences | and Il) complementary to regions of TRPC3 mRNA were used. The vector map was adapted from
the web site of Clontech Laboratories, Inc. Prek, Pus, and Psu4, PGK, human U6, and SV40 promoters; Puro” or Amp', puromycin or ampicillin resistance;
5-LTR CMV/MSV, mouse cytomegalovirus type | and sarcoma virus hybrid promoter; 3'-LTR, 3'-MoMuLV LTR with poly(A) region; SV40 ori and ColE1 ori,
replication initiation sites; ', extended packaging signal. (B) Representative real-time PCR results (nRNA levels) for two myoblast clones (clone #e1 and
clone #d4) are presented as histograms normalized to TRPC3 mRNA of wild-type controls. Clone #d4 myoblasts exhibited a 58.64 = 1.3% reduction in
the TRPC3 mRNA level. Results are means == SE of triplicate experiments. (C) Solubilized cell lysate from clone # d4 myoblasts (80 pg total proteins)
was subjected to SDS-PAGE (10% gel) and immunoblot assay with anti-TRPC3 antibody (left). Histograms are shown for band intensity normalized to
that of wild-type controls (right, 75.0 £ 0.8% reduction in the TRPC3 protein). Results are means &= SE of three independent experiments. Clone #d4
myoblasts were named MDG/TRPC3 KD myoblasts in all subsequent figures. *Significant difference compared with wild-type (P < 0.05).

myoblast clones was subjected to reverse-trans-
cription PCR, and the prepared cDNAs were
subjected to real-time PCR to examine TRPC3
mRNA levels. The levels of GAPDH mRNA were
used as positive controls. Wild-type myoblasts
infected with the empty retroviruses were used as
negative controls (data not shown). Real-time PCR
results for two different representative clones
normalized to that of wild-type myoblasts are
presented in Figure 1B (clone #e1 and clone #d4).
Clone #e1 was the most effective clone of ten
clones (with a 76.4 £ 1.3% reduction in mRNA
level). However, clone #e1 myoblasts were not
maintained due to detachment of the myoblasts

from the bottom of the culture plates during the
third passage. When the reduction in TRPC3
MRNA level was greater than approximately 60%,
the results were similar to those observed for clone
#e1 myoblasts. Clone #d4 myoblasts showed a
58.64 £ 1.3% reduction in TRPC3 mRNA level
(Figure 1B). Immunoblot assay with anti-TRPC3
antibody of the solubilized cell lysate from clone
#d4 myoblasts (80 pg of total protein) showed a
75.0 = 0.8% reduction in TRPC3 protein com-
pared with wild-type myoblasts (Figure 1C). Clone
#d4 myoblasts showed adequate proliferation.
Therefore clone #d4 myoblasts were named
MDG/TRPC3 KD myoblasts, and were used in all
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Figure 2. Morphological changes in MDG/TRPC3 KD myoblasts. (A) Images of MDG/TRPC3 KD myoblasts plated on 10-cm dishes coated with collagen
were obtained. Myoblasts in numbered boxes were enlarged and are presented in the lower panel (two boxes for wild-type myoblasts and four boxes for
MDG/TRPC3 KD myoblasts). MDG/TRPC3 KD myoblasts were much larger than wild-type myoblasts (in both volume and surface areas, as indicated by
arrows), and multi-nucleated (indicated by arrow heads). Bar represents 200 um. (B) Methanol-fixed wild-type or MDG/TRPC3 KD myoblasts grown on
optic 96-well plates coated with Matrigel (upper panel) were subjected to immunohistochemistry with anti-desmin antibody and visualized using Cy-3-con-
jugated anti-mouse IgG antibody (lower panel). Unlike wild-type myoblasts, only indistinct Cy-3 fluorescence was detected in MDG/TRPC3 KD myoblasts.
Bar represents 200 um. (C) The number of wild-type or MDG/TRPC3 KD myoblasts was counted under the microscope. Approximately 80% of con-
fluence was obtained on proliferation day 5 in both wild-type and MDG/TRPC3 KD myoblasts, however the number of MDG/TRPC3 KD myoblasts at ap-
proximately 80% confluence was fewer than that of wild-type myoblasts (approximately two thirds of wild-type myoblast population). (D) Proliferation of
wild-type and MDG/TRPC3 KD myoblasts was monitored by BrdU assay. Representative BrdU-stained myoblasts were presented on the left panel. The
right panel shows schematic figures for BrdU-positive (filled circles) and -negative (open circles) myoblasts on the left panel. Bar represents 100 pum.

subsequent experiments. observed in MDG/TRPC3 KD myoblasts grown on
10-cm dishes coated with collagen (Figure 2A).
MDG/TRPC3 KD myoblasts were much larger than
wild-type myoblasts. The volume was increased at

least 1.5-fold, and the surface area was also

Morphological changes in MDG/TRPC3 KD
myoblasts
Dramatic changes in cellular morphology were
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Figure 3. Apoptotic cell death of MDG/TRPC3 KD myoblasts during exposure to differentiation conditions. (A) Fully and successfully differentiated
wild-type myoblasts are shown in the upper panel. DO to D6 means differentiation day zero to six. MDG/TRPC3 KD myoblasts exhibited extensive mem-
brane detachment (brightly circled floating cells) and membrane blebbing (see enlarged images in the third panel) from D3, and finally died during further
days. Bar represents 100 um. (B) Genomic DNA fragmentations, the hallmark of apoptotic cell death, were assessed in wild-type and MDG/TRPC3 KD
myoblasts or myotubes on DO and D3. Intact genomic DNAs of MDG/TRPC3 KD myoblasts on DO were started to changing to a regularly spaced ladder
pattern on D3 by internucleosomal DNA fragmentations (indicated by short bars in the right panel). Wild-type myoblasts or myotubes on the corresponding
days were used as positive controls. (C) Solubilized cell lysate from wild-type or MDG/TRPC3 KD cells on DO or D3 (30 ug of total protein, see
Supplemental Data Figure S1) was subjected to SDS-PAGE (10% or 12% gel) followed by immunoblot assay with anti-p53 or anti-caspase-3 antibody.
Pro-apoptotic p53 and caspase-3 expressions were highly maintained in MDG/TRPC3 KD cells on D3 compared with those in wild-type cells on DO or D3.

enhanced due to fine folds in the plasma mem-
brane, as indicated by arrows in Figure 2A. An-
other outstanding characteristic of the MDG/TRPC3
KD myoblasts was that most, though not all,
MDG/TRPC3 KD myoblasts were multi-nucleated
(indicated by arrow heads in Figure 2A).

Desmin is a marker protein of contractile cells
such as skeletal myoblasts and myotubes (Paulin
and Li, 2004). MDG/TRPC3 KD myoblasts grown
on optic 96-well plates coated with Matrigel, which
were more spherical in shape than those grown in
10-cm dishes coated with collagen, were subjected
to immunohistochemistry with anti-desmin antibody
and visualized using Cy-3-conjugated anti-mouse
IgG antibody (Figure 2B). Cy-3 fluorescence was
strongly detected in wild-type myoblasts. However,
only indistinct Cy-3 fluorescence was detected in

MDG/TRPC3 KD myoblasts, suggesting that
MDG/TRPC3 KD myoblasts were significantly
different from wild-type skeletal myoblasts, as ex-
pected based on the dramatic changes in cellular
morphology. In the case of a1sDHPR-null MDG
myoblasts, Cy-3 fluorescence was identical to that
of wild-type myoblasts (Tassin et al., 1988).

Like wild-type myoblasts, the number of
MDG/TRPC3 KD myoblasts in proliferation condi-
tions was gradually increased and reached to
approximately 80% of confluence on proliferation
day 5 (Figure 2C). However the number of
MDG/TRPC3 KD myoblasts at approximately 80%
confluence was fewer than that of wild-type
myoblasts (approximately two thirds of wild-type
myoblast population). In addition, considering that
the volume of MDG/TRPC3 KD myoblasts was
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Figure 4. Increases in both the SR Ca” content and resting cytoplasmic Ca” level in MDG/TRPC3 KD myoblasts. (A) the SR Ca” of wiId-type or

+

MDG/TRPC3 KD myoblasts loaded with fura-2 was depleted by treatment with 10 uM cyclopiazonic acid (CPA) in the absence of extracellular Ca™. The
peak area for 400 sec normalized to that of wild-type controls is shown in the histograms (right). Results are means £ SE (58 wild-type or 55
MDG/TRPC3 KD myoblasts). Each trace is an average of 4 traces. (B) Resting cytoplasmic Ca* levels of wild-t;z/ge or MDG/TRPC3 KD myoblasts are
shown as histograms. Results are means * SE (31 wild-type or 34 MDG/TRPC3 KD myoblasts). Both the SR Ca®" content and resting cytoplasmic Ca”*
level were increased in MDG/TRPC3 KD myoblasts. *Significant difference compared with wild-type (P < 0.05).

increased at least 1.5-fold (Figure 2A),
MDG/TRPC3 KD myoblasts are little reluctant to
proliferate compared with wild-type myoblasts. To
examine whether MDG/TRPC3 KD myoblasts un-
dergo cell-cycle arrest, bromodeoxyuridine (BrdU,
an indicator of cell proliferation) incorporation
assay was carried out by adding BrdU to the
culture medium. Approximately 85% of myoblasts
were positive for BrdU-staining in both wild-type
and MDG/TRPC3 KD myoblasts (Figure 2D),
suggesting that MDG/TRPC3 KD myoblasts are
not permanently arrested in cell cycle in
proliferation conditions although it seems that
proliferation rate is little slowed down.

Functional changes in MDG/TRPC3 KD myoblasts

MDG/TRPC3 KD myoblasts were subjected to
differentiation into myotubes by withdrawal of
growth factors (Figure 3A). As expected, wild-type
myoblasts differentiated into long, multinucleated
myotubes after 5 to 6 days (D5 or DG6) in
differentiation conditions. MDG/TRPC3 KD myo-
blasts after exposure to differentiation conditions
exhibited severe membrane blebbing (see enlarged
images in Figure 3A, third panel), and extensive
cell detachment from the bottom of the culture
plates (brightly circled floating cells with cellular
debris) from D3, and cell death during further days.
MDG/TRPC3 KD myoblasts or myotubes on DO
(the same terminology as proliferation day) and on
D3 were subjected to the DNA fragmentation
assay (Figure 3B). Genomic DNA fragmentations

(laddering) in cells are an early stage marker of cell
death produced by either apoptosis or by certain
stages of necrosis (Alberts, 2008). Wild-type
myoblasts or myotubes on the corresponding days
were used as positive controls. In case of wild-type
myoblasts or myotubes, genomic DNAs on both DO
and D3 were almost intact. However almost intact
genomic DNAs of MDG/TRPC3 KD myoblasts on
DO were started changing to a regularly spaced
‘ladder pattern' on D3 by internucleosomal DNA
fragmentations. Two well-known pro-apototic
proteins, p53 and caspase-3 (Soddu et al., 1996;
Benchimol, 2001; Fernando et al., 2002; Siu and
Alway, 2005), were examined by immunoblot
assay with cell lysate of wild-type or MDG/TRPC3
KD cells on DO or D3 (Figure 3C): MDG/TRPC3
KD cells on D3 abnormally maintained high
expression levels of p53 and caspase-3 compared
with wild-type cells on DO or D3. This is
well-accordance with the DNA laddering in Fig. 3B.
On the other hand, cell lysate of wild-type or
MDG/TRPC3 KD cells on DO and D3 (30 ug of total
protein) was subjected to SDS-PAGE followed by
coomassie blue staining in order to check protein
expression profiles briefly (Supplemental Data
Figure S1). There was no big difference in protein
expression profiles between wild-type and
MDG/TRPC3 KD cells on DO. Unlike cell lysate on
DO, there were significant changes in the protein
expression profiles between wild-type and
MDG/TRPC3 KD cells on D3: significantly reduced
or increased protein bands, suggesting that
MDG/TRPC3 KD myoblasts already started to



620 Exp. Mol. Med. Vol. 42(9), 614-627, 2010

MDG MDG + Pyr3
10 pM CPA 10 ;,lM CPA

1.6 1
1.4 4
1.2
1.0 1
0.8
0.6 1
0.4
0.2 1

50 nM Ca2+

30 sec

Normalized peak area

o)
NS
GXQ\\
&

Figure 5. An increase in the SR Ca®* content in MDG myoblasts in the presence of Pyr3, a specrflc blocker of TRPC3. The SR Ca** of MDG myoblasts
loaded with fura-2 was depleted by treatment with 10 pM CPA in the absence of extracellular Ca** and presence of 1 uM Pyr3. The peak area for 400 sec
normalized to that of wild-type controls is shown in the histograms (right). Results are means == SE (72 or 78 MDG myoblast for the absence or presence
of Pyr3, respectively). Each trace is an average of 4 traces. *Significant difference compared with wild-type (P < 0.05).

undergo different processes from those in wild-type
myoblasts in differentiation conditions. All these
results support that MDG/TRPC3 KD myoblasts in
differentiation conditions undergo apoptosis and a
subsequent failure in differentiation to myotubes.
Next, to address possible reasons for the defects
of MDG/TRPC3 KD myoblasts in differentiation, we
firstly estimated the SR Ca® content (per unit area)
in MDG/TRPC3 KD myoblasts by direct treatment
with 10 uM cycloplazonrc acid (CPA), which is an
inhibitor of the SR Ca** pump (SERCA1) and thus,
allows for measurement of the SR Ca®* content
(Sandow, 1965; Van Assche et al., 2007) (Figure
4A). To avoid any possible involvement of extrace-
llular Ca**-entry by the depletion of the SR Ca**
during CPA treatment (SOCE), the experiment was
conducted in the absence of extracellular Ca®*. To
analyze intracellular Ca® transients resulted from
CPA treatment, the peak area for 400 sec was
considered. There was a significant increase in the
SR Ca** content of MDG/TRPC3 KD myoblasts
compared with wild-type myoblasts (a 1.49 =
1.11-fold increase relative to wild-type myoblasts).
To confirm this result, a specific TRPC3 blocker,
ethyl-1-(4-(2,3,3-trichloroacrylamide)phenyl)-5-(trifl
uoromethyl)-1H-pyrazole-4-carboxylate (Pyr3) (Ki-
yonaka et al., 2009), was pre-treated to MDG
myoblasts before CPA treatment (Figure 5). MDG
myoblasts in the presence of Pyr3 theoretically
mimic the genetic ablation of TRPC3 in MDG
myoblasts (MDG/TRPC3 KD myoblasts). Indeed,
Pyr3 treatment to MDG myoblasts showed an
increased SR Ca®* content under the CPA
treatment (a 1.47 = 1.17-fold increase relative to
Pyr3- untreated MDG myoblasts). Resting cyto-
plasmic Ca” levels in MDG/TRPC3 KD myoblasts

were measured (Figure 4B). A S|gn|f|cant increase
in resting cytoplasmic Ca* level was also
observed in MDG/TRPC3 KD myoblasts compared
with wild-type myoblasts (50.5 £ 3.7 nM ca® v

18.3 + 24 nM Ca®, respectively). Therefore
MDG/TRPC3 KD myoblasts have a much larger
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Figure 6. Decreases in the expression level of TRPC4, Orai1, and MG29
in MDG/TRPC3 KD myoblasts. Solubilized cell lysate from wild-type or
MDG/TRPC3 KD myoblasts (30 pg of total protein) was subjected to
SDS-PAGE (10% or 12% gel) and immunoblot assay with anti-TRPCH,
anti-TRPC4, anti-TRPCS, anti-STIM1, anti-Orai1, or anti-MG29 antibody.
In MDG/TRPC3 KD myoblasts, the expression of TRPC4, Orai1, and
MG29 were dramatically reduced. Results are means = SE of three in-
dependent experiments. *Significant difference compared with wild-type
(P < 0.05).
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Table 1. Characteristics of wild-type, MDG, and MDG/TRPC3 KD myoblasts.

Wild type myoblast

MDG myoblast MDG/TRPC3 KD myoblast

Proliferation Normal
Cell size Normal
Nucleus Single

Desmin staining Positive
Resting cytosolic Ca?* level Normal
SR Ca** content Normal
Differentiation Normal

Normal (Flucher et al., 1993)

Normal (Flucher et al., 1993)

Single (Flucher et al., 1993)

Positive (Flucher et al., 1993)

Increase (Supplemental Data Figure S3B)
Normal (Supplemental Data Figure S3A)
Normal (Flucher et al., 1993)

Normal (little reluctant)
Increase

Single or multiple
Nearly negative
Increase

Increase

Failure (apoptosis)

amount of Ca* in both the SR and resting
cytoplasm.

To test whether the increased Ca*" level in the
SR and resting cytoplasm in MDG/TRPC3 KD
myoblasts affect the expression profile of other
proteins, especially RyR1 and DHPR, or vice
versa, Ca”* transients were examined in single
MDG/TRPC3 KD myoblasts. Caffeine (a direct
RyR1 agonist) or KCl (a DHPR activator by
inducing membrane depolarization) was applied to
wild-type or MDG/TRPC3 KD myoblasts loaded
with fura-2 (Supplemental Data Figure S2). In
accordance with the fact that skeletal muscle cells
in myoblast stage do not express RyR1 and DHPR
(Tanaka et al., 2000), there was no Ca®* transient
in both wild-type and MDG/TRPC3 KD myoblasts
in response to caffeine or KCI. Secondly,
expression of several proteins known to be
expressed in skeletal myoblasts was examined by
immunoblot assay (Figure 6). TRPC4, Orail (a
SOCE-mediating extracellular Ca®*-entry channel
(Stiber et al.,, 2008; Vig et al., 2008)), and
mitsugumin-29 (MG29 (Weisleder et al., 2006;
Zhao et al., 2008)) were significantly down-re-
gulated in MDG/TRPC3 KD myoblasts compared
with wild-type myoblasts, however, expression
level of TRPC1, TRPCG6, and stromal interaction
molecule 1 (STIM1, an Orail-interacting and
SOCE-mediating protein (Stiber et al., 2008; Vig et
al., 2008)) were not significantly changed.

Discussion

TRPC3 and DHPR could be a system of checks and
double-checks for skeletal myoblast differentiation
by playing a redundant role

Previously, we knocked down TRPC3 in primary
skeletal myoblasts and myotubes, and found that
TRPC3 was required for full gain of skeletal EC
coupling, especially for a sustained high ca® level
at cytoplasm during EC coupling (Lee et al,
2006a). In the present study that is part of our

continuing series focusing on the role(s) of TRPC3
in skeletal muscle, we examined the possible
role(s) of TRPC3 in skeletal muscle other than
mediation of EC coupling. Thus, we knocked down
TRPC3 in EC  coupling-free  myoblasts
(a1sDHPR-null MDG myoblasts), clonally selected
knock-down  myoblasts (MDG/TRPC3 KD
myoblasts), and examined the characteristics of
MDG/TRPC3 KD myoblasts. MDG/TRPC3 KD
myoblasts under double-ablation of extracellular
Ca®*-entry channels exhibited dramatic changes in
cellular morphology and increases in the SR ca*
content and the resting cytoplasmic ca® level.
Moreover, MDG/TRPC3 KD myoblasts lost general
characteristics of skeletal myoblasts considering
the extremely down-regulated expression of desmin
and the failure to differentiate into myotubes (Table
1). In skeletal muscle, TRPC3 and DHPR, two
different extracellular Ca®**-entry channels, exhibit
different timetable for expression during differen-
tiation: TRPC3 expression is sharply up-regulated
from a certain level during the early stage of
myoblast differentiation (Lee et al., 2006a; Woo et
al., 2008), and DHPR expression gradually appears
and increases during differentiation (Tanaka et al.,
2000). It seems that TRPC3 and DHPR (and/or
Ca®-entry through the two channels) play a
redundant role in myoblasts differentiation such as
a system of checks and double-checks. This
possibility could explain how myoblasts under
single ablation of either TRPC3 or DHPR differen-
tiate well to myotubes (Flucher et al., 1993; Lee et
al., 2006a; Woo et al., 2008) - TRPC3 knock-down
myoblasts could differentiate well to myotubes
possibly due to compensations by the gradual
increase of DHPR expression during differentia-
tion; a1sDHPR-null MDG myoblasts could also
differentiate well to myotubes possibly due to
compensations by the sharply up-regulated
TRPC3 expression during the early stage of
myoblast differentiation; double-ablation of TRPC3
and DHPR in MDG/TRPC3 KD myoblasts could
induce a failure in differentiation to myotubes.
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TRPC3 could be involved in aging processes of
skeletal muscle

According to the fact that muscle cells in myoblast
stage do not express major proteins for EC
coupling such as Ca®* channels (DHPR and RyR1)
in sufficient amounts to measure ionic movement
(Tanaka et al., 2000) (Supplemental Data Figure
S2), which does not allow us to examine
electrophysiological characteristics of MDG/TRPC3
KD myoblasts such as patch-clamp or single
channel current measurement, we compared the
cellular morphology and Ca”* levels in the SR and
in resting cytoplasm between wild-type and
MGD/TRPC3 KD myoblasts. Morphology in
MDG/TRPC3 KD myoblasts, such as expansion in
both cell volume and plasma membrane and
multi-nuclear arrangement, differed significantly
from those in wild-type myoblasts. MDG/TRPC3
KD myoblasts looked rather like fused and
multinucleated myo'tubes'. However MDG/TRPC3
KD myoblasts also differed from wild-type
myo'tubes'. The MDG/TRPC3 KD myoblasts
expanded in all directions, rather than the typical
longitudinal and tubular expansion of wild-type
myotubes. Unlike the multinuclear arrangement of
differentiated wild-type myotubes somewhat like
peas in a pod, the multiple nuclei of MDG/TRPC3
KD myoblasts were clustered at the myoblast
centers. There are three possible explanations for
these unusual characteristics of MDG/TRPC3 KD
myoblasts. Firstly, it is possible that the multinu-
cleation in MDG/TRPC3 KD myoblasts may be
induced by a defect in cytoplasmic division (no
correlation between mitosis and cytokinesis during
mitotic phase of the cell cycle) due to the ablation
of extracellular CaZ+-entry channel, TRPC3. DHPR
is of no relevance to the unusual characteristics of
MDG/TRPC3 KD because muscle cells in the
myoblast state do not express DHPR (Tanaka et
al., 2000). If this is the case, MDG/TRPC3 KD
myoblast clones should become extinct after
several passages. However, MDG/TRPC3 KD
myoblasts were well-maintained under proliferation
conditions except for certain reluctance. In
addition, in case of HelLa cells, extracellular
Ca®*-entry by SOCE mechanism is rather suppre-
ssed during mitotic phase of the cell cycle (Preston
et al., 1991). The second possibility is that the
relatively long-term culture for single myoblast
cloning process of MDG/TRPC3 KD myoblasts
could induce myoblasts that are entirely different
from wild-type myoblasts. However, this possibility
is unlikely because coomassie blue staining of the
myoblast lysate showed that the overall profile of
protein expression in MDG/TRPC3 KD myoblasts
was not dramatically altered compared with that of

wild-type or MDG myoblasts. The third possibility is
that MDG/TRPC3 KD myoblasts become sene-
scent. This possibility is supported by symptoms of
senescence in MDG/TRPC3 KD myoblasts when
they were exposed to differentiation conditions:
characteristics of apoptotic cell death such as
increases in the cytoplasmic Ca” level, membrane
blebbings, cell detachments, cell fragmentations
resulting in cellular debris, genomic DNA fragmen-
tations, and finally cell death (Alberts, 2008). In
case of neuronal cells, it has been reported that
down-regulation of TRPC3 with TRPC6 in neonatal
rat cerebellum induces the apoptosis of cerebellar
granule neurons (Jia et al., 2007).

Considering that MDG/TRPC3 KD myoblasts
become senescent when exposed to differentiation
conditions, until now mitsugumin-29 (MG29), might
be the best clue to access how TRPC3 is involved
in the senescence of skeletal muscle. Aged
skeletal muscle displays decreased MG29 expre-
ssion and reduced SOCE (Weisleder et al., 2006;
Zhao et al., 2008), and fibers isolated from MG29
knock-out young mice also show reduced SCOE
(Brotto et al., 2004). MG29 is one of TRPC3-inte-
racting proteins (Woo et al., 2008). Of interest,
MG29 expression was extremely decreased in
MDG/TRPC3 KD myoblasts compared with
wild-type myoblasts. Therefore TRPC3 accompa-
nied by MG29 could be involved in aging pro-
cesses of skeletal muscle.

TRPC4 and Orai1 could be functional partners of
TRPC3 in maintaining the SR Ca content of skeletal
myoblasts

Like MDG/TRPC3 KD myoblasts (missing of DHPR
'and' reduced expression of TRPC3), a1sDHPR-null
MDG myoblasts (only missing DHPR) also had
increased resting cytoplasmic ca® levels
(Supplemental Data Figure S3). However
a1%DHPR-nuII MDG myoblasts have normal SR
Ca” content and morphology compared with
wild-type myoblasts (Supplemental Data Figure
S3), and differentiate well into myotubes (Flucher
et al, 1993), suggesting that normal SR Ca*
content is one of key factor for the maintenance of
skeletal muscle cells (i.e. normal proliferation and
differentiation) and that TRPC3 could contribute to
maintaining the normal SR Ca®" content in skeletal
myoblasts. Heterologously expressed TRPC3s in
HEK293 cells form internal Ca**-release channels
in the ER membrane like IP3 receptors and lower
the ER Ca®* content (Lof et al., 2008). Similarly, a
low Ca®* content in the ER accompanies up-regu-
lation of TRPC3 expression in LNCap prostate
cancer cell (Pigozzi et al., 2006). Therefore it is



very possible that, reversely, down-regulation of
TRPC3 by knock-down of TRPC3 in MDG
myoblasts could induce a high SR Ca* content in
MDG/TRPC3 KD myoblasts. These phenomeno-
logical similarities suggest that increases or
decreases in SR/ER Ca“’ content are not directly
nor positively related to the expression level of
extracellular Ca®*-entry channels. In case of
TRPC3 knock-down myo'tubes' (Lee et al., 2006a),
DHPR could possibly compensate for the TRPC3
knock-down effect on the SR Ca®" content and
subsequently allow normal SR Ca*" content and
normal morphology of myotubes during differen-
tiation.

MDG/TRPC3 KD myoblasts showed no change
in the expression of two TRPC3 isoforms, TRPC1
and TRPCG6, but showed significantly decreased
TRPC4 expression. TRPC4 anchors to the dystro-
phin-associated protein complex and is necessary
to maintain the normal regulation of extracellular
Ca”-entry in skeletal muscle (Sabourin et al.,
2009). Possibly the decreased TRPC4 expression
in myoblast state is one of auxiliary factors
inducing high Ca** content in the SR of
MDG/TRPC3 KD myoblasts. However the molecu-
lar mechanism how TRPC4 is correlated to TRPC3
and contributes to inducing high SR Ca® content is
not clear yet. Another extracellular Ca*-entry
channel, Orai1 was also down-regulated in
MDG/TRPC3 KD myoblasts. Orai1 negatively
regulates TRPC3 function by physical interactions
(Liao et al., 2007). It is possible that TRPC3
knock-down in MDG/TRPC3 KD myoblasts could
induce down-regulation of its counterpart protein,
Orai1.

Taken together, we suggest that TRPC3 (possibly
Ca”-entry via TRPC3) plays an important role in
the maintenance of skeletal muscle myoblasts and
myotubes. Further study on a detailed functional
correlation among TRPC3, DHPR, MG29, TRPC4,
and Orai1 in conjunction with intracellular ca*
homeostasis will improve our understanding how
these proteins contribute to physiological and
patho-physiological processes of skeletal muscle.

Methods

Materials

Fetal bovine serum, F-10 nutrient mixture, L-glutamine,
penicillin/streptomycin, low- and high-glucose Dulbecco's
Modified Eagle's Medium, and basic fibroblast growth
factor were obtained from Invitrogen. Anti-TRPC1, TRPCS3,
TRPC4, and TRPC6 antibodies were obtained from
Alomone Laboratories. Anti-STIM1, anti-Orai1, anti-p53,
and anti-caspase-3 antibodies were obtained from Cell
Signaling. Anti-desmin antibody was obtained from
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DakoCytomation. Cy-3-conjugated anti-mouse IgG antibody
and normal goat serum (NGS) were obtained from Jackson
ImmunoResearch. Anti-MG29 antibody was obtained from
Santa Cruz Biotechnology. Matrigel was obtained from BD
Biosciences. Cyclopiazonic acid (CPA), caffeine, KCI,
horse serum, and collagen were obtained from
Sigma-Aldrich. Ethyl-1-(4-(2,3,3-trichloroacrylamide)phenyl)-
5-(trifluoromethyl)-1H-pyrazole-4-carboxylate (Pyr3) was
obtained from Tocris.

Cell cultures

Primary wild-type or a1sDHPR-null muscular dysgenic
(MDG) myoblasts were derived from wild-type or MDG
mouse skeletal muscle, respectively, as previously
described (Flucher et al., 1993; Felder et al., 2002).
Primary wild-type, MDG, or MDG/TRPC3 KD myoblasts, or
HEK293 cells were cultured as previously described (Lee
et al., 2004, 2006a, 2006¢c; Woo et al., 2010). All surgical
interventions and pre- and post-surgical animal care were
provided in accordance with the Laboratory Animals
Welfare Act, the Guide for the Care and Use of Laboratory
Animals, and the Guidelines and Policies for Rodent
Survival Surgery provided by the Institutional Animal Care
and Use Committee of the College of Medicine, The
Catholic University of Korea.

Clonal selection of MDG/TRPC3 KD myoblast line

To derive the MDG/TRPC3 KD myoblast line, we knocked
down the mRNA of TRPC3 in MDG myoblasts using
retrovirus-delivered small interference RNAs (Lee et al.,
2006a). First, two different sequences were selected using
a program from Dharmacon siDESIGN center
(Dharmacon, Thermo Fisher Scientific) based on the cDNA
sequence of TRPC3 (GenBank accession number
NM_019510). BLAST searches confirmed that the selected
oligonucleotide sequences did not possess homology to
any other genes. Each of two 19-nucleotide sequences
(Figure 1A, Sequences | and Il) was inserted into a
retroviral vector (pSIREN-RetroQ, Clontech Laboratories,
Inc.) using the 5-BamH | and 3'-EcoR | sites. Retroviral
particles were packaged by transfecting each short hairpin
RNA-expressing vector into HEK293-based packaging
cells with FUGENE transfection reagent (Roche), and the
harvested supernatant was filtered with 0.2 pm
non-pyrogenic disc filters (Pall Corporation). Filter-through
containing the retroviral particles (MDG/TRPC3 KD
retroviruses | or Il) was stored at -70°C before use. MDG
myoblasts were infected with both MDG/TRPC3 KD
retroviruses | and Il and polybrene (8 pg/ml) for 3 h.
Successfully infected myoblasts were clonally selected
using puromycin (0.3 ug/ml) on 3 successive days after the
infection. Each selected clone was subjected to prolife-
ration or differentiation into myotubes described in Cell
Cultures. Wild-type myoblasts infected with the empty
retroviruses were used as negative controls in subsequent
experiments (data not shown).

Evaluation of TRPC3 mRNA level in MDG/TRPC3 KD
myoblasts by real-time PCR

Total cellular RNA of wild-type myoblasts or ten selected
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TRPC3 knock-down and DHPR-null myoblast clones was
extracted from 5 x 10° cells, digested with RNase-free
DNase |, and reverse-transcribed into cDNAs using a
Sensiscript RT kit and random primers according to the
manufacturer’s protocol (Invitrogen). TRPC3 mRNA levels
were analyzed using real-time PCR with the reverse-trans-
cribed cDNAs. mRNA levels of glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) were used as positive
controls. Real-time PCR was carried out in optical 96-well
plates using the SYBR green master mix. The primers
were as follows: TRPC3, 5-GCCAAGCGACGGAGGA-
ATTA-3' (forward primer) and 5-CAGCACACTGGGGTTC-
AGTT-3' (reverse primer); GAPDH, 5-TTGTCAAGCTC-
ATTTCCTGGTATG-3' (forward primer) and 5-GCCATG-
TAGGCCATGAGGTC-3' (reverse primer). Transcription of
each gene was assayed in triplicate in a total volume of 20
pl containing 1x SYBR green reagent, 10 nM of each
gene-specific primer pair, and 50 ng of cDNAs. The
thermal profile for amplification was as follows: 50°C for 2
min, 95°C for 10 min, and 40 cycles of 95°C for 30 s, 60°C
for 30 s, and 72°C for 30 s. Amplification and detection
were performed using a Prism 7900 HT sequence
detection system (Applied Biosystems).

Single myoblast Ca®* imaging experiments and
preparation of cell images

Ca® transients, the SR Ca?* contents, and resting cytosolic
Ca® levels were measured in wild-type, MDG, or
MDG/TRPC3 KD myoblasts loaded with 5 uM fura-2-AM
(Molecular Probes, Invitrogen) in an imaging buffer (125
mM NaCl, 5 mM KCI, 2 mM KH2PO,, 2 mM CaCl,, 25 mM
HEPES, 6 mM glucose, 1.2 mM MgSO,, and 0.05% BSA
(fraction V) at pH 7.4.) at 37°C for 45 min as previously
described (Lee et al, 2004, 2006c). Fura-2 in the
myotubes was excited at 340 nm and 380 nm, and
fluorescence emission was measured at 510 nm using
High-Speed InCyt Im2 image acquisition system and
analysis software (v5.29; Intracellular Imaging, Inc). Intra-
cellular Ca*" concentrations were calculated as described
by Grynkiewicz et al. (using 225 nM as the Ca”"-fura-2
dissociation constant) (1985). CPA was dissolved in
Me,SO (<0.05%) and manually applied to myoblast.
Me,SO (0.05%) alone had no effect on Ca*" transients. For
Pyr3 treatment, Pyr3 dissolved in Me;SO (< 0.05%) was
incubated with MDG myoblasts in the imaging buffer for 45
min before Ca®" imaging. To analyze the Ca®* transients
obtained from the Ca® imaging experiments, peak area
was considered. To examine morphological changes,
images of wild-type and MDG/TRPC3 KD myoblasts on
10-cm dishes coated with collagen or images of
myoblasts/myotubes during differentiation on optic 96-well
plates coated with Matrigel were captured using an
inverted microscope (IX71, Olympus).

Immunohistochemistry

Wild-type or MDG/TRPC3 KD myoblasts were fixed in cold
methanol (-20°C) for 15 min and permeabilized with 0.05%
Tween 20 in phosphate-buffered saline (PBS) for 1 min.
After blocking myoblasts with 2% NGS in PBS, myoblasts
were incubated with anti-desmin antibody (1:100) for 3 h at

25°C, washed with 2% NGS in PBS for 10 min, incubated
with Cy-3-conjugated anti-mouse IgG antibody (1:5000) for
45 min at 25°C, and visualized with a fluorescence inverted
microscope (IX71, Olympus, 550 nm excitation and 570
nm emission).

Preparation of myoblast lysate and immunoblot
assay

Myoblasts grown on 10-cm culture dishes were solubilized
by addition of 300 pl lysis buffer (1% Triton X-100, 10 mM
Tris-HCI (pH 7.4), 1 mM NazVOs4, 10% glycerol, 150 mM
NaCl, 5 mM EDTA, and protease inhibitors (1 uM pepstatin,
1 uM leupeptin, 1 mM phenylmethylsulfonyl fluoride, 20
mg/ml aprotinin, and 1 uM trypsin inhibitor)) per a 10-cm
culture dish, followed by incubation overnight at 4°C with
gentle mixing (Lee et al., 2006a; Woo et al., 2008). The
final protein concentration of the solubilized lysate was
determined by the Bradford method by using bovine serum
albumin as the standard. The solubilized lysate (30 ug total
proteins) was boiled in sodium dodecyl sulfate (SDS)
sample buffer followed by 10% or 12% polyacrylamide gel
electrophoresis (PAGE) for immunoblot assay with
anti-TRPC1 (1:800), anti-TRPC3 (1:800), anti-TRPC4
(1:800), anti-TRPC6 (1:800), anti-STIM1  (1:1000),
anti-Orai1 (1:1000), anti-p53 (1:1000), anti-caspase-3
(1:1000), or anti-MG29 antibody (1:2000).

Myoblast count and BrdU-incorporation assay

The number of wild-type or MDG/TRPC3 KD myoblasts
per unit area was counted under the microscope.
MDG/TRPC3 KD myoblasts containing multi-nuclei were
counted as single cells. BrdU-incorporation assay was
performed with wild-type or MDG/TRPC3 KD myoblasts
grown on Matrigel-coated 96-well plates using a BrdU
immunohistochemistry kit according to the manufacturer’s
protocol (Chemicon International, Inc.). Briefly, myoblasts
were incubated with BrdU (10 puM) for 4 h. Myoblasts
incorporating BrdU were visualized by immunohisto-
chemistry with biotinylated anti-BrdU antibody (1:200
dilution in 0.1% BSA in PBS), streptavidin-HRP conjugate
secondary antibody (1:500), and diaminobenzidine. The
number of BrdU-stained cells as a percentage of total cells
was determined.

DNA fragmentation assay

DNA fragmentations in myoblasts and myotubes were
assayed by an apoptotic DNA ladder detection kit
according to the manufacturer's protocol (Millipore). Appro-
ximately 5 x 10° cells were subjected to the genomic DNA
isolation and the isolated genomic DNAs were loaded on
an ethidium bromide-treated 1.5% agarose gel.

Statistical analysis

Results are presented as means = SE with the number of
experiments indicated in the figure legends. Significant
differences were analyzed using paired t-tests (GraphPad
InStat, v2.04). Differences were considered to be signi-



ficant at P < 0.05. Graphs were prepared using Origin v7.

Supplemental data

Supplemental Data include three figures and can be found
with this article online at http://e-emm.or.kr/article/article_
files/SP-42-9-3.pdf.
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