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Calcium signaling is essential for the differentiation of many cell
types, including skeletal muscle cells, but its mechanisms remain
elusive. Herewe demonstrate a crucial role for nicotinic acid adenine
dinucleotide phosphate (NAADP) signaling in skeletal muscle differ-
entiation. Although the inositol trisphosphate pathway may have
apartial role toplay in this process, the ryanodinesignaling cascade is
not involved. In both skeletal muscle precursors and C2C12, cells
interfering with NAADP signaling prevented differentiation, whereas
promoting NAADP signaling potentiated differentiation. Moreover,
siRNA knockdown of two-pore channels, the target of NAADP, at-
tenuated differentiation. The data presented here strongly suggest
that in myoblasts, NAADP acts at acidic organelles on the recently
discovered two-pore channels to promote differentiation.

calcium signaling | myogenic differentiation | Ned-19

Cellular differentiation is a central process, not only in em-
bryonic development, but also during regeneration in adult

organisms, involving the complex activation and repression of
different genes and resulting in morphological changes in nu-
merous cell types. Greater understanding of the signaling path-
ways that link extracellular signals to transcriptional changes in
these processes have been developing in recent years. Calcium is
a ubiquitous intracellular messenger that modulates many aspects
of cell physiology (1). More specifically, there are a number of
calcium-sensitive transcription factors (2, 3). Differentiation can
be inhibited in a number of cell types by the depletion of cytosolic
calcium stores, suggesting a role for calcium in differentiation.
However, there are several sources of calcium available and it
remains unclear which sources contribute to the regulation of
differentiation in a given cell type.
An increase in intracellular calcium concentration can be caused

by a number of mechanisms. Calcium can enter the cell through
the plasma membrane or can be released from intracellular stores
controlled by second messengers or calcium itself (1). There are
three second messengers that can trigger calcium release from
intracellular stores: inositol 1,4,5-trisphosphate (InsP3), cyclic
ADP ribose (cADPR) and nicotinic acid adenine dinucleotide
phosphate (NAADP) (4). InsP3 and cADPR act at the endoplas-
mic and sarcoplasmic reticulum via InsP3 and ryanodine receptors
(RyRs), respectively. In contrast, the NAADP signaling cascade is
more controversial, with action reported at both RyRs on the
endo- or sarcoplasmic reticulum (5–8), and two-pore channels
(TPCs) on acidic stores having been described (9–11).
Skeletal muscle tissue has a remarkable capacity to regenerate

because of the existence of myoblasts, so-called “satellite cells,”
which reside within muscle tissue and undergo myogenic differ-
entiation following injury or exercise (12). The role of calcium in
this process has been investigated, demonstrating a clear impact
on skeletal muscle differentiation following manipulation of a
number of the aforementioned pathways. First, blocking of L-type
calcium channels prevents myogenic differentiation of C2C12
cells, a model for muscle differentiation. Second, inhibiting reup-

take of calcium into the sarcoplasmic reticulum with thapsigargin
interferes with myogenic differentiation, suggesting a role of in-
tracellular calcium signaling in this process (13). In skeletal muscle
differentiation calcium elicits its action through calmodulin-de-
pendent kinase and calcineurin, a calcium-dependent phospha-
tase, to regulate the expression of the myogenic regulatory factor
myogenin, an essential part of the differentiation program (14, 15).
Despite the fundamental role of calcium levels in skeletalmuscle

differentiation, the mechanisms controlling its release in this pro-
cess are only partly understood. In particular, the role of the second
messenger NAADP in this process has never been analyzed. The
impact of NAADP on differentiation has been demonstrated in
PC12 cells (16), a common model to study neuronal differentia-
tion. Moreover, a recent study shows that NAADP-mediated cal-
cium signaling is involved in T-cell activation (5, 17).
We found that undifferentiated muscle cells have NAADP-

sensitive stores. NAADP-acetoxymethylester (NAADP-AM), a
recently developed cell-permeant form of NAADP (18), caused
a calcium release in these cells and stimulated early and late
events of terminal differentiation. Ned-19, a specific inhibitor of
the NAADP signaling pathway (19), prevented skeletal muscle
differentiation. In contrast, inhibitors of the RyR interfered only
weakly with differentiation events. Undifferentiated myoblasts do
not express the skeletal muscle-specific isoform of the RyR
(RyR1). On the other hand, the NAADP receptor TPC2 and its
isoform TPC1 are expressed in these cells and TPC2 is down-
regulated in differentiating C2C12 cells, as well as during skeletal
muscle development. Down-regulation of both TPC1 and TPC2
inhibits skeletal muscle differentiation. Taken together, these
results show that NAADP is an essential second messenger in
skeletal muscle differentiation and development, more likely
acting via the TPC than the RyR1.

Results
Undifferentiated C2C12 Cells Release Calcium to NAADP but Not
Ryanodine. Previous studies have suggested a role for calcium
signaling in skeletal muscle differentiation (13–15). To determine
second-messenger responsiveness of myogenin-negative C2C12
myoblasts, we measured calcium release. These cells did not re-
spond to 10 μM ryanodine, although they were able to respond to
a subsequent addition of ATP (Fig. 1 A and B). In comparison, an
addition of the cell-permeant form of NAADP (NAADP-AM)
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produced a clear increase in calcium with a typical bell-shaped
concentration-response curve with a maximal response at 500 nM
(Fig. 1 C and D).

Established Endosplasmic Reticulum-Linked Messengers Are Not
Essential for Differentiation. To determine the role for the estab-
lished calcium stores and channels known to be present in skeletal
muscle cells, we investigated the effect of different pharmaco-
logical agents on differentiation. Northern blots were carried out
using specific probes to monitor the expression of the myogenic
regulatory factor myogenin, as well as of the skeletal and heart
muscle-specific transcription factor skNAC. Moreover, the ex-
pression of myosin heavy chain, a marker for late terminal dif-
ferentiation, was used for calculating the differentiation index
following 4 d of treatment. Thapsigargin, an agent that inhibits
calcium reuptake into the endoplasmic reticulum, has been
shown to interfere with C2C12 muscle differentiation (13).
However, incubation with 0.1 nM (10-fold less than was used in
these experiments) leads to cell death 2 to 4 d after induction of
differentiation. Nonetheless, xestospongin C, a specific inhibitor
of the InsP3 receptor (20), led to a slight deceleration in differ-
entiation after 1 d. This effect was mimicked by U-73122 [phos-
pholipase C inhibitor (21)], with a comparable increase in
myogenin and skNAC expression (Fig. 2A), as well as on the
presence of nuclei in myosin heavy chain-positive cells (Fig. 2 B
and C). Inhibition of the RyR with dantrolene, or a high con-
centration of ryanodine, did not affect the expression of myogenin
and skNAC (Fig. 2A) or the presence of nuclei in myosin heavy
chain-positive cells (Fig. 2 B and C). To investigate a role for
NAADP in differentiation in a more physiological setting, we
used primary murine myoblasts. Inhibition of the InsP3 receptor,
with Xestospongin C, or the RyR, with dantrolene, did not affect
the expression of myogenin and skNAC (Fig. 2D) or the presence
of nuclei in myosin heavy chain-positive cells (Fig. 2 E and F). We
therefore went on to consider a role for the NAADP-mediated
calcium release demonstrated earlier.

NAADP Promotes Skeletal Muscle Differentiation. C2C12 cells were
incubatedwithdifferentiationmedium in thepresenceorabsenceof
NAADP-AM.Preliminary data demonstrated that 50nMNAADP-
AM was sufficient to promote differentiation in terms of myogenin
expression, but 250 nM caused inhibition. C2C12 cells were there-
fore treated over 72 hwith 50 nMNAADP-AM.These cells showed
an increased expression level of both transcripts compared with
control cells (Fig. 3A).Therefore,C2C12 cellsweredifferentiated in
the presence of 50 nM NAADP-AM for 4 d and late-terminal dif-

ferentiation was considered. In control cells treated with differen-
tiation medium alone, about 30% of the nuclei were typically
located in myosin heavy chain-positive cells. In comparison, up to
50% of the nuclei of NAADP-AM treated cells were found in my-
osin heavy chain-positive cells (Fig. 3B andC). Similarly, in primary
murine myoblasts, low concentrations (10 and 50 nM) of NAADP-
AM promotes the expression of skeletal muscle differentiation
markers (Fig. 3D). On the other hand, differentiation of these cells
in the presence of a high concentration of NAADP-AM (250 nM)
inhibited the expression myogenin and skNAC in primary myo-
blasts. Finally, in both C2C12 cells and primary murine myoblasts,
the expression of differentiation markers was not altered by treat-
ment with a range of concentrations of cell impermeant NAADP
(20, 50, 100, and 500 nM), clearly demonstrating that NAADPmust
act intracelullarly to effect differentiation.

NAADP Signaling via Acidic Organelles Is Essential for Differentiation.
Given that promoting NAADP signaling clearly caused an in-
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Fig. 1. NAADP induces calcium release in undifferentiated C2C12 cells. (A)
Example traces of calcium release induced by 1 or 10 μM ryanodine (first
arrow) followed by 100 μM ATP (second arrow). (B) Bar graph (mean with
SEM; n = 25–40 cells) representing the change in cytosolic calcium following
addition of ryanodine or ATP. (C) Example traces of calcium release induced
by 50, 100, 500, and 1 μM NAADP-AM. Arrows indicate addition of NAADP-
AM. (D) Bar graph (mean with SEM; n = 12–16 cells) representing the change
in cytosolic calcium following addition of NAADP-AM.
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Fig. 2. Neither the InsP3 or ryanodine signaling pathway is essential for
skeletal muscle differentiation. C2C12 cells were induced to differentiate in
the presence of 1 μM xestospongin C, 5 μM U-73122, 100 μM ryanodine, or
100 μM dantrolene. (A) RNA was harvested at the indicated time points and
analyzed for expression of myogenin and skNAC by Northern blot analysis.
(B) Following 4 d of differentiation, cells were stained for myosin heavy
chain and DAPI to determine the differentiation index (percent nuclei in
myosin heavy chain-positive cells). (C) Bar chart (mean with SEM; n = 4)
representing the differentiation index following treatment for 4 d with
DMSO, or an inhibitor of the IP3 or ryanodine signaling pathway. Primary
murine myoblast were induced to differentiate in the presence of 1 μM
xestospongin C, 5 μM U-73122, 100 μM dantrolene, or 100 μM ryanodine. (D)
RNA was harvested at the indicated time points and analyzed for expression
of myogenin and skNAC by Northern blot analysis. (E) Following 4 d of
differentiation, cells were stained for myosin heavy chain and DAPI to de-
termine the differentiation index (percent nuclei in myosin heavy chain-
positive cells). (F) Bar chart (mean with SEM; n = 4) representing the dif-
ferentiation index following treatment for 4 d with DMSO, or an inhibitor of
the IP3 or ryanodine signaling pathway.
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crease in differentiation, we investigated the effect of inhibiting
NAADP signaling on differentiation. Initially, we used bafilo-
mycin (inhibitor of lysosomal H+-ATPase) to determine if cal-
cium stored in acidic organelles was required. Calcium loading of
these stores is dependent on the proton gradient and, as such,
bafilomycin is able to deplete lysosomal stores of calcium content
(22). Treatment with bafilomycin resulted in a decrease in
myogenin and skNAC expression (Fig. 4A), as well as a strongly
reduced differentiation index (Fig. 4 B and C). To inhibit
NAADP signaling more selectively, we used the NAADP an-
tagonist, Ned-19 (19). Expression levels of myogenin and skNAC
were markedly decreased in Ned-19–treated cells compared with
control cells (Fig. 4A). Moreover, virtually none of the nuclei of
the Ned-19-treated cells were located in myosin heavy chain-
positive cells (Fig. 4 B and C). To verify whether Ned-19 spe-
cifically inhibits a pathway essential for skeletal muscle differ-
entiation rather then causing an irreversible damage to C2C12
cells, we investigated whether cells would recover following re-
moval of Ned-19. Indeed, the expression levels of myogenin and
skNAC after the medium change increased to levels comparable
to those seen in control cells (Fig. 4D). Moreover, the amount of
nuclei found in myosin heavy chain-positive cells increased
markedly after the medium switch (Fig. 4 E and F). Consistent
with these results in C2C12 cells, treatment of primary myoblasts
with either bafilmoycin or Ned-19 prevented differentiation in
terms of up-regulation of myogenin and skNAC after treatment
with differentiation medium (Fig. 5A). Indeed, under these
conditions very little expression of myosin heavy chain is evident,
even after 4 d (Fig. 5 B and C), once again demonstrating an
absolute requirement for NAADP signaling in differentiation.

Calcium Channel Expression in Skeletal Muscle Cells. It has been
suggested that NAADP acts at either the TPCs (9–11) or at the
RyR (23). To determine which of these is responsible for the
NAADP-mediated effects, we decided to clarify which are
expressed in C2C12 cells and how they change during differen-
tiation. We performed RT-PCR experiments with specific pri-
mers against each receptor type along with specific primers for the
early differentiation marker myogenin as a control (Fig. 6A). As

expected, myogenin was not detectable in undifferentiated C2C12
cells but was present in 24-h differentiated cells (Fig. 6A). The
InsP3 receptor subtypes 1 and 3 were absent in undifferentiated
cells, whereas the InsP3 receptor subtype 2 was detectable. All
three InsP3 receptor subtypes were detectable in 24-h differenti-
ated cells. Similarly, the RyR subtypes 1 and 2 (RyR1 and -2) were
absent but RyR3 was detectable in undifferentiated cells. Al-
though the skeletal muscle-specific RyR1 was expressed in 24-h
differentiated cells, the heart-specific RyR2 could not be detec-
ted. Additionally, the two recently identified NAADP receptors,
TPC1 and TPC2, were present in both undifferentiated, as well as
24-h differentiated C2C12 cells (Fig. 6A). For a more extensive
comparison, we performed Northern blot experiments using
specific probes onRNAs fromC2C12 cells that had been placed in
differentiation medium for 1 to 5 d (Fig. 6B). As expected, C2C12
cells do not express RyR2 (heart-specific isoform) at any time
during differentiation. Comparatively, there is a clear induction in
the expression of RyR1, consistent with its role in skeletal muscle
function; the expression of RyR3 stays constant during the dif-
ferentiation process. Finally, although TPC1 is expressed during
the whole differentiation process, TPC2 is down-regulated during
the first 3 d after the induction of differentiation (Fig. 6B). The
primary murine skeletal muscle cells we used for our experiments
showed the same expression behavior that was observed in C2C12
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Fig. 3. NAADP-AM promotes skeletal muscle differentiation. C2C12 cells
were induced to differentiate in the presence or absence of 50 nM NAADP-
AM. (A) RNA was harvested at the indicated time points and analyzed for
expression of myogenin and skNAC by Northern blot using specific probes.
(B) Following 4 d of differentiation, cells were stained for myosin heavy
chain and DAPI to determine the differentiation index (percent nuclei in
myosin heavy chain-positive cells). (C) Bar chart (mean with SEM; n = 4)
representing the differentiation index following treatment for 4 d with ei-
ther DMSO or NAADP-AM. (D) Primary murine myoblast were induced to
differentiate in the presence or absence of 10, 50, 100, or 250 nM NAADP-
AM. RNA was harvested at the indicated time points and analyzed for the
expression of myogenin and skNAC by Northern blot analysis.
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Fig. 4. NAADP signaling is essential for differentiation of C2C12 cells. C2C12
cells were induced to differentiate in the presence of DMSO, 200 nM bafi-
lomycin, or 100 μM Ned-19. (A) RNA was harvested at the indicated time
points and analyzed for expression of myogenin and skNAC by Northern blot
analysis. (B) Following 4 d of differentiation, cells were stained for myosin
heavy chain and DAPI to determine the differentiation index (percent nuclei
in myosin heavy chain-positive cells). (C) Bar chart (mean with SEM; n = 4)
representing the differentiation index following treatment for 4 d with
control, bafilomycin, or Ned-19. Recovery of C2C12 differentiation following
removal of Ned-19 was demonstrated by (D) Northern blot, (E) myosin heavy
chain and DAPI staining, and (F) calculation of the differentiation index.
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cells. The RyR1 was not present in undifferentiated cells and was
strongly induced after 24 h of differentiation induction. The RyR3
was present in undifferentiated as well as differentiated cells.
Both TPC isoforms were present in undifferentiated primary
myoblasts. Although the TPC1 was still present to the same extent
after 5 d of expression, the TPC2 was strongly down-regulated
after the first day of differentiation (Fig. 6C). To determine the
relevance of the findings to in vivo development, we decided to
look at the calcium channel expression in skeletal muscle during

embryonic and postnatal development in mice. Previous findings
have suggested that TPCs are not expressed in adult skeletal
muscle tissues (9, 24). As these channels appear to be essential for
differentiation, we wanted to determine at which time point
during skeletal muscle development their expression is decreased.
We therefore tested RNAs from skeletal muscle of different
stages of mouse development. In contrast to a previous report
(24), we found TPC1 is expressed in the earliest embryonic stage
we tested, E17, and is not down-regulated in adult tissue (Fig. 6D).
TPC2 on the other hand is expressed in embryonic stage E17, E18,
and up to 3 wk after birth, and as reported before, is absent in
adult tissue. As a comparison, there was no detectable expression
of RyR1 until 3 wk after birth, followed by increased expression in
later stages of skeletal muscle development (Fig. 6D).

C2C12 Differentiation Is Altered by Down-Regulation of the TPCs on
Acidic Organelles. Ned-19, the selective antagonist of NAADP
signaling, being a derivative of tryptophan, can also act as a fluo-
rescent marker of the receptor (19), allowing us to determine at
which calcium store NAADP is acting. Given that both Ned-19
and bafilomycin demonstrated a similar level of inhibition, and
the change in TPC channels during differentiation, the most likely
store was the acidic organelles. Indeed, incubation with 100 μM
Ned-19 for 1 h resulted in clear labeling of undifferentiated
C2C12 cells that colocalized with lysotracker (Fig. 7A), a marker
for acidic organelles. To determine whether the inhibition of
differentiation caused by Ned-19 and bafilomycin is consistent
with the action at TPC receptors, we used siRNA to decrease the
expression of these receptors and measure the effects of the
down-regulation on the differentiation of C2C12 cells. Therefore,
C2C12 cells were transfected with siRNA against each receptor
isoform. In both cases the treatment caused a decrease in ex-
pression of the respective receptor type (Fig. 7B). To measure the
impact of the siRNA treatment on the differentiation process,
C2C12 cells were transfected with siRNA against TPC1 or TPC2,
differentiated for 24 h, and the myogenin and skNAC expression
was monitored. Down-regulation of both TPC1 and TPC2 caused
a decrease in myogenin and skNAC expression (Fig. 7C) com-
pared with cells that were transfected with scrambled siRNA or
differentiation medium only. Next, siRNA-treated C2C12 cells
were differentiated for 4 d, stained for myosin heavy chain, and
the differentiation index was calculated (Fig. 7 D and E). TPC1
siRNA-treated C2C12 cells differentiated into multinucleated
myotubes, although to a lesser extent than control siRNA-treated
cells. The differentiation index was 18% compared with 35% of
the control siRNA-treated cells. The differentiation index of the
TPC2 siRNA-treated C2C12 was also reduced to 8%. Moreover,
these cells did not seem to differentiate into multinucleated
myotubes. A calculation of the fusion index, the percentage of
nuclei in myosin heavy chain-positive cells with at least three
nuclei revealed that the TPC2 siRNA-treated cells had a strongly
reduced the fusion index of 2% compared with 32% of the control
siRNA-treated cells (Fig. 7F).

Discussion
Myogenin is one of the major transcription factors of the myo-
genic differentiation program and is expressed early during the
terminal differentiation process (25). It is well known that in
mouse myoblasts the expression of myogenin, as well as other
transcription factors, such as the myocyte enhancer factor-2, are
regulated by calcium-dependent signal transduction pathways
(e.g., the calcium/calmodulin-dependent kinase pathway or the
calcineurin pathway) (14, 15). Therefore, it is clear that mech-
anisms that control the cytoplasmic calcium concentration are
essential for induction of the myogenic differentiation program.
NAADP has recently been evolving as a new universal second

messenger, with a role in a variety of signaling cascades from
fertilization (26–28), insulin secretion (26, 29, 30), T-cell acti-
vation (5, 17), neurotransmitter secretion (31) and, most perti-
nently, neurite outgrowth (16, 32). Treatment of undifferentiated
C2C12 cells with the cell permeant derivative of NAADP
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Fig. 5. NAADP signaling is essential for differentiation of primary murine
myoblasts. Primary murine myoblast were differentiated in the presence of
with 200 nM bafilomycin or 100 μM Ned-19. (A) RNA was harvested at the
indicated time points and analyzed for the expression of myogenin and
skNAC by Northern blot analysis. (B) Following 4 d of differentiation, cells
were stained for myosin heavy chain and DAPI to determine the differen-
tiation index (percent nuclei in myosin heavy chain-positive cells). (C) Bar
chart (mean with SEM; n = 4) representing the differentiation index fol-
lowing treatment for 4 d with control, bafilomycin, or Ned-19.
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Fig. 6. Calcium channel expression during skeletal muscle differentiation.
C2C12 cells were induced to differentiate. (A) Before and after 24 h of dif-
ferentiation the RNA was harvested and analyzed for expression of InsP3R,
RyR, and TPC subtypes by RT-PCR with specific primers. Differentiation was
monitored by detection of myogenin. (B) RNA was harvested at the in-
dicated time points and analyzed using Northern blot for expression of RyR
and TPC subtypes, using specific probes. Differentiation was monitored by
detection of myogenin. (C) Primary murine myoblasts were induced to dif-
ferentiate. RNA was harvested at the indicated time points and analyzed for
the expression of RyR and TPC subtypes, using specific probes. Differentia-
tion was monitored by detection of myogenin. (D) RNA from mouse skeletal
muscle at different stages of development was analyzed using Northern blot
for the expression of TPC1, TPC2, and RyR1 using specific probes.
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(NAADP-AM) induces calcium release, clearly demonstrating
the existence of the machinery required for NAADP signaling in
these cells. Both, C2C12 myoblasts and primary murine myoblasts
show an increased expression of transcripts that are part of the
myogenic differentiation program, such as myogenin and skNAC,
when differentiated in the presence of NAADP-AM.On the other
hand, both bafilomycin, an inhibitor of the lysosomal H+-ATPase,
which is known to inhibit NAADP-dependent calcium release in
a number of cell types (33–35), and Ned-19, a highly selective
inhibitor of the NAADP signaling pathway (19, 36, 37), prevent
expression of these transcripts and inhibits the formation of
myotubes positive for myosin heavy chain. Taken together, these
results are unique in showing that calcium release triggered by
NAADP is essential of skeletal muscle differentiation.
In our study, we confirm previous reports that C2C12myoblasts

possess InsP3-sensitive calcium stores and express InsP3 receptor
subtypes (38, 39). Additionally, the InsP3 signaling pathway can be
linked to differentiation of C2C12 myoblasts (13), but not to
differentiation of primary murine myoblasts. In comparison, al-
though skeletal muscle cells express RyR subtypes, they do not
appear to be functional in myogenin-negative cells and the RyR
signaling pathway proves to be unnecessary for early events of
differentiation in both C2C12 cells and primary murine skeletal
muscle cells.
According to earlier reports, where Northern blot analyses had

been performed, the two mammalian TPC isoforms are not
expressed in adult skeletal muscle cells (9, 24). The results of our
RT-PCR experiments clearly show that both isoforms are
expressed in undifferentiated C2C12 cells. Because NAADP-AM
caused a calcium release in these cells, NAADP is likely acting via
theTPCs rather than the absentRyR1 inmyoblasts. Theexpression
of TPC1 does not change significantly during the differentiation
process of C2C12 cells or primary myoblasts. TPC2, on the other

hand, is down-regulated within 2 d after the induction of the dif-
ferentiation. These data suggest that signaling via TPC2 is mainly
required during early differentiation events rather than being part
of the signaling required fordifferentiated skeletalmuscle cells.We
also investigated whether signaling via TPC2 might be mainly re-
quired in the first month of skeletal muscle development. Our
results from RNAs taken from mice at different stages of de-
velopment support this suggestion, as TPC2 is strongly down-
regulated during development. In comparison, RyR1 only appears
3 wk postnatally, with increased levels up to adulthood, but TPC1 is
present throughout all stages of development into adult mice.
The results we obtained from siRNA studies strongly support

a role of the TPCs in the differentiation process. First, treatment
of C2C12 cells with TPC2 siRNA resulted in a decreased dif-
ferentiation and fusion index. Second, TPC1 siRNA treated
C2C12 cells show a decreased number of multinucleated myo-
tubes, although the number of nuclei per myotube did not differ
from control cells, suggesting a role for this receptor type in
C2C12 differentiation but not in the fusion processes. Addi-
tionally, Ned-19, which we have shown to also interfere with the
differentiation of C2C12 cells, is shown to bind to a protein on
acidic organelles, and bafilomycin, which also prevented myo-
genic differentiation in our studies, depletes calcium in these
same stores. There has yet been little evidence for the presence
of RyRs on the lysosomes but the evidence for TPCs at this lo-
cation is growing (9–11, 40).
To bring our results in line with earlier reports, it is conceiv-

able that NAADP has two different modes of action in skeletal
muscle cells: first, it is part of the initiation of the differentiation
process that leads to the formation of new skeletal muscle cells
from precursors by releasing calcium from acidic stores via the
TPCs. Second, NAADP might contribute to the contraction
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Fig. 7. C2C12 differentiation is altered by down-regulation of TPCs on acidic organelles. (A) Confocal microscopy of undifferentiated C2C12 cells. (Upper Left)
Labeling of NAADP receptor with 100 μMNed-19. (Upper Right) Labeling of acidic organelles with 50 nM lysotracker. (Lower Left) Bright field image of C2C12
cells. (Lower Right) Overlay of Ned-19 and lysotracker labeling showing colocalization. (B) C2C12 cells were transfected with siRNA against TPC1 or TPC2, re-
spectively. RNAwas harvested either 24 h after transfection (undifferentiated cells) or 24 h after differentiation was induced (differentiated cells). The RNAwas
analyzed for expression of TPC1 or TPC2, respectively, by Northern blot analysis. (C) C2C12 cells were transfected with siRNA against TPC1 or TPC2 for 24 h and
differentiated for 24 h. RNAwas harvested and analyzed for expression of myogenin and skNAC by Northern blot analysis. (D) C2C12 cells were transfectedwith
siRNA against TPC1 or TPC2 for 24 h and differentiated for 4 d. The cells were stained for myosin heavy chain and DAPI to determine the differentiation index
(percent nuclei inmyosin heavy chain-positive cells). (E) Bar chart (meanwith SEM; n = 4) representing the differentiation index following treatment for 4 dwith
control, scrambled siRNA, TPC1 siRNA, or TPC2 siRNA. (F) Bar chart (mean with SEM; n = 4) representing the fusion index (percent nuclei in myosin heavy chain-
positive cells with at least three nuclei) following treatment for 4 d with control, scrambled siRNA, TPC1 siRNA, or TPC2 siRNA.
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process in mature skeletal muscle by releasing calcium from the
sarcoplasmic reticulum via the RyR type 1 (8).
In conclusion the work presented here, uniquely demonstrates

an absolute requirement for the NAADP signaling cascade in
skeletal muscle differentiation. The discrepancy between the
levels of inhibition demonstrated by manipulation of the NAADP
signaling cascade compared with manipulation of the InsP3 sig-
naling cascade clearly demonstrates there is not an absolute re-
quirement for InsP3. It is known in other systems that NAADP
is the beginning of a calcium-releasing cascade, where NAADP-
induced calcium release “triggers” further release from the en-
doplasmic reticulum by sensitization of the InsP3 or RyRs (41, 42).
This might also be the case when the myogenic differentiation
program is started. Finally, given the lack of functional RyRs in
myoblasts and the results of siRNA experiments, it is clear the
action of NAADP is via TPCs, most likely TPC2, located on
acidic organelles.

Materials and Methods
C2C12 cells were grown in DMEMwith 1 g/L glucose supplemented with 20%
FBS until 90% to 100% confluence. C3H Primary myoblasts were isolated as
described previously (43). Cells were grown on collagen-coated plates in 80%
nutrient mixture F-10 Ham 20% FBS, 2.5 ng/mL basic fibroblast growth
factor at 37 °C, and 5% CO2. Differentiation was induced with 2% horse
serum. NAADP-AMwas synthesized in house (18). Ned-19 was obtained from
IBScreen (19). All other chemicals were from Calbiochem or Sigma. A de-
tailed description is provided in SI Materials and Methods.

Cells were loaded with fura-2 via the acetoxymetyl ester (45 min) and
imaged on an inverted microscope using alternating 340- and 380-nm ex-
citation and >520-nm emission (long-pass) detected with a charged-coupled
device camera controlled with MetaFluor software. For immunofluores-
cence, cells were fixed with ice-cold methanol (20 min) at −20 °C, blocked
with 10% FCS, and incubated with the myosin heavy chain antibody in 10%
FCS (30 min), washed three times with PBS, and then incubated with FITC
conjugated goat anti-mouse antibody in 10% FCS (25 min). Nuclei were
stained with DAPI. NAADP receptors were visualized with Ned-19 (100 μM,
1 h) using 355-nm excitation and 415-nm band-pass emission on a confocal
microscope. Lysosomes were visualized with Lysotracker Red (50 nM, 15 min)
using 568-nm excitation and 590-nm long-pass emission.

Total RNA from skeletal muscle mouse tissue was obtained from Zyagen.
Complementary DNA was synthesized using the cDNA first-strand synthesis
kit and 3 μg RNA from C2C12 cells as a template. Amplification of DNA
fragments was carried out with PCR using specific primers. PCR products
were cloned into the pBluescript SK vector using the BamHI and EcoRI
cloning sites. Inserts were verified by sequencing. Transfection with specific
siRNA was carried out using predesigned, TPC1-specific siRNA. For Northern
blots, total cellular RNA was isolated using the RNAeasy mini isolation kit,
run on an agarose gel and transferred to a nylon membrane and detected
with phosphatase-coupled antidogoxigenine antibody and developed with
CDP-Star as a chemoluminescent substrate revealed with X-ray film.
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