
Molecular Biology of the Cell
Vol. 21, 1423–1434, April 15, 2010

Protein Kinase C� Regulates Cdk5/p25 Signaling during
Myogenesis
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Atypical protein kinase C� (PKC�) is emerging as a mediator of differentiation. Here, we describe a novel role for PKC�
in myogenic differentiation, demonstrating that PKC� activity is indispensable for differentiation of both C2C12 and
mouse primary myoblasts. PKC� was found to be associated with and to regulate the Cdk5/p35 signaling complex, an
essential factor for both neuronal and myogenic differentiation. Inhibition of PKC� activity prevented both myotube
formation and simultaneous reorganization of the nestin intermediate filament cytoskeleton, which is known to be
regulated by Cdk5 during myogenesis. p35, the Cdk5 activator, was shown to be a specific phosphorylation target of PKC�.
PKC�-mediated phosphorylation of Ser-33 on p35 promoted calpain-mediated cleavage of p35 to its more active and stable
fragment, p25. Strikingly, both calpain activation and the calpain-mediated cleavage of p35 were shown to be PKC�-
dependent in differentiating myoblasts. Overall, our results identify PKC� as a controller of myogenic differentiation by
its regulation of the phosphorylation-dependent and calpain-mediated p35 cleavage, which is crucial for the amplification
of the Cdk5 activity that is required during differentiation.

INTRODUCTION

Members of the protein kinase C (PKC) superfamily of phos-
pholipid-dependent serine/threonine kinases are involved
in a multitude of cellular processes (Nishizuka, 1995). The
different isoforms are classified into three subfamilies ac-
cording to their allosteric activators: classical PKCs (�, �,
and �; cPKCs) require both calcium and diacylglycerol
(DAG) for activation, novel PKCs (�, �, �, and �; nPKCs) are
calcium-independent, and atypical PKCs (�, 	, and 
; aPKCs)
are activated neither by calcium nor DAG. The aPKCs are
activated by lipid components, such as phosphatidyl ino-
sitols (for instance PI-3,4,5 triphosphate), phosphatidic
acid, ceramide, and arachidonic acid (Nishizuka, 1995).
The activation mechanism has two essential steps: 1) re-
lease of a membrane-bound myristoylated pseudosub-
strate from the substrate-binding cavity and 2) auto-
phoshorylation of the kinase domain (reviewed in Hirai
and Chida, 2003; Hofmann, 1997).

Ubiquitously expressed PKC
 has been implicated as a
central regulator of many key intracellular signaling path-
ways (reviewed in Hirai and Chida, 2003) and is emerging
as a mediator of differentiation. The role of PKC
 during
development was first demonstrated in developing Xenopus
oocytes (Berra et al., 1993) and PKC
 has subsequently been
shown to be involved in monocytic (Ways et al., 1994; Liu et
al., 1998), erythroid (Mansat de Mas et al., 2002), and nerve
growth factor (NGF)-mediated neuronal differentiation
(Wooten et al., 2000, 2001). Moreover, the importance of
PKC
 upon differentiation becomes evident as its activity is
necessary to control cell polarity (Etienne-Manneville and
Hall, 2001; Suzuki et al., 2001; Gao et al., 2002) and migration
(Etienne-Manneville and Hall, 2001; Guo et al., 2009), both
processes important steps for differentiation.

Another differentiation-related kinase, cyclin-dependent
kinase 5 (Cdk5), is a serine/threonine kinase first identified
as a member of the cyclin-dependent kinase family, based on
sequence comparisons (Lew et al., 1995). However, unlike
other Cdks, Cdk5 is not involved in cell cycle progression
and is not activated by cyclins but rather by specific activa-
tors, p35 or p39 (reviewed in Dhavan and Tsai, 2001). Cdk5
has been shown to be indispensable for neuronal differenti-
ation, affecting the migration of neuronal progenitors, neu-
rite outgrowth, and the cytoskeletal dynamics of developing
neuronal cells (reviewed in Cicero and Herrup, 2005; Dha-
van and Tsai, 2001; Cruz and Tsai, 2004; Miyamoto et al.,
2007). Moreover, Cdk5 plays a crucial role in regulating both
the early development of muscle tissue (Lazaro et al., 1997;
Philpott et al., 1997) and the formation of neuromuscular
junctions (Fu et al., 2001). We have recently shown that the
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intermediate filament (IF) protein nestin forms a regulatory
scaffold for Cdk5, affecting targeting and activity of the
Cdk5/p35 signaling complex determining the differentiation
of myoblasts and myofibers (Sahlgren et al., 2003) and the
survival of neuronal progenitor cells (Sahlgren et al., 2006).
In addition, there appears to be a phosphorylation-depen-
dent feedback mechanism between Cdk5 and nestin, be-
cause Cdk5, by phosphorylating nestin, can affect the reor-
ganization and turnover of its own scaffold (Sahlgren et al.,
2003, 2006). Although several Cdk5 substrates have been
identified in both neuronal and myogenic tissue (reviewed
in Cruz and Tsai, 2004; Dhavan and Tsai, 2001; Nguyen et al.,
2007; Schnack et al., 2008; Seo et al., 2008), very little is known
about the upstream regulators of Cdk5. C-Abl, Fyn, and
Cdk7 have been implicated as facilitators of activity as they
are involved in phosphorylation of Cdk5 (Zukerberg et al.,
2000; Sasaki et al., 2002; Rosales et al., 2003).

Although our earlier work demonstrated that the Cdk5–
nestin complex determines myogenic differentiation (Sahl-
gren et al., 2003), we wanted to establish what could be the
upstream regulator of this signaling cascade. Because PKC

has been shown to act as a mediator of differentiation pro-
cesses (reviewed above), we wanted to know whether PKC

could acts as an upstream regulator of Cdk5, affecting myo-
blast differentiation. Indeed we observed that PKC
 activity
is necessary for differentiation and moreover, it directly
regulates the activity of the Cdk5/p35 signaling complex by
phosphorylating p35 and by facilitating calpain-dependent
cleavage of p35 to the more stable p25 fragment. This new
role for p25 in muscle differentiation represents a novel
aspect of p25-mediated Cdk5 activation, an activation mode
that has to date been primarily associated with neurodegen-
erative conditions (Cheung and Ip, 2004). Thus, our data
reveal PKC
 as a novel key regulator of the Cdk5/p35
signaling complex during muscle differentiation.

MATERIALS AND METHODS

Cell Culture Reagents and Transfection Materials
Mouse C2C12 myoblasts and monkey Cos-7 kidney cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen, Gaithersburg, MD)
supplemented with 10% (vol/vol) fetal bovine serum, 2 mM glutamine, and
penicillin G (100 U/ml)/streptomycin (100 �g/ml; growth medium). C2C12
cells were grown to 80% confluence and induced to differentiate by replacing
the growth medium with differentiation medium (DMEM supplemented with
2% [vol/vol] fetal bovine serum, 2 mM glutamine, and penicillin G (100
U/ml)/streptomycin (100 �g/ml). To inhibit PKC
 activity, myoblasts were
induced to differentiate in the presence of 20 �M pseudosubstrate inhibitor
peptide (PS; Myr-SIYRRGARRWRKL) or control scrambled peptide (Scr-P;
Myr-RLYRKRIWRSAGR; MilleGen Prologue Biotech, Labege Cedex, France).
Both of the peptides were linked to a myristoyl group to facilitate the
transport through the cell membrane. The Cdk inhibitor roscovitine, the
proteasomal inhibitor MG132, calpain inhibitor III, the PKC inhibitor chel-
erythrine (Calbiochem, San Diego, CA) and the calcium ionophore A23187
(Calbiochem, Darmstadt, Germany) were used at final concentrations of 10,
20, 15, 5, and 10 �M respectively. A luciferase-based assay (the calpain-Glo
assay; Promega, Madison, WI) was used to monitor calpain activity.

For transfection, Cos-7 cells were pelleted and resuspended in OPTIMEM
(Invitrogen, Invitrogen Foundation, Washington, DC) supplemented with 5%
(vol/vol) fetal bovine serum (FBS) and electroporated at 220 V and 975 �F.
Transfected cells were plated and harvested after 48 h for further analysis. A
p35-encoding DNA plasmid, with p35 cloned into the pcDNA3.1-His vector,
was kindly provided by Dr. Harish Pant (National Institutes of Health). The
PKC
-Flag plasmid was a kind gift of Dr. J. Blenis (Department of Cell
Biology, Harvard Medical School, Boston, MA). Empty plasmids were used as
transfection controls. C2C12 myoblasts were transfected using JetPEI trans-
fection reagent (Polyplus-transfection, New York, NY) according to the man-
ufacturer’s protocol. Myc-tagged p35-encoding plasmid was ordered from
Addgene (Cambridge, MA) and mutated to p35 S33A using Stratagene mu-
tagenesis kit (La Jolla, CA). C2C12 myoblasts and mouse primary cells were
transfected with 20 or 80 pmol of PKC
 small interfering RNA (siRNA;
siPKC
) or scrambled siRNA (Scr-R; Santa Cruz Biotechnology, Santa Cruz,
CA) using the Lipofectamine-plus reagent, according to the manufacturer’s

(Invitrogen, Rockville, MD) instructions. Twenty hours after transfection,
cells were switched to differentiation medium.

Primary Mouse Myoblast Culture
Cultures of primary myoblasts were established from the limb skeletal mus-
cles of 2-d-old FVB-n mice. Muscle tissue was minced and enzymatically
digested by incubation in 0.2% (wt/vol) type XI collagenase (Roche Diagnos-
tics, Basel, Switzerland) and 0.1% (wt/vol) trypsin at 37°C for 45 min. The
resulting slurry was filtered to remove large pieces of tissue and rinsed with
growth medium as follows: (Ham’s F-10 [Sigma-Aldrich, St. Louis, MO]
supplemented with 15% (vol/vol) fetal bovine serum, 2 mM glutamine,
penicillin G (100 U/ml)/streptomycin (100 �g/ml), and 2.5 ng/ml �-FGF
(fibroblast growth factor). Cells were centrifuged at 1000 � g for 5 min,
resuspended in growth medium, and seeded into tissue culture dishes. After
attainment of 80% confluence, differentiation was induced by replacing
growth medium with differentiation medium as follows: DMEM supple-
mented with 2% (vol/vol) FBS, 2 mM glutamine, and penicillin G (100U/
ml)/streptomycin (100 �g/ml).

Immunofluorescence Labeling
For immunostaining, myoblasts grown on coverslips were fixed in 3% (vol/
vol) paraformaldehyde and permeabilized with 0.1% (vol/vol) Triton X-100
in PBS for 10 min at room temperature (RT). Nonspecific binding sites were
blocked by incubation in 2% (wt/vol) bovine serum albumin (BSA) in PBS
(phosphate-buffered saline) with 0.05% (vol/vol) Triton X-100 for 30 min at
RT. Cells were subsequently stained for 2 h with primary antibodies, after
which coverslips were rinsed three times with PBS and stained for 40 min
with fluorescence tag-labeled secondary antibodies (Alexa 488 goat anti-
mouse or Alexa 568 goat anti-rabbit; Molecular Probes, Invitrogen, Rockville,
MD). Cells were washed three times in PBS before mounting in DAPI/
Vectashield (Vector Laboratories, Burlingame, CA). Images were collected
using a Zeiss LSM confocal laser scanning microscope equipped with argon
and helium-neon lasers (Thornwood, NY).

Immunoprecipitation
C2C12 cells or transfected Cos-7 cells were lysed in immunoprecipitation
buffer (50 mM HEPES, pH 7.4, 140 mM NaCl, 5 mM MgCl2, 5 mM EGTA, 0.4%
[vol/vol] NP40, 10 mM pyrophosphate, 5 mM sodium orthovanadate, and a
protease inhibitor cocktail; Roche Diagnostics) for 30 min on ice followed by
centrifugation at 12,000 � g for 10 min at 4°C. Protein concentration was
measured by the Bradford assay, and 800 �g of each lysate was precleared
using Sepharose beads, for 45 min, followed by immunoprecipitation of p35
(Santa Cruz Biotechnology), Cdk5 (Biosource Invitrogen, Washington, DC),
calpain 3 (Abcam, Cambridge, United Kingdom), or PKC
 (Santa Cruz Bio-
technology). Immunocomplexes were captured on protein G-Sepharose
beads, washed four times in 20 mM HEPES, pH 7.4, 2 mM EGTA, 100 mM
NaCl, 0.4% (vol/vol) NP40, and 1 mM dithiothreitol (DTT), and finally
resuspended in Laemmli sample buffer.

Western Blotting and Antibodies
Proteins were separated on SDS-PAGE and transferred to nitrocellulose mem-
branes using a wet transfer apparatus (Bio-Rad, Hercules, CA). After blocking
of nonspecific binding with 5% (wt/vol) nonfat dry milk, membranes were
first probed overnight using primary antibodies and next incubated for 1 h
with appropriate secondary antibodies coupled to horseradish peroxidase.
Proteins were visualized using an ECL Western blotting kit (GE Healthcare,
Little Chalfont, United Kingdom).

The following primary antibodies were purchased from Santa Cruz Bio-
technology: goat/rabbit anti-PKC
 (used at 1:500), rabbit anti-troponin (1:
500), rabbit anti-myosin light chain (myosin heavy chain [MHC]; 1:500), rabbit
anti-p35 (N20, C19; 1:200), rabbit anti-14-3-3tau (1:500), mouse anti-desmin
(1:500), rabbit anti-RhoA (1:200), rat anti-Hsc70 (1:10,000), and rat anti-HSP90
(1:1000). In addition, the following antibodies were used: mouse anti-Cdk5
(used at 1:1000; Biosource, Invitrogen Foundation), mouse anti-nestin (1:1000;
PharMingen, San Diego, CA), mouse anti-actin (1:1000; Sigma, St. Louis, MO),
mouse anti-p35 (1:500; Sigma), mouse anti-calpain 1 (1:1000; Cell Signaling
Technology, Danvers, MA), and mouse anti-calpain 3 (1:500; Abcam, Cam-
bridge, United Kingdom). The secondary antibodies (used at 1/10,000–
20,000) were purchased from Southern Biotechnology (Birmingham, AL). To
block rabbit anti-p35 (C-19), a blocking peptide was used (1:1000, Santa Cruz
Biotechnology).

In Vitro Phosphorylation and Kinase Activity Assays
In vitro phosphorylation assays were performed using immunoprecipitated
p35, calpain 3, recombinant calpain 1 (Calbiochem), His-p35 (aa 1-120), glu-
tathione S-transferase (GST)-p35 (aa 208-308), or the complex GSTp35/His-
Cdk5 (Abnova, Taipei City, Taiwan) as substrates. Cell lysates were incubated
with protein G-Sepharose beads for 45 min, and immunoprecipitates were
washed four times in 50 mM HEPES, pH 7.4, 5 mM EDTA, 125 mM NaCl,
0.2% (vol/vol) NP40, and 1 mM DTT and twice then with 50 mM HEPES, pH
7.4, 25 mM NaCl, and 1 mM DTT and resuspended in PKC
 kinase buffer (50
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mM HEPES, pH 7.4, 1 mM EDTA, 1 mM DTT, and 10 mM MgCl2) or Cdk5
kinase buffer (50 mM Tris-HCl, pH 7.4, 5 mM MgCl2, 1 mM DTT, and 1 mM
EDTA) with 200 �M unlabeled ATP, 10 �Ci [�-32P]ATP, and 50 ng recombi-
nant PKC
 (Upstate Biotechnology, Lake Placid, NY). The reaction was al-
lowed to proceed for 30 min at 32°C for PKC
 assay and at 25°C for Cdk5
measurement. Reactions were stopped by addition of Laemmli sample buffer
and boiling for 5 min. Gels were stained with Coomassie Blue, dried, and
subjected to autoradiography. As loading controls, 8-�l amounts of immuno-
precipitates were subjected to SDS-PAGE, transferred to nylon membranes,
stained with Red Ponceau, and visualized using the ECL Western blotting kit
(GE Healthcare).

To measure PKC
 or Cdk5 activity during myoblast differentiation, PKC

was immunoprecipitated from cell lysates. The kinase reaction was per-
formed as described above using histone H1 (3 �g, Sigma-Adrich) as sub-
strate. Phosphate incorporation into histone H1 was visualized by autora-
diography of SDS-PAGE gels.

In Vitro Calpain Assay
After phosphorylation by PKC
, performed as described above, GSTp35/
Hiscdk5 was subjected to calpain cleavage assay using a commercial kit
(QIA120; Calbiochem) according to the manufacturer’s instructions. After
incubation with or without recombinant calpain 1 for 5 min at RT, the reaction
was stopped by addition of Laemmli buffer. Samples were separated by
SDS-PAGE and subjected to immunoblotting using appropriate antibodies.

Preparation of Brain Extracts and Calpain Activation
In Vitro
The brains of 2-d-old FVB-n mice were isolated and homogenized in lysis
buffer (20 mM HEPES, pH 7.4, 5 mM KCl, 1.5 mM MgCl2, 1 mM DTT, and 1
mM EGTA), using a Teflon grinder (Sato et al., 2007). Each homogenate was
centrifuged at 13,000 � g for 25 min at 4°C. Pellets were resuspended in 100
�l lysis buffer, sonicated, and centrifuged, as described above. Supernatants
from each sample were divided into two parts: control and test. To induce
calpain activity, 4 mM CaCl2 was added to a sample, and incubation for 1 h
at 37°C followed. The reaction was stopped by addition of EGTA to 10 mM
and boiling in Laemmli sample buffer for 5 min. C2C12 myoblasts transfected
with p35 wild type (WT) and p35 S33A were treated as above described to
induce calpain activity. p35 processing was analyzed using Western blotting.

Statistics
Quantitative experiments were analyzed using Student’s t test. All p values
were obtained using two-sided tests using the GraphPad Prism program (San
Diego, CA).

RESULTS

PKC� Is Required for Myoblast Differentiation
We have previously shown that Cdk5 is a critical regulator
of myogenic differentiation (Sahlgren et al., 2003), but it is
still unclear how Cdk5 activation is regulated and how Cdk5
interacts with other signaling pathways during differentia-
tion. Because PKC
 has been implicated as a regulator of
differentiation (Wooten et al., 2000; Mansat de Mas et al.,
2002), we investigated whether PKC
 was involved in Cdk5-
mediated myogenic differentiation (Sahlgren et al., 2003). To
address this question, we down-regulated PKC
 using
siRNA or inhibited PKC
 activity employing a specific PKC

PS inhibitor (Eichholtz et al., 1993; Zhou et al., 1997; Fishelev-
ich et al., 2006) in both mouse primary myoblasts and the
C2C12 myoblast cell line (Figures 1 and 2). Differentiation
was induced by reducing the serum content in the medium
(2% vol/vol) and was monitored over 72 h by measuring the
formation of multinucleated myotubes and the expression of
specific differentiation markers, MHC and desmin. Down-
regulation of PKC
 by siRNA (siPKC
) inhibited both pri-
mary myoblast fusion (Figure 1A) as well as expression of
MHC and desmin (Figures 1A and 2A), whereas scrambled
siRNA (Scr-R) had no such effect (Figures 1A and 2A).
Likewise, the blocking of PKC
 activity with 15–20 �M PS
inhibitor also prevented the differentiation of primary myo-
blasts, whereas the inactive scrambled peptide (Scr-P) had
no effect (Figures 1B and 2B). The fusion index, depicting the
number of nuclei within multinucleated myotubes at 48 and

72 h of differentiation, further confirms the significant inhib-
itory effect of PS inhibitor (Figure 1C). In a similar manner,
the inhibition of PKC
 efficiently blocked myogenesis in
C2C12 myoblasts (Supplemental Figure 1, A and B), demon-
strating that the effect was identical in the two cellular model
systems. To confirm that the observed effect was PKC
-specific,
we assessed differentiation in the presence of Calphostin C, an
inhibitor of both nPKCs and cPKCs, and found that Calphostin
C had no effect on differentiation (Supplemental Figure 1C),
compared with siPKC
 or the PKC
 PS inhibitor, both of which
completely blocked differentiation. Taken together, our results
reveal an essential and specific regulatory role for atypical
PKC
 during myogenic differentiation.

PKC� Activity Is Up-Regulated during Myogenic
Differentiation
Because the down-regulation and inhibitor experiments in-
dicated a key role for PKC
 in myogenesis, we examined
PKC
 expression during the differentiation of both C2C12
cells and mouse primary myoblasts (Figure 3A). Cells were
harvested 48 and 72 h after the induction of differentiation,
the progress of which was verified by blotting against the
differentiation marker, MHC. Immunoblotting revealed that
PKC
 levels were relatively stable during differentiation
(Figure 3A). As PKC
 expression was constant, we wanted
to determine whether PKC
 activity was regulated during
differentiation. Indeed, although some activity was detected
in proliferating myoblasts, we observed a significant in-
crease in PKC
 activity at 48 h of differentiation (Figure 3B).
The PKC inhibitor chelerythrine blocked this activity (Figure
3B), confirming the specificity of the kinase activity assay.

PKC� Modulates Cdk5 Activity
Previous studies have confirmed that Cdk5 is required for
myoblast differentiation (Lazaro et al., 1997; Philpott et al., 1997;
Sahlgren et al., 2003). Moreover, activation of PKC
 and Cdk5
in differentiating myoblasts showed similar kinetics. To get an
indication of the hierarchy between these two kinases, we
tested whether roscovitine, a Cdk5 inhibitor, affected PKC
.
However, Cdk5 inhibition had no obvious effect on PKC

activity (Supplemental Figure 2A), but still efficiently inhibited
myoblast differentiation, as indicated by the loss of troponin
expression (Supplemental Figure 2B), in line with our previous
observations (Sahlgren et al., 2003). As Cdk5 inhibition im-
paired myoblast differentiation without affecting PKC
 activity,
we reasoned that PKC
 is likely to act upstream of Cdk5. To
test this hypothesis, we determined whether Cdk5 activity
during C2C12 cell differentiation was altered in the presence of
the PKC
-specific PS inhibitor. Cells were harvested at the
indicated time points and Cdk5 activity was analyzed by in
vitro kinase assay. The results showed that Cdk5 activity was
blocked by the PS inhibitor (Figure 4A), demonstrating that
PKC
 has the ability to regulate Cdk5 activity and lies up-
stream of Cdk5 in the sequence of events leading to myoblast
differentiation. The specificity of the assay was confirmed us-
ing the Cdk5 inhibitor roscovitine (Figure 4A).

PKC� Regulates the Expression and Reorganization of
Nestin
We previously showed that the IF protein nestin acts as a
scaffold for Cdk5 (Sahlgren et al., 2003, 2006). In addition, Cdk5
has the ability to regulate its own scaffold, thereby enabling the
characteristic reorganization of nestin filaments during myo-
tube formation (Sahlgren et al., 2003). Thus, we wanted to
determine whether inhibition of PKC
 affected Cdk5-mediated

PKC
 Regulates Myogenesis
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reorganization of nestin filaments in differentiating myoblasts
(Figure 4, B and C; Supplemental Figure 3A). In agreement
with our previous observations (Sahlgren et al., 2003), nestin
filaments were reorganized, in concert with Cdk5 activation,
into longitudinal fibers during differentiation. In contrast, in
the presence of the PS inhibitor, nestin reorganization was
severely disturbed in both C2C12 cells and in primary myo-
blasts (Figure 4B; Supplemental Figure 3A). Notably, similar
morphological alterations of the nestin network were also ob-
served when PKC
 was down-regulated by siRNA (siPKC
) in
mouse primary myoblasts (Figure 4C). These morphological
perturbations of the nestin filament network after inhibition of
PKC
 were identical to those previously observed upon Cdk5
inhibition (Sahlgren et al., 2003). This result further supported
the proposed function of PKC
 as an upstream regulator of the

Cdk5 signaling pathway. Nestin expression, turnover, and sta-
bility are also regulated by Cdk5-mediated phosphorylation of
nestin (Sahlgren et al., 2003; unpublished results). To investi-
gate the effect of PKC
 inhibition on Cdk5-mediated regulation
of nestin in greater detail, nestin protein levels were analyzed
in differentiating C2C12 and mouse primary myoblasts (Figure
4, B and C; Supplemental Figure 3B). Inhibition of PKC
-Cdk5
activity led to a remarkable decrease in nestin protein levels in
both C2C12 cells and in primary myoblasts (Figure 4, B and C;
Supplemental Figure 3B). These results, employing nestin or-
ganization, expression, and stability as a downstream readout
of Cdk5 activity, reinforce the hypothesis that PKC
 acts as a
regulator of Cdk5 and that the PKC
–Cdk5 axis is crucial for
proper myoblast fusion and simultaneous reorganization and
turnover of the nestin cytoskeleton.

Figure 1. Inhibition of PKC
 expression and
activity prevents the formation of myotubes.
(A) The down-regulation of PKC
 by siRNA
abrogated the myoblast fusion and myotube
formation. Primary myoblasts were transfected
with PKC
 siRNA (siPKC
) or scrambled siRNA
(Scr-R) and induced to differentiate. At 72 h of
differentiation, cells were fixed and double-
stained with anti-MHC antibody, and DAPI,
to detect differentiated cells and nuclei, respec-
tively. The arrows in the phase-contrast images
indicate myotubes. The bottom panels shows
fluorescence labeling of MHC (red) and DNA
(DAPI, blue), visualized by confocal micros-
copy. The images reveal a pronounced decrease
in cell fusion and myotube formation as well as
in MHC expression, when PKC
 is down-regu-
lated. (B) The inhibition of PKC
 activity by a
pseudosubstrate inhibitor peptide (PS) blocked
the fusion of myoblast to multinucleated myo-
tubes. Mouse primary myoblasts were induced
to differentiate in the presence of either the
PKC
 inhibitor peptide (PS; 15 or 20 �M) or the
scrambled peptide (Scr-P; 20 �M). After 48 h of
differentiation, cells were fixed and double-
stained with antibodies against MHC and
DAPI. Similarly to PKC
 down-regulation by
siRNA (Figure 1A), PKC
 inhibition prevented
myotube formation. (C) The fusion indexes of
mouse primary myoblasts were determined in
the presence of both the inhibitor peptide (PS,
20 �M) and the scrambled peptide (Scr-P, 20
�M). The fusion index was determined as a
ratio of the number of nuclei in myotubes
(showing at least two nuclei) to the total num-
ber of nuclei in six randomly chosen micro-
scopic fields. The data are shown as means �
SEM (n � 3; *p � 0.05; Student’s t test).
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The Cdk5 Activator, p35, Interacts with and Is
Phosphorylated by PKC�

Cdk5 is activated by association with the protein activator
p35. As our data positioned PKC
 upstream of Cdk5, PKC

could influence Cdk5 activity through regulation of p35. To
test the possibility of a direct interaction between PKC
 and
p35, we performed coimmunoprecipitation experiments.
PKC
 was found to be associated with p35 in Cos-7 cells and
C2C12 myoblasts (Figure 5, A and B). Interestingly, this
association was rather weak in undifferentiated C2C12 cells
but was remarkably increased during differentiation (Figure
5B), in concert with raised PKC
 and Cdk5 activities (Figures
3B and 4A). Similar results were obtained using mouse
primary myoblasts.

Given the observed interaction between PKC
 and p35,
we explored whether p35 was directly targeted by PKC
.
Judging from the phosphorylation motifs in p35, it contains
several potential sites for PKC
 -mediated phosphorylation
in its N-terminal region (Figure 5D), but none after Ser-89.
By in vitro phosphorylation assay using immunoprecipi-

tated p35 as substrate, we showed that recombinant PKC

efficiently phosphorylated p35 (Figure 5C). We performed
more detailed phosphorylation analysis using two different
truncated p35 peptides as substrates. It was observed that
the N-terminal (N1-120) portion of p35, containing the pre-
dicted phosphorylation sites, was phosphorylated by PKC
,
whereas the C-terminus (C208-307) was not (Figure 5D). To
identify the specific phosphorylation sites, a recombinant
p35 (Sakaue et al., 2005; Yamada et al., 2007) was phosphor-
ylated in vitro by PKC
 and analyzed by mass spectrometry
(Schroeder et al., 2004; Olsen et al., 2005). Serine 33 was
identified as a target of PKC
 (Supplemental Figure 4). To
further confirm the in vivo relevance of serine 33 phosphor-
ylation, we conducted an in vivo 32P-phosphorylation and
phosphopeptide-mapping experiment (Kochin et al., 2006).
HEK 293 cells were transfected with constitutively active
PKC
 together with either WT p35 or S33A-mutated p35.
The transfected cells were metabolically labeled with 32P-
orthophosphate, and p35 was immunoprecipitated from the
cell lysate, followed by separation on SDS-PAGE and tryptic
phosphopeptide mapping (Supplemental Figure 5). Al-
though the in vivo phosphopeptide map of p35 is complex
(as it contains the specific Cdk5 sites and a number of other
sites for different kinases, with a complexity exceeding that
outlined in the literature; data not shown), the comparison

Figure 2. Inhibition of PKC
 expression and activity prevents
myoblast differentiation. (A) The down-regulation of PKC
 by
siRNA prevented the myoblast differentiation as indicated by the
reduced amount of differentiation markers. Primary myoblasts were
transfected with PKC
 siRNA (siPKC
) or scrambled siRNA (Scr-R)
and induced to differentiate. At the indicated time points of differ-
entiation, cells were harvested for Western blot analysis. Desmin
and MHC were used as markers of differentiation, whereas 14-3-3
served as a loading control. PKC
 down-regulation induced a de-
crease in expression of the differentiation markers MHC and
desmin, as shown in the histogram. (B) The Inhibition of PKC

activity by a pseudosubstrate inhibitor peptide (PS) blocked the
myoblast differentiation. Mouse primary myoblasts were induced to
differentiate in the presence of either the PKC
 inhibitor (PS; 15 or 20
�M) or the scrambled peptide (Scr-P; 20 �M). Cells were harvested
at the indicated time points of differentiation and subjected to
Western blot analysis. Increasing desmin and MHC expression lev-
els indicated the progress of differentiation, whereas Hsc70 served
as a loading control. Similarly to the PKC
 down-regulation by
siRNA (Figure 2A), the inhibition of PKC
 activity prevented the
myoblast differentiation.

Figure 3. Expression and activity of PKC
 during myogenesis.
(A) The protein levels of PKC
 remained stable during myoblast
differentiation. C2C12 cells and primary myoblasts were induced
to differentiate, and cells were harvested at the indicated time
points. The progress of differentiation was assessed by monitor-
ing the expression of MHC, whereas 14-3-3 served as a loading
control. (B) PKC
 activity was up-regulated during myoblast
differentiation. C2C12 cells were shifted to differentiation me-
dium, and PKC
 was immunoprecipitated from the cell lysates
prepared at the indicated time points. The activity of immuno-
precipitated PKC
 was analyzed using histone H1 as a substrate.
As a negative control, cell extracts were incubated for 15 min
with the PKC inhibitor chelerythrine (Chel, 5 �M) before the
activity assay. Coomassie Blue staining was utilized to verify that
equal amounts of substrate were used in each reaction, whereas
immunoblot analysis confirmed that equal amounts of PKC

were precipitated from each cell lysate. The blots were scanned
on a densitometer to quantitate the amount of PKC
 and the
degree of histone 1 phosphorylation. The ratio of 32P-histone 1
and PKC
 at each time point was calculated and normalized to
the control values at time point 0 h. The data are representative
of three independent experiments.

PKC
 Regulates Myogenesis

Vol. 21, April 15, 2010 1427



of the 2D phosphopeptide maps of WT and S33A-mutated
p35 demonstrated loss of the S33-specific phosphopeptide in
the sample from S33A-mutated p35 (Supplemental Figure
5B, encircled). This analysis provides additional evidence of
the serine 33 being phosphorylated in vivo. Here we dem-
onstrate for the first time that the Cdk5 activator p35 inter-
acts with and is a novel target for PKC
.

PKC� Activity Is Essential for Calpain-mediated Cleavage
of p35 during Myoblast Differentiation
p35 has been shown to be cleaved by calpains in neuronal
cells, leading to generation of a more stable fragment, p25
(Kusakawa et al., 2000). This event has been associated with
neurodegenerative processes, as the constitutive hyperacti-
vation of Cdk5 by p25 leads to harmful phosphorylation
events (reviewed in Cruz and Tsai., 2004; Lee et al., 2000).
Intriguingly, despite the seemingly harmful role of p25,
there are reports indicating that p25 is likely to be involved

also in normal physiological processes (Fischer et al., 2005;
see Discussion for further details). Incited by these observa-
tions, we studied whether generation of p25 could be in-
volved in the Cdk5 activation that we had observed during
myogenic differentiation. Indeed, in further support of
p25 being physiologically relevant, we observed that p35
was cleaved to p25 during differentiation of both C2C12
cells and mouse primary myoblasts (Figure 6A; Supple-
mental Figure 6A). The identity of the p25 fragment was
verified using CaCl2-treated brain lysates as a positive
control (Supplemental Figure 6B) and was further con-
firmed by showing that the p35/p25 bands disappeared
upon treatment with a blocking peptide against a p35
antibody that recognizes both the cleaved and uncleaved
forms of the protein (Supplemental Figure 6C). Genera-
tion of p25 has previously been indicated to be calpain-
dependent. To test whether the generation of p25 was
calpain-dependent in differentiating myoblasts, we in-
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Figure 4. PKC
 modulates Cdk5 activity in
vivo and affects the reorganization of nestin
filaments during differentiation. (A) The
Cdk5 activity was inhibited upon PKC
 inhi-
bition. C2C12 cells were induced to differen-
tiate for 72 h in the presence or absence of the
PKC
 pseudosubstrate inhibitor peptide (PS).
Cell lysates were subjected to the immuno-
precipitation of endogenous Cdk5 and the
Cdk5 kinase activity assays were performed
using histone H1 as substrate (left). The num-
bers represent the relative induction in the
Cdk5 activity during differentiation in the
presence or absence of the inhibitor peptide
PS. The data are representative of three inde-
pendent experiments. As a negative control,
cell lysates were preincubated with the Cdk5
inhibitor roscovitine (Rosc; 5 �M) for 15 min
before kinase activity assay (right). Immuno-
blotting confirmed that equal amounts of
Cdk5 were immunoprecipitated from each
cell lysate. In addition, Coomassie Blue stain-
ing showed that equal amounts of histone 1
substrate were used in each reaction. (B)
PKC
 activity was necessary for the reorga-
nization of nestin filaments and the regula-
tion of nestin protein levels during differen-
tiation. C2C12 myoblasts were induced to
differentiate for 72 h in the presence or ab-
sence of the inhibitor peptide (PS). The sam-
ples were fixed and double-stained with an-
tibodies recognizing nestin and p35. At 72 h
of differentiation, nestin filaments were aligned
parallel to myotubes and colocalized with p35.
However the Cdk5-mediated reorganization of
nestin filaments during differentiation was dis-
turbed when PKC
 activity was inhibited
(scale � 10 �m, as in panel C). In parallel cell
lysates were prepared from the same experi-
ment, proteins were resolved by SDS-PAGE
and analyzed by Western blotting for nestin
and Hsc70, the latter serving as a loading con-
trol. The immunoblot revealed pronounced de-
creases in nestin protein levels when PKC
 was
inhibited. (C) The down-regulation of PKC

severely impaired nestin reorganization and
stability during differentiation of primary
myoblasts. Mouse primary myoblasts were

transfected with PKC
 siRNA (siPKC
) or scrambled siRNA (Scr-R) and induced to differentiate for 72 h. Samples were fixed, stained with
anti-nestin antibody (scale bar, 10 �m), and analyzed by Western blotting. The results confirmed alterations in nestin remodeling and
turnover observed during differentiation when PKC
 was down-regulated.
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duced the differentiation with or without a calpain inhib-
itor (calpain inhibitor III). The calpain inhibitor efficiently
prevented the formation of the p25 fragment (Figure 6B,
left panel), establishing the requirement of calpain also in
the differentiation-mediated p25 generation. The physio-
logical requirement for calpain in generating p25 was
illustrated by experiments showing that the calpain inhib-
itor completely blocked differentiation (Figure 6B, right
panel) at the same time as it was blocking the generation
of p25. Interestingly, this observation is in accordance
with previous studies that have indicated an involvement
of calpain in myogenic differentiation (Barnoy et al., 1998,
2005; Dourdin et al., 1999; Liang et al., 2006). These results
show that p35 is physiologically cleaved by calpains dur-
ing myoblast differentiation, without inducing cell death
and that p25 is an effector molecule generated by calpain.

As aPKC has been shown to activate calpains (Castellani et
al., 2006; Xu and Deng 2006), we hypothesized a link be-
tween the activities of PKC
, calpain, and Cdk5, in differen-

tiating myoblasts. Moreover, the predicted PKC
 phosphor-
ylation sites in p35 are located close to the calpain cleavage
site. Accordingly, we found that p35 cleavage was pre-
vented by the PS inhibitor during differentiation of both
C2C12 and primary myoblasts (Figure 6, A and C). Likewise,
the calpain-mediated cleavage of p35 was blocked by
siRNA-mediated inhibition of PKC
 expression (siPKC
) in
primary myoblasts (Figure 6C). These results suggest that
PKC
 uses calpain-mediated cleavage of p35 to amplify and
sustain Cdk5 activation during differentiation.

PKC� Regulates Calpain Activity during Differentiation
Considering the striking effect of PKC
 on p35 processing,
we speculated that PKC
 could modulate the p35 cleavage
also through direct activation of calpains. To explore this
idea, we studied the effect of the PS inhibitor on calpain
activity. Mouse C2C12 and primary myoblasts were sub-
jected to differentiation in the presence or absence of the PS
inhibitor, and the autocatalytic cleavage of calpains, re-
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Figure 5. p35 interacts with and is a target
for PKC
. (A) PKC
 interacted with p35 in
Cos-7 cells. Cos-7 cells were transfected with
plasmids encoding p35 and PKC
. Cells were
lysed and subjected to immunoprecipitation
using either anti-PKC
 or anti-p35 antibodies.
Immunoprecipitated samples were separated
on SDS-PAGE together with input controls
and immunoblotted for PKC
 and p35. The
results revealed an interaction between p35
and PKC
. (B) An interaction between p35
and PKC
 was detected in differentiating
myoblasts. C2C12 cells were induced to dif-
ferentiate, lysed, and subjected to p35 immu-
noprecipitation. Western blot analysis of im-
munoprecipitates indicated that p35 and
PKC
 interacted during differentiation. (C)
p35 was phosphorylated by PKC
. Cos-7 cells
were transfected with p35 or an empty vector.
48 h later, cells were lysed, and p35 was im-
munoprecipitated. An in vitro phosphoryla-
tion assay with recombinant PKC
 was per-
formed using immunoprecipitated p35 as a
substrate. The immunoblots demonstrate the
amounts of p35 and PKC
 and the autoradio-
graph the degree of phosphorylation in the
different reactions. (D) The N-terminus of p35
contains several putative PKC
 phosphoryla-
tion sites (the ProteinScan program was helpful
in the prediction of putative phosphorylation
sites; see http://156.40.231. 198/ProteinScan/
ScanProteinForPKCSitesPage. aspx). The N-
terminus of p35 was specifically phosphory-
lated in vitro by PKC
. In vitro phosphorylation
assays were performed with recombinant
PKC
 using either truncated N-terminal (N1-
120) or C-terminal (C208-307) p35 peptide as a
substrate. Proteins were resolved by SDS-
PAGE, and the presence of indicated proteins
in phosphorylation reactions was monitored by
Western blotting. Autoradiographs demon-
strate the phosphorylation of p35 peptides as
well as the autophosphorylation of PKC
 (indi-
cating kinase activity). Remarkably, only the
N-terminus of p35 (N1-120) was specifically
phosphorylated by PKC
.
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quired for calpain activation, was assessed by Western blot
analysis. In support of observations identifying PKC� (an
aPKC closely related to PKC
), as a regulator of calpains (Xu
and Deng, 2006), the inhibition of PKC
 also impaired the
autocleavage (indicating activation) of both ubiquitous cal-
pain 1 and muscle-specific calpain 3 in C2C12 cells (Figure
7A). Identical effects on calpain 3 cleavage were seen using
PKC
 siRNA (siPKC
) in primary myoblasts (Figure 7B). To
further confirm the importance of PKC
 for calpain activa-
tion, a luciferase-based calpain activity assay was per-
formed. Similarly to the Western blot results, the inhibition

of PKC
 resulted in an overall decrease in calpain activity
(Supplemental Figure 7A; Sorimachi et al., 1989). Moreover,
we were able to demonstrate that recombinant PKC
 phos-
phorylates calpain 1 (Figure 7C) and calpain 3 (Supplemen-
tal Figure 7B). The prominent interaction between PKC
,
and calpain 3 in myoblasts (Supplemental Figure 7C) further
emphasizes a key role of PKC
 as a regulator of calpains.
Interestingly, PKC
 inhibition diminished cleavage of an-

Figure 6. PKC
 activity regulates the calpain-mediated cleavage of
p35. (A) The calpain-mediated cleavage of p35 during differentia-
tion was prevented by the PKC
 inhibition. C2C12 cells were in-
duced to differentiate in the presence or absence of the pseudosub-
strate inhibitor peptide (PS; 20 �M). Cells were harvested at the
indicated time points and the corresponding lysates were subjected
to immunoblotting using the indicated antibodies. The immunoblot
reveals that p35 is cleaved to p25 fragment during the differentiation
and that this cleavage is inhibited in the presence of the inhibitor
peptide PS. (B) The inhibition of calpain activity by the calpain
inhibitor III prevented the p25 generation and inhibited the differ-
entiation of C2C12 myoblasts. C2C12 cells were induced to differ-
entiate in the presence of the calpain inhibitor III (15 �M) and
harvested at the indicated time points. Cell lysates were analyzed by
Western blotting using the indicated antibodies. (C) The inhibition
of PKC
 activity and expression prevents the p35 processing to p25.
Primary myoblasts were induced to differentiate in the presence or
absence of the inhibitor peptide (PS) or a scrambled peptide (Scr-P;
20 �M; left), or, alternatively, after the transfection with PKC

siRNA (siPKC
) or scrambled siRNA (Scr-R; 60 pmol; right). Cell
lysates were immunoblotted with the indicated antibodies. Tropo-
nin and MHC were used as markers of differentiation, whereas
Hsc70, Hsp90, and 14-3-3 served as loading controls.

Figure 7. PKC
 regulates the calpain activity during differentia-
tion. (A) PKC
 depletion inhibited the activation of calpains. C2C12
cells were induced to differentiate in the presence of either the
pseudosubstrate inhibitor peptide (PS) or scrambled peptide (Scr-P;
20 �M). Samples were harvested at the indicated time points and
analyzed by immunoblotting using the indicated antibodies. The
activation of calpains during differentiation was monitored by the
formation of the auto-cleavage products (denoted by asterisk) of
calpain 1 and the muscle-specific isoform, calpain 3. MHC was used
as a marker of differentiation, whereas Hsp90 served as a loading
control. The immunoblots indicate significant reduction in calpain
activation during differentiation when PKC
 activity was inhibited.
(B) Mouse primary myoblasts were induced to differentiate after
transfection with PKC
 siRNA (siPKC
) or scrambled siRNA (Scr-R)
or in the presence of the pseudosubstrate inhibitor peptide (PS) or a
scrambled peptide (Scr-P). Samples were harvested at the indicated
time points and subjected to immunoblotting using the indicated
antibodies. Hsc70 served as a loading control. The results verified
the observations presented in A establishing PKC
 as a regulator of
calpains. (C) Calpain 1 is phosphorylated in vitro by PKC
. A
phosphorylation assay was performed with recombinant PKC
 us-
ing recombinant calpain 1 as a substrate. Proteins were separated by
SDS-PAGE and transferred to nitrocellulose membranes. First, the
phosphorylation of calpain 1 as well as the PKC
 autophosphorylation,
indicating kinase activity, were detected by autoradiography and, sec-
ond, the membranes were subjected to Western blot analysis.
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other established calpain substrate, RhoA (Kulkarni et al.,
2002; Castellani et al., 2006; Supplemental Figure 7D), sug-
gesting that in addition to the generation of p25, PKC
 is
likely to affect calpain-mediated cleavage of a number of
other calpain substrates involved in muscle differentiation.

PKC� Phosphorylation Promotes Calpain-mediated
Cleavage of p35
Having shown that p35 was a substrate of PKC
 and that
PKC
 activity was necessary for the cleavage of p35 during
differentiation, we wanted to determine whether the phos-
phorylation of p35 by PKC
 promoted its own calpain-
mediated cleavage. To verify the role of PKC
-induced
phosphorylation of p35 on serine 33, we performed site-
directed mutagenesis to replace serine 33 with alanine resi-
due. The susceptibility of the mutated p35 to the calpain-
mediated processing was assessed using two different
experimental settings: 1) treatment of C2C12 myoblasts
transfected with WT p35 or with p35 S33A with a Ca2�

ionophore or 2) treatment of p35 WT or p35 S33A-trans-
fected C2C12 cell lysates with CaCl2. The Western blot anal-
ysis of both experiments revealed p35 S33A to be more
resistant to calpain-mediated cleavage than WT p35 (Figure
8A; Supplemental Figure 8). Moreover, to further demon-
strate the role of PKC
 on p35 cleavage, we preincubated the
Cdk5/p35 complex with recombinant PKC
, followed by an
incubation with recombinant calpain 1 and assessed the p35
cleavage by Western blotting. As shown in Figure 8B, the
PKC
-mediated phosphorylation of p35 significantly pro-
moted the cleavage induced by calpain 1 (cf. lanes 3 and 5).
In accordance with previous studies suggesting that Cdk5
phosphorylation protects p35 from calpain-mediated pro-
cessing (Kamei et al., 2007), Cdk5 inhibition by roscovitine
resulted in an accumulation of p25 (lane 4). Here we show
that PKC
 appears insensitive to Cdk5-mediated inhibition
of p35 cleavage by calpains. These results identify PKC
 as
a new master regulator of the p35/Cdk5 complex. The ra-
tionale of how the signaling complex would work, as judged
from the results of the three different treatments and their
combinations is outlined in the scheme below Figure 8B. A
more general model of the results in this study is presented
in Figure 9. Our findings profile PKC
 as a major upstream
regulator of the Cdk5 signaling complex, which is essential
for the progression of myogenic differentiation. PKC
 is
postulated to have a threefold effect: phosphorylation of p35
into a calpain cleavage-permissive form, boosting calpain
activity, and suppressing the autoinhibitory effect of Cdk5
on calpain-mediated p35 cleavage.
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Figure 8. p35 phosphorylation by PKC
 regulates the calpain-
mediated cleavage of p35. (A) PKC
-induced serine 33 phosphory-
lation of p35 promotes the p35 cleavage. Site-directed mutagenesis
was used to replace serine 33 with alanine residue in p35. Plasmids
encoding the WT and the S33A-mutated p35 were transfected to
C2C12 myoblasts. To activate calpains in proliferating, nondifferen-
tiating C2C12 myoblasts the calcium ionophore A23187 was utilized
for the indicated time periods. The generation of p25 was assessed
by Western blot analysis. The quantitative data represents mean
values of three independent experiments. Mutation of serine 33
resulted in a decrease in the p25 formation indicating that the
PKC
-mediated phosphorylation promotes the calpain-mediated
cleavage of p35. (B) PKC
 facilitated the calpain 1–mediated cleav-
age of p35 and overcame the inhibitory effect of Cdk5. An in vitro
assay was conducted to investigate the effect of PKC
- or Cdk5-
mediated phosphorylation on the calpain dependent cleavage of
p35. First a recombinant GST-p35/His-Cdk5 complex was incu-
bated either 1) alone (lane 3), 2) with roscovitine (4 �M; lanes 1 and
4) to inhibit the Cdk5-dependent p35 phosphorylation, 3) with
recombinant PKC
 (lanes 2 and 5), or 4) with both roscovitine and
PKC
 (lane 6). Subsequently, samples were incubated with or without

recombinant calpain 1 for 5 min at RT to induce the cleavage of p35.
Samples were separated by SDS-PAGE and immunoblotted using
anti-p35 antibody. The Cdk5 immunoblot served as a loading con-
trol. The quantitative analysis demonstrates the p35-p25 ratios. The
results show that calpain 1 treatment alone did not produce as much
p25 (lane 3) as when the Cdk5/p35 complex was prephosphorylated
with PKC
 (lane 5). The inhibition of Cdk5 activity promoted the
generation of p25 depicting the autoinhibitory effect stated in the
literature (lane 4; Kamei et al., 2007). Interestingly, PKC
 was insen-
sitive to the Cdk5-induced inhibition and largely increased the
calpain-mediated p25 formation. The calpain-dependent generation
of the p25 fragment was maximal in the presence of PKC
 and of the
Cdk5 inhibitor roscovitine (lane 6). The first two lanes serve as a
controls, proving that p25 is not generated in the absence of cal-
pains. The rationale of how the PKC
-controlled signaling complex
would work, as judged from the presented results of the three
different treatments and their combinations, is outlined in the
scheme below the bottom panel.
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DISCUSSION

Skeletal muscle differentiation is a complex, multistep pro-
cess characterized by the irreversible withdrawal of prolif-
erating myoblasts from the cell cycle, the expression of mus-
cle-specific genes, and the fusion of plasma membranes to
enable formation of multinucleated myotubes. Myogenesis
is tightly regulated and involves the activation of a number
of important signaling determinants orchestrating early dif-
ferentiation events that lead to the fusion of myoblasts into
myotubes and formation of skeletal muscle (reviewed in
Stewart and Rittweger, 2006).

Our studies implicate, for the first time, an essential role
for aPKCs in myogenesis and demonstrate that PKC
 func-
tions as a critical upstream regulator of the Cdk5 signaling
complex in differentiating myoblasts. PKC
 was found to be
necessary for both the activity of Cdk5 and subsequent
myoblast differentiation. Typical morphological alterations
in differentiating myocytes, such as parallel orientation, cell
fusion, and formation of myotubes, were completely sup-
pressed by inhibition of PKC
. Furthermore, PKC
 was es-
sential for reorganization and turnover of the Cdk5 scaffold,
nestin (Sahlgren et al., 2003). The latter results are in agree-
ment with a role for PKC
 as an upstream regulator of Cdk5,
as Cdk5 is involved in maintaining nestin network organi-
zation (Sahlgren et al., 2003) and in modulating nestin sta-
bility (our unpublished data).

In the context of the existing PKC
�/� mouse model there
is scarce information about possible effects on the muscle
development. The PKC
�/� mouse has been characterized
only in terms of phenotypes related to lymphoid organs and
abnormalities in the regulation of NF-�B transcriptional ac-
tivity (Leitges et al., 2001), the possible effects on other cell
types and tissues have not been considered to any greater
extent. In addition, there is a distinct possibility that aPKCs
could compensate for each other, as the deletion of the
atypical lamba and iota PKCs produces an embryonically
lethal phenotype (Suzuki et al., 2003), suggesting that aPKCs
may compensate for loss of individual isoforms. In light of
our results, the PKC
�/� mouse should obviously be care-

fully reexamined in terms of possible effects on muscles and
myocardium.

Unlike the other Cdks, which require both binding of
cyclin proteins and phosphorylation for activation, Cdk5 is
activated by association with a protein distantly related to
cyclins, p35. p35 expression, in turn, is regulated by phos-
phorylation events, modifying both subcellular localization
and stability, as well as by calpain-mediated cleavage
(Kusakawa et al., 2000; Saito et al., 2003). The latter modifi-
cation leads to the generation of a p25 fragment, the half-life
of which is three- to fivefold longer than that of p35. The
formation of p25 enables both amplified and spatially less
restricted Cdk5 activation as p25 lacks the myristoylation
signal, resulting in redistribution of the cleaved protein from
the membrane to the cytosol and nucleus (Patrick et al., 1998;
Saito et al., 2003; O’Hare et al., 2005; Wei et al., 2005). Until
now, the Cdk5/p25 complex has been mainly associated
with detrimental effects in neurodegenerative diseases
(Patrick et al., 1999; Shelton and Johnson, 2004; Smith et al.,
2006). However, despite the accumulated evidence of p25 as
potential harmful effector molecule, there are reports impli-
cating that p25 is involved also in normal physiological
processes. Transient expression of p25 in hippocampus in-
duces an increase in NMDA (N-methyl-d-aspartate) signal-
ing, spine density, and the number of synapses, and facili-
tates learning and memory. In contrast, prolonged p25
activity leads to a neuronal loss and severe cognitive defects
(Fischer et al., 2005). This discovery shows that p25 is in-
volved as a Cdk5 regulator during normal homeostasis and
demonstrates the importance of a tightly controlled spatio-
temporal regulation of p25. In agreement with a role for p25
in normal physiological neuronal processes, our study re-
veals that p35 is cleaved to the p25 fragment during myo-
blast differentiation and that this cleavage is correlated with
an increase in Cdk5 activity. Although p25 generation has
usually been linked to apoptotic events, it is becoming in-
creasingly evident that apoptosis and differentiation, two
seemingly distinct processes, share several key features. For
example, actin fiber disassembly, caspase-3 activation, and
increased activity of matrix metalloproteinases are indis-
pensable for membrane fusion occurring during both myo-
blast differentiation and apoptosis (Fernando et al., 2002).
Hence, formation of the Cdk5/p25 complex, with increased
subcellular distribution and elevated activity compared with
Cdk5/p35, may be crucial for phosphorylation events most
likely shared by both processes. Moreover, it has been dem-
onstrated that nuclear localization of Cdk5 defines the post-
mitotic state of neurons (Zhang et al., 2008) and that PKC
,
possessing functional import and export signals, undergoes
rapid cytonuclear shuttling within neurons (Neri et al., 1999).
Therefore, it is tempting to speculate that both increased
PKC
 activity and p25 formation are required for nuclear
activity of Cdk5, thereby prohibiting differentiating myo-
blasts from reentering the cell cycle.

p35 is proteolytically cleaved by calpains (Kusakawa et al.,
2000). Here, we show that the muscle-specific calpain isoform,
calpain 3, interacts with and is a substrate for PKC
. In addi-
tion, we demonstrate that the overall calpain activity is drasti-
cally reduced by PKC
 inhibition. Interestingly, a recent pub-
lication by Xu and Deng (2006) showed that another aPKC,
PKC�, phosphorylated and activated calpains 1 and 2 in human
lung cancer cells. In muscle cells, calpains mediate cleavage of
various structural proteins, such as talin, desmin, and dystro-
phin. These cleavage events are necessary for both intracellular
proteolysis and the cytoskeletal reorganization required for cell
fusion (Dargelos et al., 2002). We demonstrate a novel interac-
tion between p35 and PKC
 in differentiating myoblasts and
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Figure 9. A tentative model for PKC
 signaling during muscle
differentiation. The up-regulation of PKC
 activity during myoblast
differentiation promotes the activation of Cdk5 in a calpain-depen-
dent manner. PKC
 phosphorylates the Cdk5 activator protein, p35,
and calpains. Consecutively, calpains are activated and trigger the
cleavage of the phosphorylated p35 to its more stable fragment, p25,
leading to a sustained activation of Cdk5. PKC
 is able to break the
autoinhibitory loop, where Cdk5 restrains the p35 processing and
p25 generation by phosphorylating p35. Thus, PKC
 is a major
upstream regulator of Cdk5 kinase activity essential for the progres-
sion of the myogenic differentiation.
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show that PKC
 phosphorylates p35 on Ser-33, independently
of Cdk5, thereby generating a more cleavage-prone p35. Cdk5-
mediated phosphorylation has been shown to protect p35 from
calpain-induced cleavage (Kamei et al., 2007), whereas PKC
-
mediated phosphorylation of p35 promotes p35 cleavage and
overrides the Cdk5-mediated inhibition of such cleavage.
These results outline a regulatory mechanism in which PKC
 is
a key player, functioning to balance Cdk5/p35 and Cdk5/p25
activities. Such a mechanism is essential for both spatial and
temporal control of Cdk5 activity. Considering that both PKC

and Cdk5 are involved in neuronal differentiation (Coleman
and Wooten, 1994; Cruz and Tsai, 2004), it would be worth-
while to assess the role of the PKC
/Cdk5 signaling pathway
in this particular context. Our results describing a role for PKC

in regulation of calpain activity and p25 generation may have
ramifications for the etiology of p25-associated neurodegenera-
tive processes.

Our observations thus point to an essential role of PKC
 in
the regulation of overall calpain activity, required for p35
cleavage and muscle differentiation. Although we and oth-
ers have demonstrated the significance of Cdk5 in myogen-
esis (Lazaro et al., 1997, Sahlgren et al., 2003), very little is
known about the upstream signaling pathway(s) controlling
Cdk5. Our work highlights a crucial role for PKC
 during
muscle differentiation, in orchestrating both calpain activity
and Cdk5 signaling, processes that synergistically promote
myogenesis (Figure 9). Although further work is required
for a detailed understanding of PKC
 regulatory functions,
we reveal for the first time cross-talk between PKC
 and the
Cdk5/p35 signaling complex, and describe how these two
major signaling pathways work together to control muscle
development.
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