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MAP Kinases p38 and JNK Are Activated by the
Steroid Hormone 1a,25(OH)2-Vitamin D3 in the
C2C12 Muscle Cell Line

Claudia G. Buitrago, Ana C. Ronda, Ana Russo de Boland, and Ricardo Boland*

Departamento de Biologı́a, Bioquı́mica & Farmacia, Universidad Nacional del Sur,
San Juan 670, 8000 Bahı́a Blanca, Argentina

Abstract In chick skeletal muscle cell primary cultures, we previously demonstrated that 1a,25(OH)2-vitamin D3

[1a,25(OH)2D3], the hormonally active form of vitamin D, increases the phosphorylation and activity of the extracellular
signal-regulated mitogen-activated protein (MAP) kinase isoforms ERK1 and ERK2, their subsequent translocation to the
nucleus and involvement in DNA synthesis stimulation. In this study, we show that other members of the MAP kinase
superfamily are also activated by the hormone. Using the muscle cell line C2C12 we found that 1a,25(OH)2D3 within 1
min phosphorylates and increases the activity of p38MAPK. The immediately upstreammitogen-activated protein kinase
kinases 3/6 (MKK3/MKK6) were also phosphorylated by the hormone suggesting their participation in p38 activation.
1a,25(OH)2D3 was able to dephosphorylate/activate the ubiquitous cytosolic tyrosine kinase c-Src in C2C12 cells and
studies with specific inhibitors imply that Src participates in hormone induced-p38 activation. Of relevance,
1a,25(OH)2D3 induced in the C2C12 line the stimulation of mitogen-activated protein kinase activating protein kinase
2 (MAPKAP-kinase 2) and subsequent phosphorylation of heat shock protein 27 (HSP27) in a p38 kinase activation-
dependent manner. Treatment with the p38 inhibitor, SB203580, blocked p38 phosphorylation caused by the hormone
and inhibited the phosphorylation of its downstrean substrates. 1a,25(OH)2D3 also promotes the phosphorylation of c-jun
N-terminal protein kinases (JNK 1/2), the response is fast (0.5–1 min) and maximal phosphorylation of the enzyme is
observed at physiological doses of 1a,25(OH)2D3 (1 nM). The relative contribution of ERK-1/2, p38, and JNK-1/2 and their
interrelationships in hormonal regulation of muscle cell proliferation and differentiation remain to be established. J. Cell.
Biochem. 97: 698–708, 2006. � 2005 Wiley-Liss, Inc.
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1a,25-dihydroxyvitamin D3 [1a,25(OH)2D3],
the major biologically active metabolite of
vitamin D3, in addition to its well-recognized
role in the regulation of mineral metabolism,
cellular proliferation, and differentiation
[Walters, 1992], modulates skeletal muscle
contractility and growth [Smith and Stern,
1969; Boland, 1986, 2005; Boland et al., 1995].

Besides regulating gene expression via the
specific intracellular vitamin D receptor (VDR)
[Minghetti and Norman, 1988], 1a,25-(OH)2D3

also exerts in its target tissues fast non-
transcriptional responses involving stimulation
of transmembrane signal transduction path-
ways [de Boland and Nemere, 1992]. The
initiation of the fast 1a,25(OH)2D3 signal may
involve binding to a novel membrane receptor,
whose existence received experimental support
first in enterocytes [Nemere et al., 1994, 2004].
On the other hand, the VDR may also partici-
pate in the hormone-induced non-genomic
responses [Buitrago et al., 2001a; Capiati et al.,
2002]. Although there is much information
about the rapid responses to this steroid
hormone [Civitelli et al., 1990; Norman et al.,
1992, 1999; Baran, 1994; Boland et al., 2002],
the mechanism underlying 1a,25-(OH)2D3-
non-genomic actions has not been at present
completely elucidated.
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Within the MAP kinase family four different
subgroups have been described. These include:
extracellular signal-regulated kinases (ERKs),
c-Jun NH2-terminal or stress-activated pro-
tein kinases (JNK/SAPK), big MAP kinase
1(BMK1), also called ERK5, and p38 MAP
kinases (p38). The ERK, JNK, and p38 MAP
kinase cascades consist of three protein kinases
(MAPKKK, MAPKK, MAPK) that sequentially
activate each other by phosphorylation [Wid-
mann et al., 1999]. The ERKs have been
extensively characterized as key components
of the signal transduction pathways in growth
and differentiation responses [Cobb et al., 1991;
Sugden and Clerk, 1997]. Recent evidence
indicates that modulation of various of the
responses to 1a,25-(OH)2D3 depends on the fast
activation of MAP kinase pathways. Thus, in
proliferating culturedmyoblasts, 1a,25(OH)2D3

rapidly (within 1 min) promotes tyrosine phos-
phorylation of ERK-1/2 [Morelli et al., 2000]. In
skeletal muscle cells [Buitrago et al., 2001b;
Morelli et al., 2001] and in keratinocytes
[Gniadecki, 1998], the tyrosine kinase c-Src
has been shown to participate in the activation
of ERK-1/2 by 1a,25(OH)2D3. The differentia-
tion process in HL-60 cells stimulated by the
hormone is potentiated by p38 inhibitors with a
concomitant up-regulation of the JNK pathway
[Wang and Studzinski, 2001]. Induction of
apoptosis by 1a,25(OH)2D3 analogs in myeloid
cells has been correlated with ERK-1/2 inhibi-
tion and p38 activation [Park et al., 2000]. In
view of the role that 1a,25(OH)2D3 plays in the
regulation of muscle cell proliferation and
differentiation [Capiati et al., 1999, 2000], in
this work we study the effects of the steroid
hormone on p38 and JNKMAP kinase cascades
using the mouse C2C12 myoblast cell line as an
in vitro model for skeletal muscle [Burattini
et al., 2004].

MATERIALS AND METHODS

Chemicals

1a,25(OH)2D3waskindlyprovidedbyDr.Jan-
Paul van deVelde fromSolvayPharmaceuticals
(Weesp, The Netherlands). Dulbecco’s modified
Eagle’s medium (DMEM) and fetal bovine
serum (FBS) were from Sigma Chemical Co.
(St. Louis,MO). Anti-p38 a and b antibodies and
anti-phospho p38 antibody were purchased
from Santa Cruz Biotechnology (Santa Cruz,
CA). Nonradioactive p38MAP kinase assay kit,

anti-phosphoMAPKAPK-2, anti-phosphoHsp27,
anti-phospho MKK3/6, anti c-Src, anti c-Src
(Tyr 527), and anti-c-Src (Tyr 416) antibodies
were acquired in Cell Signaling Technology,
Inc. (Beverly, MA). Secondary antibodies goat
anti-rabbit and goat anti-mouse horse radish
peroxidase-conjugated IgG and anisomycin
were obtained from Santa Cruz Biotechnology.
The Super Signal CL-HRP substrate system
for enhanced chemiluminiscence (ECL) was
from Perkin Elmer (Boston, MA). The C2C12
cell line (American Type Culture Collection,
Manassas, VA) was kindly provided by Dr. E.
Jaimovich (Universidad de Chile, Santiago,
Chile). The 4-amino-5-(4-chloro-phenyl)-7-
(t-butyl)pyrazolo [3,4-d]pyrimidine (PP2) inhi-
bitor was from Calbiochem-Novabiochem Corp.
(La Jolla, CA). All other reagents were of
analytical grade.

Cell Culture

The mouse skeletal myoblastic cell line
C2C12 was seeded at an appropriate density
(120,000 cells/cm2) in Petri dishes (100 mm
diameter) with DMEM supplemented with 10%
FBS and antibiotic-antimycotic solution. The
cells were cultured at 378C under a humidified
atmosphere (95% air/5% CO2). Under these
conditions, myoblasts divide within the first
48 h and at day 6th these cells become differen-
tiated into myotubes expressing morphological
characteristics of adult skeletal muscle fibers
[Burattini et al., 2004]. Cells cultured for 2 days
(proliferative stage) were used for treatments.

Immunoprecipitation

After 1a,25(OH)2D3 or vehicle (ethanol
<0.01%; control) treatment, muscle cells were
lysed (at 48C) in lysis buffer: 20 mM Tris-HCl,
pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM
EGTA, 2.5 mM sodium pyrophosphate, 1 mM b-
glycerolphosphate, 1 mM sodium orthovana-
date (OV), 1 mM phenylmethylsulfonyl fluoride
(PMSF), 2 mg/ml leupeptin, 2 mg/ml aprotinin,
and 1% Triton X-100, and homogenized by
sonication for 5 s, four times. Insolublematerial
was pelleted in a microcentrifuge at 12,000g for
15 min. The protein content of the clear lysates
of supernatant was determined according to
Lowry et al. [1951]. Aliquots (200 mg protein)
were incubated overnightwith gentle rocking at
48Cwith immobilized phospho-p38MAPkinase
(Thr 180/Tyr 182) monoclonal antibody. The
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immune complexeswerewashed two timeswith
cold lysis buffer.

Measurement of p38 Activity

Lysates were prepared followed by immuno-
precipitation of p38 MAP kinase as described
above. After washes with lysis buffer, the pellet
was washed twice and afterwards resuspended
with kinase buffer (25 mM Tris-HCl pH 7.5,
5mMb-glycerolphosphate, 2mMdithiothreitol,
0.1 mM sodium orthovanadate, 10 mM MgCl2).
The immune complexes were incubated at 308C
for 30 min in kinase buffer (50 ml/sample)
containing 2 mg activating transcription factor
2 (ATF-2) fusion protein as an exogenous
substrate for p38 MAPK and 200 mM ATP. To
terminate the reaction, 25 ml of 3� SDS sample
buffer [Laemmli, 1970] were added. Finally, the
sample was boiled for 5 min and then centri-
fuged for 2 min.

SDS–PAGE and Immunoblotting

Kinase assay samples (or lysate proteins)
dissolved in Laemmli [1970] sample buffer were
separated on SDS–polyacrylamide (10%) gels,
and electrotransferred to polyvinylidene diflu-
oride (PVDF) membranes. The membranes
were blocked for 1 h at room temperature in
TBST (50 mM Tris-HCl, pH 7.4, 200 mM NaCl,
0.1% Tween-20) containing 5% dry milk. Mem-
branes were subjected to immunoblotting using
anti-phospho ATF-2 (Thr71), anti-phospho
p38 MAPK, and anti-phospho JNK antibodies.
Next, the membranes were washed three times
in TBST, incubated in TBST containing 1% dry
milk with a 1:5,000 dilution of peroxidase-
conjugated anti-rabbit or anti-mouse secondary
antibodies for 1 h at room temperature and
washed three additional times with TBST. The
membranes were then visualized using an
enhanced chemiluminiscent technique (ECL),
according to the manufacturer’s instructions.
Images were obtained with a model GS-700
Imaging Densitomer from Bio-Rad (Hercules,
CA) by scanning at 600 dpi and printing at the
same resolution. Bands were quantified using
the Molecular Analyst program (Bio-Rad).

To strip the membranes for reprobing with
anti-p38 a or anti-JNK antibodies, the mem-
branes were washed 10 min in TBST and
then incubated in stripping buffer (62.5 mM
Tris-HCl, pH 6.8, 2% SDS and 50 mM mer-
capthoethanol) for 30 min at 508C. The mem-

branes were again blocked and blotted as
described above.

Statistical Analysis

Statistical significance of the data was eval-
uated using Student’s t-test [Snedecor and
Cochran, 1967]. Probability values below 0.05
(P< 0.05) were considered significant and prob-
ability values below 0.01 (P< 0.01) were consi-
dered highly significant. Results are expressed
as mean� standard deviation (SD) from the
indicated set of experiments.

RESULTS AND DISCUSSION

In skeletal muscle cells, we have previously
demonstrated that the steroid hormone
1a,25(OH)2D3 stimulates the c-Src/Ras/Raf-1/
MEK/ERK-1/2 pathway which leads to muscle
cell proliferation [Buitrago et al., 2001b, 2003;
Morelli et al., 2001]. However, the effector
cascades mediating 1a,25(OH)2D3 actions in
skeletal muscle cells are not completely char-
acterized.

The p38 MAP kinases have been involved in
inflammation, cell growth, cell differentiation
and death, and the cell cycle progression [Ono
and Han, 2000]. Diverse extracellular stimuli
including UV light, heat shock, ionizing radia-
tion, high osmotic stress, shear stress, proin-
flammatory cytokines, epidermal growth factor
(EGF), and hemopoietic growth factors with the
exception of interleukin-4 have been shown to
trigger the p38 MAP kinase pathway through
phosphorylation of a TGY motif within the
kinase activation loop [Cano and Mahadevan,
1995]. Activation of the p38pathway results in a
plethora of changes in transcription, protein
synthesis, cell surface receptor expression, and
cytoskeletal structure, ultimately affecting cell
survival or leading to programmed cell death
[Obata et al., 2000]. In addition, the p38 MAP
kinase pathway has been suggested to play
important roles in embryonic development and
organogenesis [Ganiatsas et al., 1998; Mikkola
et al., 1999]. At least three p38 isoforms (a, b, g)
are expressed in skeletal muscle [Ho et al.,
2004].

With the aim to elucidate whether 1a,
25(OH)2D3 is able to activate other MAP kinase
cascades in muscle, we first investigated
changes in the phosphorylation and activity of
p38 MAP kinase in response to the steroid in
C2C12 cells. To that end, cells were exposed for
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1 min to 1 nM 1a,25(OH)2D3. To monitor p38
MAPkinase phosphorylation, whole cell lysates
were subjected to SDS–PAGE and then immu-
noblotted with an antibody that reacts with the
phosphorylated form of all p38 MAP kinase
isoforms (a, b, g, and d). As shown in Figure 1A,
control cells showed low or undetectable levels
of activated p38, whereas 1a,25(OH)2D3 at a
physiologically dose and in a fast way (1 min)
caused a sevenfold increase in p38 phosphor-
ylation. Tyrosine phosphorylation and activa-
tion of p38 can be affected by agents that bypass
membrane-associated receptors such as the
translation blocker protein anisomycin [Nahas
et al., 1996]. Therefore, we used as a positive
control muscle cells treated with 38 mM aniso-
mycin for 20 min. p38 kinase activity, assayed
in vitro with ATF-2 as substrate after immuno-

precipitation of cells incubated with 1 nM
1a,25(OH)2D3 for 1 min or with anisomycin,
paralleled the amounts of phosphorylated p38
(Fig. 1B). As shown in Figure 2A, the phosphor-
ylation of p38 was time-dependent, already
increased at 0.5 min, peaked at 1 min and
decreased later at 2 and 3 min of exposure to
1a,25(OH)2D3. The hormone also induced, in a
time-dependent fashion, the phosphorylation of
MKK3/6, the kinases immediately upstream of
p38 [Keesler et al., 1998], event that was
temporally correlated to p38 activation.

JNKs are phosphorylated and activated by
the dual-specificity enzyme mitogen-activated
protein kinase kinase 4 (MEK4)which is in turn
activated by mitogen-activated protein kinase
kinase kinase 1 (MEKK1) [Widmann et al.,
1999]. A variety of cellular stresses such as UV

Fig. 1. 1a,25(OH)2D3 stimulates p38 MAPK phosphorylation
and activity in C2C12muscle cells. Cells were treatedwith 1 nM
1a,25(OH)2D3 for 1 min or with 38 mM anisomycin for 20 min
(positive control). A: p38 phosphorylation: After cell lysis,
Western blot analysis of lysates were carried out using specific
anti-phospho p38 antibody. The blotted membranes were re-
probedwith anti-p38antibody in order to ensure the equivalence
of p38 content among the different experimental conditions.

B: p38 activity: After cell lysis, kinase activity assayswere carried
out using ATF-2 as exogenous substrate as described in
‘‘Materials and Methods.’’ Representative immunoblots (top
panels) and quantification by scanning volumetric densitometry
of blots from three independent experiments (lower panels);
average� SD are given. **P<0.01; *P<0.05, with respect to
the control.
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radiation, osmotic and heat shock, protein
synthesis inhibitors, and pro-inflammatory
cytokines stimulate JNK activity [Ip and Davis,
1998]. Once activated, JNKs can translocate to
the nucleus [Cavigelli et al., 1995], and their
immediate downstream targets include a vari-
ety of transcription factors, notably c-Jun
[Kyriakis et al., 1994], ATF-2 [Gupta et al.,
1995], and Elk-1 [Cavigelli et al., 1995]. JNKs
are highly expressed in skeletal muscle and are
greatly activated in response tomuscle contrac-
tion, but little is known about the biological
functions of JNK in muscle cells [Fujii et al.,
2004]. Therefore, we also evaluated the effect of
1a,25(OH)2D3 on JNK. Its phosphorylation was
measured in cell lysates by Western blot
analysis using anti-phospho JNK antibody, as

described under ‘‘Materials and Methods.’’
1a,25(OH)2D3 (1 nM) stimulation of C2C12 cells
promotes JNK 1/2 (p54/p46) phosphorylation
which reaches a maximum at 1 min (threefold),
but differently to p38, the response remains
sustained up to 3 min (Fig. 2B).

The response of C2C12 cells to 1a,25(OH)2D3

is dose-dependent. As shown in Figure 3, the
steroid exerts the greatest activation of p38 and
JNK at a concentration of 1 nM. Exposure of
muscle cells to UV light or anisomycin for
20 min, also induced phosphorylation of p38
and JNK (data not shown).

We have recently reported that the non-
receptor tyrosine kinase c-Src mediates
1a,25(OH)2D3 activation of the MAP kinases
isoforms ERK-1/2 in skeletal muscle cells
[Buitrago et al., 2001b]. It has been well
established that Src family tyrosine kinases
are involved in signal transduction pathways
regulating a broad spectrum of physiological
responses, including cell cycle control, cell
proliferation, differentiation, adhesion, migra-
tion, and survival [Thomas and Brugge, 1997].
Furthermore, pharmacological inhibition of

Fig. 2. Time profile of 1a,25(OH)2D3 effects on p38 MAPK,
MKK3/MKK6 and JNK phosphorylation. C2C12 cells were
treated with 1 nM 1a,25(OH)2D3 for different time intervals
(0.5–3min). After cell lysis,Western blot analysis of lysateswere
carried out using specific anti-phospho p38, anti-phospho
MKK3/MKK6 and anti-phospho-JNK antibodies. A: Representa-
tive immunoblots showing the timecourse of phosphorylation for
each enzyme. Themembranes incubatedwith anti-phospho p38
antibodywere strippedand reblottedwith theother anti-phospho
antibodies, followed by anti-JNK antibody to ensure the equi-
valence of protein content among the different experimental
conditions (bottom panel). B: Quantification by scanning
volumetric densitometry of blots from three independent
experiments; average� SD are given. *P< 0.05 with respect to
the corresponding control.

Fig. 3. Dose-response of 1a,25(OH)2D3 effects on p38 and JNK
phosphorylation. C2C12 cells were treated for 1 min with 0.01–
100 nM 1a,25(OH)2D3. After cell lysis, Western blot analysis of
lysates were carried out using specific anti-phospho p38 and
anti-phospho JNK antibodies. The blotted membranes were re-
probedwith anti-p38antibody in order to ensure the equivalence
of protein content among the different experimental conditions.
A: Representative immunoblots. B: Quantification by scanning
volumetric densitometry of blots from three independent
experiments; average� SD are given. **P< 0.01; *P< 0.05,
with respect to the corresponding control.
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Src-class kinases affects cellular components
that regulate proliferation and differentiation
in muscle, and repress proliferation and pro-
motes differentiation of the C2C12 muscle cell
line [Rosoff and Swope, 2002]. Therefore, to
identify signaling pathways involved in hor-
mone-induced p38 phosphorylation, we exam-
ined the possible involvement of Src family
kinases. To this aim, the cells were preincu-
bated in the presence of PP2, a potent inhibitor
of the Src kinase family, before being exposed to
1a,25(OH)2D3. The data presented in Table I
show that treatment with this tyrosine kinase
inhibitor suppressed the transient phase of
1a,25(OH)2D3-dependent p38 phosphorylation,
revealing a specific involvement of Src-like
kinases, in the activation of the p38MAPkinase
cascade by 1a,25(OH)2D3. Depending on the
stimulus and the cell type, p38 phosphorylation
has been shown to be dependent [Mocsai et al.,
2000; Cambien et al., 2001; Kabuyama et al.,
2002; Ouwens et al., 2002] or independent
[Yoshizumi et al., 2000; Gardner et al., 2003;
Kyaw et al., 2004] of non receptor tyrosine
kinases of the Src family.

Furthermore in C2C12 cells, the steroid
hormone induces c-Src activation through
changes in tyrosine phosphorylation of the
enzyme (Fig. 4). We demonstrate that the first
event in the activation of c-Src is the depho-
sphorylation of tyrosine 527 (that happens after

TABLE I. 1a,25(OH)2D3-Stimulation of p38
MAP Kinase Phosphorylation Is Suppressed

by the c-Src Inhibitor PP2

p38 phosphorylation
(% of control)

Control 100
Anisomycin 511.42� 29.34
1a,25(OH)2D3 428.35� 14.28
PP2 100
PP2þ 1a,25(OH)2D3 115.57� 9.87

Muscle cells were treated with 1 nM 1a,25(OH)2D3 for 1 min
with or without 10 mM PP2, a specific Src family kinases
inhibitor. Cells incubated with 38 mM anisomycin for 30 min
were used as positive control. After cell lysis, the lysate (30 mg
protein) was fractionated by SDS–PAGE followed by immuno-
blot analysis using a specific anti-phospho p38 antibody as
described under ‘‘Materials and Methods.’’ Results are the
average�SD of three independent experiments.

Fig. 4. Tyrosine phosphorylation state of c-Src activated by
1a,25(OH)2D3. C2C12 cells were exposed to 1 nM
1a,25(OH)2D3 for the indicated times. Cell lysates were
obtained, Src was immunoprecipitated and its tyrosine phos-
phorylation state was assayed by immunoblotting with (A, top)
anti-P-tyrosine 527 antibody, or (A, bottom) anti-P-tyrosine 416
antibody, as described in ‘‘Materials and Methods.’’ A repre-
sentative immunoblot and densitometric analysis of changes in
Src tyrosinephosphorylation from three immunoblots are shown.
Blotted membranes shown were re-probed with anti-Src anti-
body in order to evaluate equivalence of Src kinase content
among the different experimental conditions. B: Quantification
by scanning volumetric densitometry of blots from three
independent experiments; average� SD are given. *P< 0.05
with respect to the corresponding control.

Fig. 5. 1a,25(OH)2D3 induces MAPKAPK-2 and Hsp27 phos-
phorylation in a dose-dependent fashion. C2C12 cells were
treated with 0.01–100 nM 1a,25(OH)2D3 for 1 min. After cell
lysis, Western blot analysis of lysates were carried out using
specific anti-phospho Hsp27 and anti-phospho MAPKAPK-2
antibodies.A: Representative immunoblots.B: Quantification by
scanning volumetric densitometry of blots from three indepen-
dent experiments; average� SDare given. **P<0.01; *P<0.05,
with respect to the corresponding control.

1a,25(OH)2D3 Regulation of MAPK in Muscle 703



few seconds of hormonal treatment), followedby
a second event of activation with phosphoryla-
tion at tyrosine 416, in agreementwith thewell-
established mechanism for c-Src activation
[Thomas and Brugge, 1997].

MAPKAPK-2 was the first identified p38
substrate [Freshney et al., 1994]. Actually it is
considered a known target of p38 together with
MAPKAPK-3 [Ono and Han, 2000]. The stress-
induced activation of MAPKAPK-2 results in
the phosphorylation of small heat-shock pro-
teins (HSPs) [Larochelle and Suter, 1995]
including HSP27 [Ono and Han, 2000]. HSPs
are considered to be molecular chaperones

which play an universal role in maintaining
cellular homeostasis [Liu and Steinacker,
2001]. It is well recognized that HSP27 is
expressed in skeletal muscle cells [Kato et al.,
1991; Inaguma et al., 1995] including those of
theC2C12 line [Ito et al., 2001]. This proteinhas
an important role through its association with
the actin microfilament system [Fischer et al.,
2002] and cytoskeletal remodeling of muscle
cells [An et al., 2004]. In view of these data, we
studied changes in MAPKAPK-2 and HSP27
phosphorylation in C2C12 cells. To that end,
cells were exposed to different concentrations
(0.01–100 nM) of 1a,25(OH)2D3 followed by

Fig. 6. p38 inhibition abolishes 1a,25(OH)2D3-induced MAP-
KAPK-2 and Hsp27 phosphorylation. C2C12 cells were pre-
incubatedwith SB203580 (20 mM), a selective inhibitor of p38 or
with the inactive analog SB202474 (20 mM) prior to challenge
with 1a,25(OH)2D3 (1 nM, 1 min). After cell lysis, Western blot
analysis of lysates were carried out using specific anti-phospho
Hsp27 and anti-phospho MAPKAPK-2 antibodies. A: Represen-

tative immunoblots. B: Quantification by scanning volumetric
densitometry of blots from three independent experiments;
average� SD are given. *P< 0.05, for 1 nM 1a,25(OH)2D3

versus control (vehicle); *P<0.05, for SB203580þ
1a,25(OH)2D3 versus 1 nM 1a,25(OH)2D3; *P<0.05, for SB
202474þ1 nM 1a,25(OH)2D3 versus SB 202474.
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Westernblot analysiswithanti phospho-HSP27
and anti phospho-MAPKAPK-2 antibodies. As
shown in Figure 5, 1a,25(OH)2D3 increased the
phosphorylation of MAPKAPK-2 and HSP27 in
this skeletal muscle cell line. The response was
dose-dependent with maximal phosphorylation
(þ2.5-fold andþ5-fold, respectively) achievedat
aphysiological concentration (1nM). It has been
reported that the a and b isoforms of p38 are
responsible for the activation of HSPs 25 and
27 and MAPKAP-2 [Stein et al., 1997]. Thus,
our results suggest that p38 a and/or p38 b
phosphorylate the downstream substrates
HSP27 and MAPKAPK-2 in C2C12 cells stimu-
lated with 1a,25(OH)2D3. Furthermore, 1a,
25(OH)2D3-dependent phosphorylation of p38
and its downstream substrates HSP27 and
MAPKAPK-2wasblockedbypretreatmentwith
SB203580, a selective inhibitor of p38 [Lee et al.,

1994; Young et al., 1997], whereas SB202474,
an inactive analog of SB203580 [Lee et al.,
1994], had little effect (Fig. 6). Treatment with
SB203580 alone also decreased the basal activ-
ity of p38 substrates as compared with the
control cells. The p38MAPK family includes the
p38 a, b, g, and d isoforms [Ono and Han, 2000],
but only limited information is available regard-
ing the function of each individual isoform.
Among the p38 subfamily ofMAPkinases, p38 a
and p38 b can be specifically inhibited by
SB203580 through its binding in the ATP
pocket [Gum et al., 1998], whereas p38 g and
p38 d are not sensitive to this compound
[Goedert et al., 1997]. Therefore, it appears that
1a,25(OH)2D3 induced the phosphorylation of
p38 a and/or p38 b in C2C12 cells.

In conclusion, the results of this study
show that the steroid hormone 1a,25(OH)2D3

other kinases 
(MAPKAPK-3/5,Akt) 

p38 M APK

?

MAPKAPK -2+

?
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P Thr182
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MKK3/6
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membrane ?

Fig. 7. Signal transduction pathways involved in the sequential activation of p38 MAPK and Hsp27 by
1a,25(OH)2D3 in C2C12 muscle cells. Thin solid arrows indicate signal transduction events supported by
experimental evidence obtained in these studies. The thick solid arrow refers to the well-established
intervention of HSP27 in cytoskeletal reorganization. Dotted arrows denote the operation of alternative
pathways not demonstrated yet.
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activates p38 MAP kinase, its downstream
susbstrates MAPKAPK-2 and HSP27 in the
skeletal muscle line C2C12 and that the
cytosolic tyrosine kinase c-Src is an upstream
mediator of hormone-dependent-p38 MAP
kinase activation. This sequence of events may
hypothetically lead to muscle cell differen-
tiation through reorganization of actin cyto-
skeleton (Fig. 7). The relative roles of c-jun
NH2-terminal kinase and ERK-1/2 which are
also activated by 1a,25(OH)2D3 [this study and
Morelli et al., 2000, respectively], and their
interelationships with p38-mediated cascades,
need to be investigated. Altogether, knowledge
on the molecular aspects of regulation of MAP
kinases by 1a,25(OH)2D3 in muscle cells has
clinical and potential therapeutic implications
in vitamin D-dependent myopathies character-
ized by atrophy and weakness of the proximal
musculature.
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