
R

R
M

C
D

a

K
1
V
S
C
N

C

1

t
t

U
T

0
h

Journal of Steroid Biochemistry & Molecular Biology 136 (2013) 125– 130

Contents lists available at SciVerse ScienceDirect

Journal  of  Steroid  Biochemistry  and  Molecular  Biology

jo ur nal home page: www.elsev ier .com/ locate / j sbmb

eview

ole  of  VDR  in  1�,25-dihydroxyvitamin  D3-dependent  non-genomic  activation  of
APKs,  Src  and  Akt  in  skeletal  muscle  cells

laudia  Buitrago ∗, Verónica  Gonzalez  Pardo,  Ricardo  Boland
epartamento de Biología, Bioquímica y Farmacia, Universidad Nacional del Sur, 8000 Bahía Blanca, Argentina

 r  t  i  c  l  e  i  n  f  o

eywords:
�,25-dihydroxyvitamin D3

DR
keletal muscle
2C12 cells
on-genomic responses

a  b  s  t  r  a  c t

1�,25-dihydroxyvitamin  D3 [1,25D]  is  recognized  as  a steroid  hormone  that  rapidly  elicits  intracellular
signals  in  various  tissues.  In skeletal  myoblasts,  we  have  previously  demonstrated  that  one  of  the  1,25D-
induced  non-genomic  effects  is  the upstream  stimulation  of  MAPKs  through  Src  activation.  In this  work,
the  data  obtained  suggest  that the classical  receptor  of vitamin  D  (VDR)  participates  in  non-transcriptional
actions  of 1,25D.  We  significantly  reduced  VDR  expression  by  infection  of  C2C12  murine  myoblasts  with
lentiviral  particles  containing  the  pLKO.1  plasmid  with  information  to  express  a shRNA  against  mouse
VDR.  In  these  cells  (C2C12-shVDR),  Western  blot  analyses  show  that  1,25D-induced  p38  MAPK  activa-
tion  and  Src  tyr416  phosphorylation  were  abolished.  In  addition,  1,25D-dependent  activity  of  ERK1/2  was
diminished  in  cells  lacking  VDR  but to  a lesser  extent  (∼−60%).  Phosphorylation  of  Akt  by  1,25D,  recently

demonstrated  in  C2C12  cells,  in the  present  work  also  appeared  to be partially  dependent  on  VDR  expres-
sion  (∼50%  in  C2C12-shVDR  cells).  Our  results  indicate  that VDR  is  involved  in  1,25D-induced  rapid  events
related  to survival/proliferation  responses  in  skeletal  muscle  cells,  providing  relevant  information  on  the
mechanism  of  initiation  of the  non-genomic  hormone  signal.  The  participation  of a VDR-independent
non-genomic  mechanism  of  action  should  also  be taken  into  consideration.

This  article  is  part of a  Special  Issue  entitled  ‘Vitamin  D  Workshop’.

© 2013 Elsevier Ltd. All rights reserved.
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. Introduction [5]. Besides regulating gene expression via its specific intracel-
lular receptor VDR [6], 1,25D also exerts fast non-transcriptional
1�,25-dihydroxyvitamin D3 (1,25D) is a steroid hormone which
riggers actions in many tissues and organs [1–4]. Of interest,
his hormone modulates skeletal muscle contractility and growth

∗ Corresponding author at: Departamento de Biología, Bioquímica & Farmacia,
niversidad Nacional del Sur, San Juan 670, 8000 Bahía Blanca, Argentina.
el.: +54 291 4595100x2430; fax: +54 291 4595130.

E-mail addresses: cbuitrag@criba.edu.ar, cbuitrag@hotmail.com (C. Buitrago).

960-0760/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.jsbmb.2013.02.013
responses involving an increase in intracellular calcium and stimu-
lation of different kinases related to signal transduction pathways
[7–9]. Robust evidence indicates that modulation of several 1,25D-
dependent responses requires fast activation (phosphorylation) of
MAPK cascades [10,11]. In agreement with this concept, we previ-
ously established that 1,25D rapidly stimulates ERK1/2 [12,13] and

p38 MAPK [14] in proliferating skeletal muscle cells (myoblasts).
Moreover, the activities of MAPKs are dependent on upstream
1,25D-regulation of Src tyrosine kinase in these cells [14,15].

dx.doi.org/10.1016/j.jsbmb.2013.02.013
http://www.sciencedirect.com/science/journal/09600760
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1,25D plays a role in the regulation of muscle cell prolifera-
ion and differentiation [16], stimulating thereby muscle growth.
t has been established that stimulation of Akt is necessary in pro-
esses related to development and survival [17,18]. Recently, we
stablished the involvement of Akt in 1,25D-induced proliferation
nd differentiation of C2C12 murine myoblasts. Furthermore, we
videnced that Src also participates in Akt activation by the hor-
one [19].
Although many rapid events of 1,25D in skeletal muscle have

een clarified, the starting point of the intracellular signaling gen-
rated by the hormone remains unclear in this as well as in
ther tissues. On the one hand, the existence of a cell mem-
rane receptor for 1,25D, different from VDR, was  postulated
hich could be the responsible of transmembrane signaling events

eading to short term cellular responses [20,21]. Nemere and col-
aborators proposed the presence of a novel vitamin D receptor
alled 1,25D-MARRS (membrane associated rapid response steroid
inding) which would mediate non-genomic actions of 1,25D

n chick intestinal basolateral membranes [22]. Recently, it was
eported in osteoblast-like MC3T3-E1 cells that protein-disulfide
somerase-associated 3 (Pdia3), also named 1,25D3-MARRS and
Rp57, initiates membrane responses to 1,25D [23]. On other
and, using chicken myoblasts, it was demonstrated that 1,25D
romotes translocation of VDR from the nucleus to the cell mem-
rane [24]. This information was corroborated in C2C12 myoblasts
y immunocytochemistry studies which showed that the hor-
one induces localization of VDR in the proximity of the plasma
embrane. Of importance, translocation of VDR to the plasma
embrane after 1,25D treatment is abolished when caveolae struc-

ure was disrupted with M�CD [25]. Previously, we  first reported
he participation of VDR in non-genomic stimulation of tyrosine
hosphorylation cascades by 1,25D in chicken myoblasts using
ntisense oligonucleotides against VDR to significantly reduce
eceptor expression [26]. Of relevance, recent evidence suggests
hat the classical nuclear VDR can mediate rapid, non-genomic
esponses, through binding of 1,25D to an alternative ligand-
inding pocket A [27–29]. Moreover, other secosteroids can dock

nto the rapid-response A-pocket on the VDR as well as 1,25D [30].
In view of these evidences, in the present work we investigated

he role of the VDR in the activation of Src, ERK1/2, p38 MAPK
nd Akt by 1�,25(OH)2D3, using as experimental model a C2C12
yoblast cell line with the VDR gene knocked down by stably

xpressing short hairpin RNA against the receptor.

. Materials and methods

.1. Materials

1�,25-dihydroxyvitamin D3 and fetal bovine serum (FBS) were
rom Sigma Chemical Co. (St. Louis, MO,  USA). Free-phenol red
MEM was from US Biological Inc. (Massachusetts, MA,  USA). Anti-
hospho p38, anti-phospho tyr416 Src, anti-actin and anti-tubulin
ntibodies were purchased from Santa Cruz Biotechnology (Santa
ruz, CA, USA). Anti-phospho ERK 1/2 antibody and anti-phospho-
kt (Ser473) antibody were from Cell Signaling Technology Inc.

Beverly, MA,  USA). The Super Signal CL-HRP substrate system
or enhanced chemiluminiscence (ECL) was from Perkin-Elmer
Boston, USA). The C2C12 cell line was recently obtained from
TCC (American Type Culture Collection, Manassas, VA). Puromycin
as from Invitrogen (Invivogen, San Diego, CA). The plasmid to

nock down the VDR was PLKO.1, clone ID TRCN0000027101

Open Biosystems, Huntsville, AL). Lentivirus particles containing a
LKO.1 vector with the information to express a shRNA against VDR
ere kindly given by Dr. V. Gonzalez Pardo, Universidad Nacional
el Sur. All other reagents were of analytical grade.
 & Molecular Biology 136 (2013) 125– 130

2.2. 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 37 ◦C
under a humidified atmosphere of 95% air/5% CO2. Under these con-
ditions, myoblasts divide within the first 48 h and at day sixth these
cells become differentiated into myotubes expressing morphologi-
cal characteristics of adult skeletal muscle fibers. Cells cultured for
two days (proliferative stage) were used for steroid hormone treat-
ments. The cells were incubated in serum-free medium for 30 min
prior to the addition of 1,25D.

2.3. Lentivirus infection and selection

To generate a stable (long-term) knockdown of VDR gene
expression in C2C12 cell line, we  infected these cells with lentivirus
particles containing a pLKO.1 vector with the information to
express a shRNA against mouse VDR. This plasmid also has a gene
encoding puromycin resistance, thereby addition of puromycin
allowed us to select cells that stably expressing shRNA against
VDR (C2C12-shVDR). First, we determined the optimal puromycin
concentration for the C2C12 cell line before initiating the experi-
ments (titration assay). For this, we  plated C2C12 cells in 3 cm plates
and grown at 37 ◦C, 5% CO2 overnight, until cells become approxi-
mately 80% confluent. Diluted puromycin in culture media (DMEM)
was prepared at final concentrations of 1–4 �g/ml (with 1 �g/ml
increments) and added to cells. We  examined cells each day in
an optical microscope and changed to fresh puromycin-containing
media every other day. The minimum concentration of puromycin
that results in complete cell death after 5 days was 2 �g/ml and
we used this concentration for selection and maintenance of cells
lacking VDR. To perform lentivirus infection of C2C12 cells, we used
cells approximately 80% confluent. For this, we changed the cell
medium to 1.5 ml  of fresh culture media containing 4.5 �g of poly-
brene and 1.5 ml  of virus followed by incubation of cells at 37 ◦C, 5%
CO2. We changed to fresh media 24 h after infection. To select the
infected cells, we did not ad puromycin until 48 h after infection to
allow for sufficient expression of the puromycin resistance gene.
VDR knockdown was monitored by Western blot analysis and was
achieved after five passages. We  maintained one uninfected plate
of cells in parallel. This plate served as a positive control for the
puromycin selection.

2.4. Electrophoresis and Western blotting

Following treatment, the cells were lysed, the clarified lysates
resolved by one-dimensional SDS-PAGE and then transferred
to Immobilon P membranes as previously described [12]. The
membranes were then probed with anti-phospho p38 MAPK, anti-
phospho ERK1/2, anti-phospho tyr416 Src or anti-phospho Akt
antibodies. The anti-phospho-antibodies were then stripped and
the membrane was reprobed with anti-actin or anti-tubulin anti-
bodies to account for equal loading. Autoradiograms were scanned
with a Hewlett Packard densitometer to quantitate hormone sig-
nals by the ImageJ software program.
2.5. Statistical evaluation

The significance of the results was evaluated by Student’s t-test
[31].
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Fig. 1. Silencing of VDR expression in C2C12 cells suppress p38 MAPK phosphorylation and diminishes ERK1/2 activation induced by 1,25D. Cells infected with lentiviral
particles containing a pLKO.1 plasmid with the information to express a shRNA against VDR were selected by puromycin resistance. These cells lacking VDR (shVDR) were
treated  with 1 nM 1,25D for 6 h. C2C12 wild type cells (WT) were stimulated with the hormone or vehicle (0.001% isopropanol) for 4 and 6 h. Western blot analysis of lysates
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as  carried out using anti-VDR, anti-phospho ERK1/2 and anti-phospho p38 MAP
o  ensure equal loading. (A) Representative immunoblots from three independen
phospho ERK1/2 and phospho p38 MAPK, respectively) from three independent ex

. Results and discussion

VDR expression has been clearly demonstrated in skeletal mus-
le of avian, murine and human [reviewed in Ref. [28]] although
ecently, studies carried out by Wang and DeLuca failed to detect
he receptor protein in this tissue [32]. It is possible that the con-
iderable lower basal levels of VDR in muscle than in duodenal cells
positive control of VDR expression widely utilized) did not allow
etection of the receptor. It has been very recently reported that
he VDR and CYP27B1 are expressed in C2C12 cells and regenera-
ing skeletal muscle in vivo confirming that the VDR is present in
keletal muscle [33].

Evidences of VDR participation in the non-genomic action of
,25D have been reported in the last year [34–36], in agreement
ith data from earlier studies supporting this concept. The pres-

nce of VDR in caveolae enriched plasma membrane of different
issues and cell lines was previously reported [37]. As mentioned
n Section 1, we showed that the VDR localizes in the proximity
f the plasma membrane after 1,25D treatment of skeletal muscle
yoblasts only when caveolae structures of cells are intact [25].

n the present study we further inquired into the role of the vita-
in  D receptor in 1,25D non-genomic signal transduction using

2C12 cells with markedly reduced VDR expression through infec-
ion with lentivirus particles containing a pLKO.1 vector with the
nformation to express a shRNA against mouse VDR. These cells
shVDR) selected by puromycin resistance showed by Western blot
nalyses 85% (average of different experiments) decrease of VDR

xpression and were used to evaluate the participation of the recep-
or in fast activation of key kinases. Cell treatments for 1, 4 and 6 h
ith 1 nM 1,25D enhanced VDR expression only in C2C12 wild type

ells (WT) (Figs. 1–3, upper blots).
bodies. The blotted membranes were re-probed with anti-actin antibody in order
riments. (B and C) Quantifications by scanning volumetric densitometry of blots
ents showing averages ± SD. *p < 0.05 respect to control.

Within the mitogen-activated protein (MAP) kinase family
are included the extracellular signal-regulated kinases 1 and 2
(ERK1/2) and p38 MAP  kinases. These MAPKs are activated in
various tissues via Src, a non-receptor tyrosine kinase [38,39].
In agreement with this concept, we  previously established that
Src is required for 1,25D-dependent activation of ERK 1/2 and
p38 MAPK in skeletal muscle myoblasts [14,15]. In the present
study, employing shVDR C2C12 cells, we observed that p38 MAPK
phosphorylation by 1,25D was completely suppressed while phos-
phorylation of ERK1/2 was reduced by 61% (Fig. 1). The latter result
is in agreement with that obtained in chicken myoblast cultures,
where blockade of VDR expression with antisense oligonucleotides
against VDR mRNA, partially affected ERK1/2 tyrosine phosphor-
ylation by 1,25D [26,40]. This implies that both VDR-dependent
and VDR-independent signaling mediate hormone stimulation of
MAPKs. Regarding the second mechanism it is conceivable to
envision that a receptor entity of 1,25D located in a membrane
microdomain/caveolae other than the VDR also participates to
promote hormone activation of ERK1/2 (Fig. 4). In line with this
interpretation, studies in intestinal cells identified a 66 kDa pro-
tein named 1,25D3-MARRS/ERp57/PDIA3 as responsible of rapid
actions of 1,25D, but this protein is not itself up-regulated by the
hormone [41]. We  consider that co-involvement of the 1,25D3-
MARRS receptor in hormone-induced skeletal muscle rapid action
is a relevant pending investigation. Another alternative may be
related to the existence of a G protein coupled transmembrane
receptor for 1,25D that would trigger the upstream activation of

PLC/DAG/PKC, leading then to ERK1/2 phosphorylation (Fig. 4).
Interestingly, cytoplasmic VDR coupling to protein kinases has
been proposed to occur through G proteins in osteoblasts [42].
Clearly, further studies are necessary to elucidate the molecular
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Fig. 2. 1,25D-Up regulated Src activation is dependent on VDR expression. Cells
VDR (−) and C2C12 WT cells were treated with 1 nM 1,25D or vehicle (0.001% iso-
propanol) for 1 h. Western blot analysis of lysates was  carried out using anti-VDR and
anti-phospho tyr416 Src. The blotted membranes were re-probed with anti-actin
antibody in order to ensure equal loading. (A) Representative immunoblots from
t
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Fig. 3. VDR participates in Akt phosphorylation by the hormone. C2C12 shVDR and
wild type cells were treated with 1 nM 1,25D or vehicle (0.001% isopropanol) for
1  or 4 h. Western blot analysis of lysates was carried out using anti-VDR and anti-
phospho Akt antibodies. The blotted membranes were re-probed with anti-tubulin
antibody in order to ensure equal loading. (A) Representative immunoblots from
hree independent experiments. (B and C) Quantifications by scanning volumetric
ensitometry of blots from three independent experiments showing averages ± SD.
p  < 0.05 respect to control.

echanisms whereby 1,25D exerts fast non-genomic effects on
APK activity in muscle cells.
Fast non-genomic Src activation by 1,25D has been previously

eported in various cell types, including skeletal muscle myoblasts

15,43–45]. Furthermore, there is evidence that 1,25D induces rapid
ssociation of VDR with Src in skeletal muscle and osteoblastic
ells [46,47]. Fig. 2 of this paper demonstrates that VDR expression
s required for 1,25D-dependent Src tyr416 phosphorylation (i.e.
three independent experiments. (B and C) Quantifications by scanning volumetric
densitometry of blots from three independent experiments showing averages ± SD.
*p  < 0.05 respect to the respective control.

activation) in C2C12 cells. These studies support experimentally
the relationship between VDR and Src proposed by Fleet [48].
The PI3K/Akt pathway is one of the most critical molecular
events involved in regulation of cell survival [49]. As mentioned
in Section 1, we  recently reported that 1,25D-induced Akt acti-
vation in skeletal muscle myoblasts is mediated by Src [19]. This
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Fig. 4. Proposed mechanism of VDR-dependent and VDR-independent 1,25D non-genomic signaling in skeletal muscle cells. Our results show that 1,25D-induced p38
MAPK  phosphorylation and Src activation are completely suppressed in C2C12 skeletal muscle cells lacking VDR expression. Nevertheless, ERK 1/2 phosphorylation and Akt
a ows t
o  horm
a tion).
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ctivation by the hormone are partially dependent on VDR expression. This figure sh
f  others receptors, likely a membrane entity, which would intervene in mediating
ctivation finally leading to cellular response (survival, proliferation and differentia

tudy shows that the VDR also plays a role in the stimulation of
kt by 1,25D as the effects of the hormone on Akt phosphoryla-

ion in shVDR C2C12 cells diminished ∼50% (Fig. 3). Interestingly,
n osteoblasts there is evidence suggesting 1,25D activation of a
DR-dependent, PTX-sensitive PI3K/Akt pathway [50]. The fact that
ere the VDR is partially involved in 1,25D modulation of Akt activ-

ty in C2C12 muscle cells points out again the participation of
nother receptor in the hormone non-genomic action as discussed
efore for the mechanism of MAPK activation and illustrated in
ig. 4. In view of the functional relevance of Akt activation for the
aintenance and survival of cells, and its regulation by 1,25D, the

resent data suggest that hormone-induced Akt phosphorylation
hrough VDR-dependent and VDR-independent mechanisms are
equired to fulfill this role. It is possible that other signaling path-
ay intermediates may  contribute to 1,25D regulation of Akt in
2C12 myoblasts as inferred from data obtained in other cell types.
hus, PKC-dependent phosphorylation of Akt-Ser473, crucial event
n Akt activation, occurs in TCR induced T cells [51]. Connected to
his observation, 1,25D has been shown to stimulate myoblast pro-
iferation via PKC [16]. 1,25D-induced Akt activation by an elevation
f intracellular calcium through L-type Ca2+ channels in osteoblasts
nd non-osteoblastic cells expressing different levels of VDR has

lso been described [52]. The participation of the PKC and Ca2+

ignaling systems in 1,25D modulation of Akt in muscle cells is
ncluded in the schematic diagram of Fig. 4 (dashed arrows; needs
o be confirmed).
he participation of the VDR in rapid actions of 1,25D and also suggest the existence
one-triggered fast effects via PLC/PKC, which could contribute to ERK1/2 and Akt

4.  Conclusions

It is concluded that the fast non-genomic 1�,25-
dihydroxyvitamin D3 signaling in skeletal muscle cells significantly
involves the participation of the classical VDR located in caveolae,
leading to the activation of Src, MAPKs and Akt, key kinases in
the regulation of cell proliferation and differentiation. A role for
other novel membrane receptors in the hormone rapid actions
cannot be excluded in view of the evidences reported for other
tissues. Our findings may  help to understand the molecular
mechanisms by which the hormone contributes to prolifera-
tion and survival of satellite myoblasts which account for its
effects on skeletal muscle growth and regeneration of the injured
tissue.
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