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ABSTRACT 32 

We previously reported that 1,25(OH)2-vitamin D3 (1,25D) activates p38 MAPK (p38) in a VDR-33 

dependent manner in proliferative C2C12 myoblast cells. It was also demonstrated that 1,25D promotes 34 

muscle cell proliferation and differentiation. However, we did not study in depth these hormone actions. In 35 

the present work it was investigated whether the VDR and p38 participate in the signalling mechanism 36 

triggered by 1,25D. In C2C12 cells, the VDR was knocked down by a shRNA and p38 was specifically 37 

inhibited using SB-203580. Cell cycle studies showed that hormone stimulation prompts a peak of S-phase 38 

followed by an arrest in the G0/G1-phase, events which were dependent on VDR and p38. Moreover, 1,25D 39 

increases the expression of cyclin D3, and CDK inhibitors, p21
Waf1/Cip1

 and p27
Kip1

,
 
while cyclin D1 protein 40 

levels did not change during G0/G1 arrest. In all these events p38 and VDR were required. At the same 41 

time, a 1,25D–dependent acute increase in myogenin expression was observed, indicating that the G0/G1 42 

arrest of cells is a pro-differentiative event. Immunocytochemical assays reveal co-localization of VDR and 43 

cyclin D3 promoted by 1,25D in a p38 dependent manner. When cyclin D3 expression was silenced, VDR 44 

and myogenin levels were down-regulated, showing that cyclin D3 was required for 1,25D-induced VDR 45 

expression and the concomitant entrance into the differentiation process. In conclusion, the VDR and p38 46 

are involved in control of cellular cycle by 1,25D in skeletal muscle cells, providing key information on the 47 

mechanism underlying hormone regulation of myogenesis.  48 

 49 

 50 

 51 

 52 

 53 
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1. INTRODUCTION 63 

Recruitment of cells in G0/G1 stage is a pre-and pro-differentiation arrest of skeletal muscle myoblasts, 64 

necessary to the subsequent development of myotubes [Mercer et al., 2005]. For cell cycle progression, the 65 

cellular exit of G1-phase and entry into S-phase require formation and activation of cyclin–cyclin dependent 66 

kinases (CDKs) complexes. The CDK inhibitors (CKI), p21
Waf1/Cip1

 and p27
Kip1

, can block both the cyclin/CDK 67 

activity and subsequent pRb family proteins phosphorylation, resulting in G1-phase arrest [Chellappan et al., 68 

1998]. Specifically, in C2C12 skeletal muscle cells, the expression of most cyclins is down-regulated at the 69 

onset of differentiation, as cells arrest in the G0/G1-phase of the cell cycle [Jahn et al., 1994; Wang and 70 

Nadal-Ginard, 1995]. However, cyclin D3 is paradoxically up-regulated during muscle differentiation, showing 71 

to be a key player in myogenesis [Kiess et al., 1995; Rao and Kohtz, 1995]. Of relevance, cyclin D3 is 72 

involved in the permanent withdrawal of C2C12 myoblasts from cell cycle [Cenciarelli et al., 1999] and an 73 

increase of its expression in proliferating myoblasts causes early myogenesis [Gurung and Parnaik, 2012]. 74 

The role of cyclin D1 in C2C12 cell cycle is opposite to cyclin D3, i.e. cyclin D1 highly expressed in 75 

proliferating cells markedly reduced its expression after 1 day on differentiation medium [Clemente et al., 76 

2005]. Respect of CKIs, p21
Waf1/Cip1

 plays an important role inhibiting progression of the cellular cycle in 77 

C2C12 cells [Davidovic et al., 2013] and an active role for p27
Kip1

 was established in an early stage of 78 

differentiation [Messina et al., 2005].  79 

 P38 MAPK (p38), a key signalling pathway involved in skeletal muscle differentiation, is a member of 80 

the mitogen activated protein kinases super family [Zetser et al., 1999]. Inhibition of p38 activity abrogates 81 

myoblast differentiation and fusion [Lluís et al., 2005]. From the four isoforms of the p38 family described, it 82 

was reported that p38 α, β, and γ are all required for myogenic differentiation in C2C12 cells [Wang et al., 83 

2008]. The inhibitor SB-203580 has been successfully used to study the functional roles of p38 α and β 84 

because it selectively inhibits these isoforms without affecting the γ and δ isoforms [Kumar et al., 1997]. 85 

Studies with this inhibitor implicated p38 α and β in the promotion of skeletal muscle differentiation in vitro 86 

[Cuenda and Cohen, 1999].  P38 facilitates withdrawal from the cell cycle, allowing the beginning of 87 

differentiation [Lee et al., 2002]. Moreover, terminal muscle cell differentiation is dependent on a functional 88 

p38 MAPK pathway and the expression of CKIs, p21
Waf1/Cip1

 and p27
Kip1

,
 
are affected in C2C12 cells lacking 89 

MKK3, the direct kinase activator of p38 [Cabane et al., 2003]. Several novel p38 MAPK target genes, 90 

including cyclin D3, are required for myogenin expression. Of relevance, cyclin D3 expression in memory B 91 
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cells was also shown to be dependent on p38 [Ertesvag et al., 2007]. In C2C12 cells, cyclin D3 is regulated 92 

by p38 β and it is required for myogenic differentiation [Wang et al., 2008].  93 

The steroid hormone 1,25(OH)2vitamin D3 (1,25D) is related to myogenesis events and its biological 94 

actions on skeletal muscle cells have been subject of interest for more than twenty years. The effects of 95 

1,25D vary according to the type of skeletal muscle cells, stage of proliferation or differentiation and culture 96 

serum condition employed. We have previously obtained data indicating that 1,25D modulates proliferation 97 

and differentiation of C2C12 cells [Buitrago et al., 2012]. However, there are no reports about 1,25D effects 98 

on cellular cycle phases, cyclins and CKIs in skeletal muscle cells, neither on the vitamin D receptor (VDR) 99 

and p38 role in hormone –dependent events. 1,25D exerts most of its biological actions through VDR which 100 

acts as a transcription factor [MacDonald et al., 2001]. VDR bound to 1,25D and retinoid X receptor interacts 101 

with vitamin D response elements (VDREs) in the promoters of vitamin D target genes [Aslam et al., 1999]. 102 

In this regard, it is known that the VDR interacts with co-repressors as part of the transcriptional mechanisms 103 

by which myoblast arrest is induced [Campbell, 2014]. However, it is uncertain whether the binding of an 104 

agonist to the VDR allows RXR to bind the co-repressors. There are several proposals for assembling 105 

molecular machines during the cell cycle, involving both transcriptional and post-translational control of the 106 

dynamics of biological systems [Jensen et al., 2006]. Recently, Jian and collaborators reported that cyclin D3 107 

interacts with VDR and regulates its transcriptional activity. This interaction was strengthened with treatment 108 

of 1,25D [Jian et al., 2005]. However, the relationship between VDR and cyclin D3 was not studied in depth. 109 

In this work we show for first time that silencing of cyclin D3 affects VDR and myogenin expression induced 110 

by a physiological dose of 1,25D and p38 inhibition conditions co-localization of VDR with cyclin D3 in 111 

skeletal muscle cells. Moreover, we explore the VDR involvement in 1,25D –action on cellular cycle and 112 

evaluate the p38 contribution in hormone –triggered pro-differentiative events in skeletal muscle cells. 113 

 114 

2. MATERIALS AND METHODS 115 

2.1 Materials  116 

1α,25-dihydroxyvitamin D3 was from Sigma Chemical Co. (St. Louis, MO, USA). Fetal bovine serum (FBS) 117 

was from Natocor (Villa Carlos Paz, Argentina). Free-phenol red Dulbecco’s modified Eagle’s medium 118 

(DMEM) was from US Biological Inc. (Salem, MA, USA). Anti-cyclin D3 (#2936), anti cyclin D1 (#2926), anti-119 

p21
Waf1/Cip1 

(#2946) and anti-p27
Kip1

 (#2552) antibodies were from Cell Signaling Technology Inc. (Beverly, 120 

MA, USA). Anti-myogenin (sc-12732), anti-VDR (sc-1008) and anti-tubulin antibodies(sc-73242), horseradish 121 
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peroxidase–conjugated secondary antibodies (anti-rabbit, sc-2004, and anti-mouse, sc-2005) and siRNA 122 

against cyclin D3 mRNA (sc-35137)were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). 123 

Alexa Fluor 488 (green) goat anti-rabbit IgG (A-11008) and Alexa fluor 647 (red) goat anti-mouse conjugated 124 

antibodies(A-21236) are from Molecular Probes®. The inhibitor SB-203580 was from TOCRIS (Tocris 125 

Bioscience, Bristol, UK). The Super Signal CL-HRP substrate system for enhanced chemiluminiscence 126 

(ECL) was from Perkin Elmer (Boston, USA). The C2C12 wild type (WT) cell line was obtained from ATCC 127 

(American Type Culture
 
Collection, Manassas, VA). Puromycin was from Invitrogen (Invivogen, San Diego, 128 

CA). The plasmid to knock down the VDR was PLKO.1, clone ID TRCN0000027101 (Open Biosystems, 129 

Huntsville, AL, USA). Lentivirus particles containing a pLKO.1 vector with the information to express a 130 

shRNA against VDR were kindly provided by Dr. V. Gonzalez Pardo, Universidad Nacional del Sur (Bahia 131 

Blanca, Argentina).  132 

2.2 Lentivirus infection and selection  133 

To generate a stable (long-term) knockdown of VDR gene expression in the C2C12 cell line, these cells 134 

were infected with lentivirus particles containing a pLKO.1 vector with the information to express a shRNA 135 

against mouse VDR. This plasmid also has a gene encoding puromycin resistance, thereby addition of this 136 

antibiotic allowed us to select cells stably expressing shRNA against VDR (C2C12-VDR). We detailed the 137 

protocol in a previous publication [Buitrago et al., 2013]. 138 

2.3 Cell culture and synchronization 139 

The mouse skeletal myoblastic C2C12 WT and C2C12 (-VDR) grown in low-glucose DMEM supplemented 140 

with 10% FBS and 2% antibiotics (penicillin and streptomycin)-1% antimycotic (nistatine) solution with or 141 

without puromicyn (2 µg/ml), when corresponding (growth medium), were employed. Cells were not allowed 142 

to exceed 70% of confluence during passages and were discarded after 10 passages (30 days), to minimize 143 

depletion of myoblasts in culture. We performed all the experiments independently at different passages 144 

(between first to tenth passage). Cells were seeded at an appropriate density (100,000 cells/cm
2
) in Petri 145 

dishes (100 mm diameter) with growth medium and cultured at 37°C under a humidified atmosphere of 95% 146 

air / 5% CO2. Under these conditions, myoblasts divide within the first 48 h. Subconfluent cells were 147 

rendered quiescent by placing them in DMEM containing 2% FBS for 16 h (starved). Cells cultured for two 148 

days (proliferative stage) and starved as indicated, were used for the treatments indicated in Results.  149 

2.4 Cell cycle analysis by flow cytometry.  150 
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C2C12 WT and C2C12 (-VDR) cells were dispersed by trypsinization, washed with phosphate-buffered 151 

saline (PBS) twice and then resuspended in 1 ml PBS. After 24 h fixation in absolute ethanol, cells were 152 

suspended in PBS containing 5% of Tween detergent. The fixed and permeabilized cells were pelleted and 153 

re-suspended with 500 µl of RNase-propidium iodide mix (BD Biosciences, San Diego, USA) for 30 min. The 154 

fluorescence of DNA was measured using a flow cytometer (Becton-Dickinson FACS Calibur) and the cell 155 

distribution in different phases of the cellular cycle was analyzed by computer software (CELLQuest PRO, 156 

Becton–Dickinson, San Jose, CA, USA). 157 

2.5 Electrophoresis and Western Blotting  158 

Following treatment the cells were lysed, the clarified lysates resolved by one-dimensional SDS-PAGE 159 

and then transferred to Immobilon P membranes as previously described [Morelli et al., 2001]. Standard 160 

samples were included on first lane of all gels to make between blot comparisons possible (data not shown). 161 

The membranes were then probed with specific primary antibodies. After incubation with peroxidase-162 

conjugated secondary antibodies, membranes were visualized by ECL captured by chemiluminescence film. 163 

The antibodies bounded to proteins were then stripped and the membranes were reproved with anti-tubulin 164 

or anti-p38 α antibodies to account for equal gels loading. Films were scanned with a HP densitometer to 165 

quantity bands signals by the ImageJ software program.  166 

2.6 Immunocytochemistry and Confocal Microscopy 167 

C2C12 cells were grown onto glass coverslips and after treatments were immediately washed in cold 168 

PBS solution and fixed in methanol (at -20°C) for 20 min, process which also permeabilized the cells. Non-169 

specific sites were blocked with 5% BSA in PBS for 1 h. Samples were then incubated overnight at 4 °C with 170 

the appropriate primary antibody (anti-VDR or anti-cyclin D3 antibodies) prepared in 2% BSA in PBS. After 171 

washing with PBS, the samples were incubated with secondary anti-rabbit or anti-mouse fluorophore 172 

conjugated antibodies (1 h, room temperature). The samples were examined using a Leica confocal laser 173 

microscope. 174 

2.7 Silencing of cyclin D3 by transfection of small interfering RNA (siRNA)   175 

Six-well tissue culture plates with 2 x 10
5 

cells/well starved in antibiotic-free medium supplemented with 176 

2% FBS were used for transfection. After 6 h, the transfection mixture was removed and replaced with 177 

normal growth medium. Cells were incubated for an additional 18 h until used for treatments. The protocol 178 

followed is in accordance with manufactures instructions (Santa Cruz Biotechnology). 179 
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2.8 Statistical Evaluation 180 

Results were expressed as mean ± standard deviation. The differences between means values were 181 

analyzed using Student’s t-test [Snedecor and Cochran, 1967]. The differences were considered statistically 182 

significant when p ≤ 0.05. 183 

 184 

3. RESULTS  185 

3.1 Cell cycle progression of C2C12 muscle cells after serum stimulation. 186 

We considered necessary to characterize the time course of the cell cycle in C2C12 WT and in C2C12 (-187 

VDR) cells not previously reported, following the procedure described for vascular smooth muscle cells 188 

[Nakano et al., 2005] To that end, all cells were deprived of FBS for 16 h to synchronize the cultures at the 189 

time in which 85% of cells were growth-arrested in the G0/G1-phase (data not shown). Then, arrested cells 190 

were stimulated with 10% FBS for different times (6, 12, 18 and 24 h) and analysed by flow cytometry. Fig. 1 191 

shows that in both C2C12 WT and C2C12 (–VDR) lines ∼90% of cells were in the G0/G1-phase after 6 h of 192 

serum stimulus, the progression of cell cycle from G1- to S-phase then takes place and a S-phase peak was 193 

observed at 12 h. After completion of the S-phase, a G2/M-phase increase is observed at 18 h. One round of 194 

cell cycle seemed to be completed at 24 h, when most of cells are again in G0/G1-phase, diminishing the 195 

percentage of cells in S-phase. This cell cycle pattern was similar in C2C12 WT and in C2C12 (-VDR) cells.  196 

 197 

3.2 Hormone stimulation of C2C12 muscle cells prompts a VDR-dependent S-phase peak followed by 198 

an arrest in the G0/G1-phase. The activation of p38 MAPK is required in 1,25D induced G0/G1 arrest. 199 

 We evaluated the role of the VDR in the distribution of myoblasts in the different phases of the cell cycle 200 

in the C2C12 WT and C2C12 (-VDR) lines treated for 6, 12 and 24 h with 1 nM 1,25D. As explained in 201 

Materials and Methods, subconfluent cells were rendered quiescent by placing them in DMEM containing 2% 202 

FBS for 16 h (starved).Flow cytometry analyses were then carried out as in Fig. 1. In C2C12 WT cells, it was 203 

evidenced that the hormone promotes at 12 h an increase in the S-phase peak. This was followed by a 204 

significant recruitment of cells in the G0/G1-phase at 24 h. In C2C12 (-VDR) myoblasts where the VDR is not 205 

significantly expressed, the percentage of cells in the S-phase at 12 h was lower than in WT cells and 206 

remained unchanged at 24 h. Moreover, the number of cells arrested in the G0/G1-phase at 24 h was 207 

significantly smaller than in the C2C12 WT line expressing the VDR (Fig. 2A). These results show for the first 208 
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time the involvement of the VDR in modulation of skeletal muscle cell cycle by the hormone. Noteworthy, 209 

these data indicate that the VDR is necessary to induce cell cycle arrest, which is essential for myogenic 210 

differentiation. 211 

P38 activation is required for the withdrawal from the cell cycle that precedes muscle differentiation [Lee 212 

et al., 2002]. Thereby, in order to establish if p38 activation is a requisite in the G0/G1-phase arrest 213 

promoted by 1,25D in C2C12 cells, we investigated changes in cellular phases by flow cytometry in 214 

presence of the p38 inhibitor SB-203580 (10 µM). Fig. 2B shows that the 1,25D-induced G0/G1-phase arrest 215 

of cells is abrogated when p38 is inhibited, evidencing that the hormone employs the p38 pathway to 216 

promote the onset of muscle differentiation. 217 

 218 

3.3 The VDR and p38 MAPK are required in 1,25D –induced cyclin D3 expression in C2C12 muscle 219 

cells.  220 

It is well established in myoblasts induced to differentiate, arrested in G0/G1-phase, that the expression 221 

of cyclin D1 rapidly declines, whereas cyclin D3 is induced at the transcriptional and post-translational levels 222 

[Kiess et al., 1995]. We studied cyclin D3 and cyclin D1 expression in C2C12 cells stimulated by 1,25D. Fig. 223 

3A and B shows that the hormone increases cyclin D3 protein levels at 24 h of treatment, whereas no 224 

significant changes were observed in cyclin D1 in C2C12 WT cells. The increment in cyclin D3 induced by 225 

1,25D was abolished in C2C12 (-VDR) cells, indicating that the VDR mediates hormone up-regulation of 226 

cyclin D3 protein levels. No changes in the expression of both cyclins were detectable at 18 h of hormone 227 

treatment.  228 

The involvement of p38 activity in cyclin D3 expression was also investigated. Our data reveal that 229 

1,25D activates p38 at 24 h and this effect is successfully abrogated by the use of 10 µM of SB-203580. Of 230 

relevance, the results show that SB-203580 abolishes the expression of cyclin D3 induced by the hormone 231 

at 24 h providing evidence that it is dependent on p38 activation (Fig. 3C and D).  232 

 233 

3.4 Induction of CKIs p21
Waf1/Cip1

 and
 
p27

Kip1 
by 1,25D occurs in a VDR- and p38 MAPK- dependent 234 

manner in C2C12 muscle cells 235 

P21
waf1/Cip1

 and p27
kip1 

are CKIs that are overexpressed when C2C12 myoblasts withdraw from the cell 236 

cycle and commit to muscle fiber differentiation [Andres and Walsh, 1996; Franklin and Xiong, 1996]. The 237 
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participation of the VDR in the expression of both CKIs
 
by 1,25D was investigated. Fig 4A, B and C shows 238 

that the hormone markedly increases CKIs p21
waf1/Cip1

 and p27
kip1

 levels in C2C12 WT cells at 24 h of 239 

stimulation, time corresponding to the G0/G1-phase arrest and cyclin D3 increase observed before. As 240 

expected, the effects of the steroid on both CKIs were not evidenced when VDR expression was suppressed 241 

in C2C12 (- VDR) cells. 242 

Taking into account previous data showing the involvement of p38 in cell growth modulation [Kim et al., 243 

2002; Miura et al., 2005], the implication of p38 in the effects of 1,25D on CKIs p21
waf1/Cip1

 and p27
kip1

 244 

expression was evaluated. The use of SB-203580 proved that activation of p38 is required in the increase of 245 

p21
waf1/Cip1

 and p27
kip1

 levels by the hormone (Fig. 4D and E). The VDR and p38-dependent rise of 246 

p21
waf1/Cip1

 and p27
kip1

 at G0/G1-phase arrest of cells further supports the proposal that 1,25D induces 247 

muscle cell differentiation via the VDR and also involves p38.  248 

 249 

3.5 The VDR and p38 MAPK are involved in 1,25D -promoted myogenin expression in C2C12 muscle 250 

cells.  251 

It is well established that myogenin expression is indispensable as first step in the differentiation of 252 

myoblasts, which is followed by withdrawal from the cell cycle [Andres and Walsh, 1996]. Since 1,25D 253 

promotes G0/G1-phase arrest of C2C12 cells, changes in myogenin protein levels were then investigated. 254 

Fig. 5A and B shows that 1,25D induces a marked increase in myogenin expression at 24 h, which is still 255 

evident at 72 h, in C2C12 WT cells. Noteworthy, myogenin levels are undetectable in C2C12 (-VDR) cells at 256 

all times studied, indicating that the VDR is required in hormone-dependent synthesis of this early 257 

differentiation marker protein. Moreover, it was also evidenced that myogenin expression triggered by 1,25D 258 

is dependent on p38 activation (Fig. 5C and D). ?. 259 

 260 

3.6 VDR co-localizes with cyclin D3 in 1,25D stimulated C2C12 muscle cells only when p38 MAPK is 261 

activated 262 

As described before, we showed that VDR expression is required for 1,25D-dependent upregulation of 263 

cyclin D3 in C2C12 cells. The interaction of cyclin D3 with VDR has been previously reported only by Jian et 264 

al. (2005) in other cell type. In this work, it was then evaluated by confocal immunocytochemistry the 265 

intracellular localization of VDR and cyclin D3 in C2C12 cells committed to differentiation. In wild type cells 266 
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stimulated with 1,25D for 24 h confocal images confirm that the hormone induces VDR expression and 267 

increases cyclin D3 protein levels (Fig. 6D and E vs. 6A and B). There is no significant co-localization among 268 

VDR and cyclin D3 under basal conditions (Fig. 6C). 1,25D treatment promotes nuclear co-localization of 269 

VDR with cyclin D3 and also a re-distribution of VDR, observable in the plasma membrane region (Fig. 6F). 270 

Of interest, it is seen that C2C12 wild type cells treated only with SB-203580 show VDR and cyclin D3 271 

related fluorescence significantly diminished, indicating that activation of p38 is important to achieve VDR 272 

and cyclin D3 expression (Fig. 6G and H). Although 1,25D stimulation together with p38 inhibitor treatment of 273 

C2C12 WT cells induce VDR expression, its distribution is different than observed in cells treated only with 274 

the hormone (Fig. 6J vs. D). 1,25D treatment after SB-203580 preincubation does not promote the increase 275 

in cyclin D3 protein levels. Merge images sustained the idea that p38 participates in VDR-cyclin D3 276 

interaction (Fig. 6L). 277 

 278 

3.7 Silencing of cyclin D3 inhibits VDR expression and myogenin up-regulation by 1,25D in C2C12 279 

muscle cells. 280 

In view of the role of cyclin D3 in skeletal muscle and its relationship with VDR, it was investigated 281 

whether cyclin D3 participates in VDR and myogenin expression. We successfully performed the silencing of 282 

cyclin D3 using siRNA technology in C2C12 wild type cells. Fig. 7 shows that silencing of cyclin D3 results in 283 

diminished expression of VDR as well as totally abolished induction of myogenin by 1,25D.  284 

 285 

4. DISCUSSION  286 

C2C12 is a murine highly myogenic myoblastic cell line that remains in proliferative stage in medium 287 

with 10-20% of FBS, and when myoblasts become confluent, by switching them into 2% horse serum 288 

medium, begin to elongate, multinucleate, fuse and finally differentiate into myotubes [Florini et al., 1991]. 289 

We previously reported that 1,25D activates the MAPK family of proteins in cultured C2C12 myoblasts, 290 

thereby influencing the expression of early genes involved in cellular proliferation and differentiation [Ronda 291 

et al., 2007]. It was observed that C2C12 cells (grown in DMEM with 10% FBS) incubated with 100 nM 292 

1,25D stimulates differentiation by inhibiting cell proliferation and modulating the expression of promyogenic 293 

growth factors and myostatin [Garcia et al., 2011]. However, these results are opposed to an earlier report 294 

that described the down-regulation of myogenin and myogenic transcription factor 5 (Myf5) mRNA in C2C12 295 
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myoblasts treated with 1,25D for 48 and 96 h [Endo et al., 2003]. It is possible that differences in 296 

experimental designs and conditions (e.g. treatment times and concentrations) may account for these 297 

contradictory findings. Recently, it was observed that addition of 1,25D supraphysiological concentrations 298 

(10
−7

 and 10
−5

 M) appeared to inhibit myotube formation and decreased mRNAs for key myogenic regulatory 299 

factors [Girgis et al., 2013; Ryan et al., 2013]. 300 

In this work we evidenced that VDR expression in C2C12 cells did not affect the progress of cellular 301 

cycle under FBS stimulus. However, it was observed that 1 nM 1,25D promotes an increase in the S-phase 302 

(at 12 h) followed by a G0/G1-phase arrest (24 h) and that these events decrease in cells lacking VDR, 303 

showing a dual effect of 1,25D. In view of our previous results [Buitrago et al., 2012], it was expected to find 304 

a cell proliferative state at 24 h. This may be explained by the fact that now the cells were deprived of serum 305 

during 16 h, instead of 2 h as reported before. Itoi and collaborators have observed that stimulation of 306 

C2C12 cells with 1,25D in presence of 10% FBS for 72 h induced an increase in the percentage of cells in 307 

the G0/G1-phase in the absence of a proliferative stimulus of the hormone [Okuno et al., 2012]. The 1,25D 308 

inhibition of proliferation of myoblasts grown in DMEM with 10% of FBS was in addition reported by Srikuea 309 

et al. (2012), who also demonstrated VDR expression in C2C12 cells. The authors used 20 nM of 1,25D for 310 

48 h and under these conditions, they observed an increase in VDR expression and a significant decrease in 311 

the number of cells [Srikuea et al., 2012].  312 

We also demonstrated that p38 participates in 1,25D dependent G0/G1-phase arrest in C2C12 cells. In 313 

agreement with these data it has been previously shown that p38 activation results in G1-phase arrest and 314 

differentiation [Puri et al., 2000]. Moreover, our data indicate that VDR and p38 participate in hormone up-315 

regulation of cyclin D3 protein levels. The relationship between cyclin D3 and VDR has been previously 316 

reported. Cyclin D3 interacts with VDR and, by this way, regulates its transcriptional activity and ligand-317 

activated VDR induces a nuclear region accumulation of cyclin D3. [Jian et al., 2005]. In this study, it was 318 

shown that 1,25D-induced VDR expression was abolished when cyclin D3 was silenced by siRNA. Cyclin D3 319 

is a target gene downstream of p38 in hepatic cells [Sun et al., 2013] and in C2C12 cells were evidenced 320 

that silencing of specific p38 isoforms affects cyclin D3 expression [Wang et al., 2008]. Of relevance, 321 

evidence on the participation of p38 on cyclin D3 expression induced by 1,25D is reported for the first time in 322 

this work. Additionally, we evidenced that 1,25D induces the co-localization between VDR and cyclin D3 in a 323 

p38 -dependent manner. In C2C12 cells an augment of cyclin D3 levels promotes myogenic differentiation 324 

[Gurung and Parnaik, 2012] and cyclin D3 is also greatly induced at later stage differentiating cells [Kiess et 325 

al., 1995]. In skeletal muscle cells the differentiation process occurs with a decrease in cyclin D1 expression 326 
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[Rao and Kothz, 1995]. However, our results showed no significant changes of cyclin D1 levels in C2C12 327 

cells stimulated with 1,25D. The fact that the hormone promotes a G0/G1-phase arrest of C2C12 myoblasts 328 

without changes in cyclin D1 protein would indicate that it does not require this cyclin in particular to carry out 329 

its actions. 330 

Given that differentiation of skeletal muscle precursor cells is always accompanied by an increase in 331 

cyclin D3 expression, as we observed in C2C12 wild type cells, we hypothesize that the VDR- and p38-332 

dependent arrest in the G0/G1-phase detected is a pro-differentiative event.1,25D regulation of chick 333 

myoblast differentiation was described for the first time in our laboratory [Capiatti et al., 1999]. Later, it was 334 

demonstrated that the VDR is necessary for normal skeletal muscle development and the correct expression 335 

of myoregulatory transcription factors in mice [Endo et al., 2003]. Moreover, we have previously shown that 336 

the hormone induces myosin heavy chain (MHC) and myogenin in the early stage of differentiation of C2C12 337 

cells, grown in low serum medium [Buitrago et al., 2012]. The presence of myogenin ensures MHC 338 

expression and modulates the subsequent myotube development, demonstrating that myogenin acts early 339 

determining myoblast differentiation [Davie et al., 2007]. In this work, 1,25D induced an acute and steady 340 

increase in myogenin expression in C2C12 WT cells, while myogenin protein levels remain undetectable in 341 

C2C12 (-VDR) cells and when p38 was inhibited. Moreover, we evidenced that in C2C12 cells transfected 342 

with a siRNA against cyclin D3 mRNA, myogenin expression is abolished. This clearly shows that the 343 

beginning of the differentiation program induced by 1,25D in C2C12 cells requires the expression of the VDR 344 

and activation of p38. However, in cyclin D3 deficient C2.7 myoblasts myogenin expression changes were 345 

not found [De Luca et al., 2013]. This may be explained by differences in experiments design (like the use of 346 

differentiation medium) or other pathways may be involved in myogenin expression not regulated by 1,25D. 347 

P21
waf1/Cip1

 and p27
Kip1 

are both CKIs; however they have specific actions in myogenic differentiation [el-348 

Deiry, et al., 1994; Guo et al., 1994]. The induction of p27
Kip1

 CKI is an early critical step of the N-cadherin-349 

dependent signalling involved in myogenesis, showing an active role of p27
Kip1

 CKI in the decision of 350 

myoblasts to commit to differentiation [Messina et al., 2005]. Of relevance, when C2C12 myoblasts start 351 

expressing CKI, p21
waf1/Cip1

 [Andres and Walsh, 1996] and p27
Kip1

 [Franklin and Xion, 1996], withdraw from 352 

the cell cycle and determine to be differentiated into mature muscle cells. In this work we show that 1,25D 353 

increases protein levels of p21
waf1/Cip1

 and p27
Kip1

 CKIs during G0/G1-phase arrest in a VDR- and p38-354 

dependent manner. According with these results, 1,25D has been shown to up-regulate CKIs, p21
waf1/Cip1

 and 355 

p27
Kip1

, expression [Verlinden et al., 1998] and, more interesting, the CKI p21
waf1/Cip1

 gene was identified as 356 

transcriptional target of VDR [Freedman, 1999], with a functional VDRE being recognized in its promoter [Liu 357 
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et al., 1996]. In vascular smooth muscle cells, p38 mediates transcription of the CKI p21
waf1/Cip1 

gene [Moon 358 

et al., 2004]. However, participation of p38 in 1,25D –induced CKI p21
waf1/Cip1 

protein expression was not 359 

reported before this work. Respect to p27
Kip1

, the VDR functions as the transactivation component of the 360 

VDR/Sp1 complex to trigger expression of its gene [Cheng et al., 2006]. Also, 1,25D -upregulation of CKI 361 

p27
Kip1

 is blocked by a p38 inhibitor [Miura et al., 2005]. Similarly to CKI p21
waf1/Cip1

, this is the first report 362 

showing that 1,25D induces CKI p27
Kip1

 involving p38.  363 

    364 

5. CONCLUSIONS  365 

We conclude that in the 1α,25-dihydroxyvitamin D3 -induced differentiation of C2C12 cells, the VDR and 366 

p38 are significantly involved, which lead to G0/G1 arrest of cells accompanied by cyclin D3 augmented 367 

expression and elevated levels of CKIs, p21 
waf1/Cip1 

and p27
kip1

. Moreover, 1,25D promotes a p38 dependent 368 

co-localization of VDR and cyclin D3 and this cyclin is required in 1,25D-induced expression of VDR and 369 

myogenin. Our findings help to understand the mechanism by which the hormone contributes to differentiate 370 

myoblasts, which accounts for its effects on skeletal muscle growth and regeneration, revealing an important 371 

role of the VDR and p38 in the physiological action of 1,25D on skeletal muscle. 372 
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FIGURE LEGENDS 551 

Fig. 1. Cell cycle progression of C2C12 WT and C2C12-VDR muscle cells after serum stimulation. 552 

C2C12 WT cells and C2C12 cells lacking VDR expression (C2C12-VDR) were starved for 16 h and 553 

thereafter stimulated with 10% FBS for 6, 12, 18 and 24 h. At each time indicated cells were trypsinized, 554 

stained with propidium iodide, and DNA contents were measured by flow cytometry. This figure shows in 555 

C2C12 WT and C2C12-VDR cells: (A) representative DNA histograms and (B) quantifications of DNA 556 

histograms showing percentage of cells in G0/G1-, S- and G2/M-phases. 557 

Fig. 2. 1,25D treatment promotes redistribution of cells in the C2C12 cellular cycle in a VDR- and p38 558 

-dependent manner. A). C2C12 WT and C2C12-VDR cells were deprived of serum for 16 h and then 559 

treated with 1 nM 1,25D for 6, 12 and 24 h. At each time indicated cells were trypsinized, stained with 560 

propidium iodide, and DNA contents were measured by flow cytometry, in three independent experiments. 561 

The panel shows the quantification of the DNA histograms with percentage of WT and –VDR cells in G0/G1-, 562 

S- and G2/M-phases in graphs of combined bars (left) and independent bars of each cellular line to see 563 

standard deviations (right). B) C2C12 WT cells were deprived of serum for 16 h, preincubated with 10 µM of 564 

p38 inhibitor SB-203580 and then treated with 1 nM 1,25D for 24 h. Cells were trypsinized, stained with 565 

propidium iodide, and DNA contents were measured by flow cytometry, in three independent experiments. 566 

The panel shows the quantification of the DNA histograms with percentage of WT cells in G0/G1-, S- and 567 

G2/M-phases in graphs of combined bars (left) and independent bars (right). 568 

Fig. 3. The VDR and p38 MAPK participate in cyclin D3 increased expression by the hormone in 569 

muscle cells. C2C12 WT and C2C12-VDR cells were treated with 1 nM 1,25D or vehicle (0.001 % 570 

isopropanol) for 18 and 24 h. Western blot analysis were carried out using anti-VDR, anti-cyclin D3 and anti-571 

cyclin D1 antibodies. The blotted membranes were reprobed with anti-tubulin antibody in order to ensure 572 

equal loading of gels. (A) Representative immunoblots from three independent experiments.                       573 

(B) Quantifications by scanning volumetric densitometry of blots from the 3 experiments showing mean ± SD 574 

of cyclin D3 protein levels. *p<0.05 respect to the corresponding control. (C and D) C2C12 WT and   C2C12-575 

VDR  cells were preincubated with 10 µM SB-203580 and then treated with 1 nM 1,25D or vehicle (0.001 % 576 

isopropanol) for 24 h. Western blot analysis were carried out using anti-P-p38 MAPK, which recognizes only 577 

activated p38, and anti-cyclin D3. The blotted membranes were reprobed with anti-p38 α antibody in order to 578 

ensure equal loading of gels. (C) Representative immunoblots from three independent experiments. (D) 579 
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Quantifications by scanning volumetric densitometry of blots from the 3 experiments showing mean ± SD of 580 

cyclin D3 protein levels. *p<0.05 respect to the corresponding control. 581 

Fig. 4. The VDR is required in 1,25D -promoted increase of p21
waf1/Cip1

 and p27 
Kip1 

CKIs. P38 activation 582 

are also involved in the CKIs, p21
waf1/Cip1

 and p27 
Kip1 

increased expression by the hormone. (A, B and 583 

C) C2C12 WT and (-VDR) cells were treated with 1 nM 1,25D or vehicle (0.001 % isopropanol) for 18 and 24 584 

h. Western blot analysis of lysates were carried out using anti-VDR, anti-p21
waf1/Cip1

 and anti- p27
Kip1 

585 

antibodies. The blotted membranes were re-probed with anti-tubulin antibody in order to ensure equal 586 

loading of gels. (A) Representative immunoblots from three independent experiments. (B and C) 587 

Quantifications by scanning volumetric densitometry of blots from three independent experiments showing 588 

mean ± SD of p21
waf1/Cip1

 and anti- p27
Kip1 

protein levels. *p<0.05 respect to the corresponding control. 589 

(D and E) C2C12 WT and (-VDR) cells were pre incubated with 10 µM of SB-203580 and then treated with 1 590 

nM 1,25D or vehicle (0,001 % isopropanol) for 24 h. Western blot analysis were carried out using first anti-P-591 

p38, which recognizes only activated p38, and anti-p21
waf1/Cip1

 and anti- p27
Kip1 

antibodies (data not shown). 592 

The blotted membranes were re-probed with anti-p38α antibody in order to ensure equal loading of gels 593 

(data not shown). Immunoblots from four independent experiments were quantificated by scanning 594 

volumetric densitometry showing mean ± SD of (C) p21
waf1/Cip1

 protein levels and (D) of p27
Kip1 

protein levels. 595 

*p<0.05 respect to the corresponding control. 596 

 Fig. 5. Myogenin expression is induced by 1,25D in muscle cells where VDR is expressed and p38 is 597 

activated. (A and B) C2C12 wild type and (-VDR) cells were treated with 1 nM 1,25D for 6, 24, 48 and 72 h. 598 

Western blot analysis were carried out using anti-VDR and anti-myogenin antibodies. The blotted 599 

membranes were reprobed with anti-tubulin antibody in order to ensure equal loading of gels (data not 600 

shown). Representative immunoblots from three independent experiments are shown (A) and quantifications 601 

by scanning volumetric densitometry of blots from three independent experiments showing averages ± SD of 602 

cyclin D3 protein levels. *p<0.05 respect to the corresponding control on (B). (C and D) C2C12 WT and (-603 

VDR) cells were pre incubated with 10 µM of SB-203580 and then treated with 1 nM 1,25D or vehicle (0,001 604 

% isopropanol) for 24 h. Western blot analysis were carried out using first anti-P-p38, which recognizes only 605 

activated p38, and anti- VDR and anti- myogenin
 
antibodies. The blotted membranes were reprobed with 606 

anti-tubulin antibody in order to ensure equal loading of gels (data not shown). Representative immunoblots 607 

from three independent experiments are shown (C) and quantifications by scanning volumetric densitometry 608 
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of blots from three independent experiments showing mean ± SD of cyclin D3 protein levels. *p<0.05 respect 609 

to the corresponding control on (D) 610 

 611 

Fig. 6. VDR co-localization with cyclin D3 is dependent on p38 activation. C2C12 WT cells grown over 612 

coverslips were stimulated with 1 nM 1,25D or vehicle during 24 hs, in presence or absence of SB-203580 613 

(10 µM). Immunocytochemistry assays were performed as described in Methods. Confocal fluorescence 614 

digital images of C2C12 WT cells incubated with vehicle (panels A, B and C), 1,25D (panels D, E and F), 615 

SB-203580 (panels G, H and I), SB-203580 and 1,25D (panels J, K, and L) and double labeled with anti-616 

VDR antibody (green) and anti-cyclin D3 antibody (red) are shown. White bars in images represent 20 µm. 617 

The right side of each panel shows merged microphotograghs. Representative images of different fields of 618 

all coverslips analized are shown. 619 

Fig. 7. Silencing of cyclin D3 by a specific siRNA affects VDR and myogenin expression in muscle 620 

cells. C2C12 WT cells were transfected with 50 pmols cyclin D3 siRNA or control siRNA for 6 h according to 621 

the manufacturer's specifications. Transfected cells were incubated for an additional 18 h period in fresh 622 

medium until treatments (as indicated before) were performed. Western blot analyses were carried out with 623 

anti-cyclin D3, anti-VDR, and anti-myogenin antibodies. The blotted membranes were reprobed with anti-624 

tubulin antibody in order to ensure equal loading of gels (data not shown). Representative immunoblots of 625 

blots from 2 independent experiments are shown.  626 
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