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Skeletal muscle wasting is an important public health problem associated with aging, chronic
disease, cancer, kidney dialysis, and HIV/AIDS. 1,25-Dihydroxyvitamin D (1,25-D3), the active form
of vitamin D, is widely recognized for its regulation of calcium and phosphate homeostasis in
relation to bone development and maintenance and for its calcemic effects on target organs, such
as intestine, kidney, and parathyroid glands. Emerging evidence has shown that vitamin D ad-
ministration improves muscle performance and reduces falls in vitamin D-deficient older adults.
However, little is known of the underlying mechanism or the role 1,25-D3 plays in promoting
myogenic differentiation at the cellular and/or molecular level. In this study, we examined the
effect of 1,25-D3 on myoblast cell proliferation, progression, and differentiation into myotubes.
C,C,, myoblasts were treated with 1,25-D3 or placebo for 1, 3, 4, 7, and 10 d. Vitamin D receptor
expression was analyzed by quantitative RT-PCR, Western blottings and immunofluorescence.
Expression of muscle lineage, pro- and antimyogenic, and proliferation markers was assessed by
immunocytochemistry, PCR arrays, quantitative RT-PCR, and Western blottings. Addition of
1,25-D3 to C,C,, myoblasts 1) increased expression and nuclear translocation of the vitamin D
receptor, 2) decreased cell proliferation, 3) decreased IGF-I expression, and 4) promoted myogenic
differentiation by increasing IGF-Il and follistatin expression and decreasing the expression of
myostatin, the only known negative regulator of muscle mass, without changing growth dif-
ferentiation factor 11 expression. This study identifies key vitamin D-related molecular path-
ways for muscle regulation and supports the rationale for vitamin D intervention studies in
select muscle disorder conditions. (Endocrinology 152: 2976-2986, 2011)

itamin D deficiency has been linked to fractures from
falling, mainly in the older population, as a conse-
quence of muscle weakness and waste (1). Common clin-
ical manifestations of vitamin D deficiency in relation to
muscle include symmetric low back pain, proximal muscle
weakness, and muscle aches (2, 3).
Vitamin D deficiency correlates with a substantial de-
cline in physical performance (4). Observational studies
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support a positive association between vitamin D levels
and muscle strength and/or lower extremity function in
both active and inactive older adults (5-7). In one report,
over 90% of patients presented to a community clinic,
with nonspecific musculoskeletal pain, were found to have
vitamin D deficiency (8). Moreover, the vitamin D recep-
tor (VDR) is expressed in human muscle tissue (9), which
provides a rationale for a direct role of vitamin D in muscle

Abbreviations: 1,25-D3, 1,25-Dihydroxyvitamin D; DAPI, 4’,6-diamidino-2-phenylindole;
FBS, fetal bovine serum; FITC, fluorescein isothiocyanate; Fst, follistatin, GAPDH, glycer-
aldehide-3-phosphate dehydrogenase; GDF-11, growth differentiation factor 11; ICC,
immunocytochemistry; IF, immunofluorescence; 10D, integrated optical density; MHC,
myosin heavy chain; Mstn, myostatin; MyoD, myoblast determination; PCNA, proliferating
cell nuclear antigen; gqRT-PCR, quantitative RT-PCR; VDR, vitamin D receptor.
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lesterol in the skin is converted to previ-
tamin D3, immediately
converted by a heat-dependent process to
vitamin D3. Vitamin D2 and vitamin D3
ko from dietary sources are incorporated
into chylomicrons, transported by the
lymphatic system into the venous circu-
lation. Vitamin D in the circulation is
bound to the vitamin D-binding protein,
which transports it to the liver, where vi-
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tamin D is converted by the vitamin D-25
hydroxylase to 25-hydroxivitamin D3.
25-Hydroxivitamin D3 is biologically in-
active and is converted primarily in the
kidney by the 25-hydroxyvitamin D-1a-
hydroxylase to its biologically active
form 1,25-D3 or calcitriol (14).

Mouse C,C,, skeletal muscle cells are
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FIG. 1. Steady-state mRNA and protein up-regulation levels of VDR expression upon
incubation of C,C,, cells with 1,25-D3. Cultures of C,C,, cells were incubated or not with
1,25-D3 (100 nm) for 1 and 4 d. Total RNA and whole-protein extracts were isolated for gRT-
PCR and Western blottings, respectively. A, Mean * sem corresponds to experiments done in
triplicate; ***, P < 0.001 and Western blottings. B and C, Mean * sem corresponds to
experiments done in triplicate; ****, P < 0.0001 at 1 and 4 d, respectively. VD1 and VD2 are
different pools of two samples each. In both cases, real-time PCR and Western blottings,
samples and controls were normalized with GAPDH housekeeping gene. VD, Vitamin treated

cells whole extracts; VDR, vitamin D receptor.

function. Muscle biopsies in adults with profound vitamin
D deficiency showed predominantly type II (fast-twitch)
muscle, which may help explain the falling tendency of
vitamin D-deficient elderly individuals (10). It has been
reported that 1,25-dihydroxyvitamin D (1,25-D3) in-
duces genomic effects, leading to the synthesis of new pro-
teins that affect muscle cell contractility, proliferation, and
differentiation (11). Furthermore, mice lacking the VDR
show a skeletal muscle phenotype with smaller and vari-
able muscle fibers and persistence of immature muscle
gene expression during adult life, suggesting a role of vi-
tamin D in muscle development (12, 13). However, little
is known of the underlying mechanism or the role it plays
in association with myogenic differentiation.

Vitamin D, a fat-soluble secosteroid prohormone, is
obtained from sun exposure or from dietary sources. Dur-

an “invitro” system widely used to study
genes that regulate muscle growth and
differentiation (15-17). C,C,, myoblast
cells differentiate rapidly, forming con-
tractile myotubes and producing charac-
teristic muscle proteins (16, 17).

The aim of the present study was to
test the hypothesis that 1,25-D3 pro-
motes myogenic cell differentiation and
to determine the associated molecular
mechanism(s). This was done by investi-
gating the expression of key pro- and
anti-cell differentiation lineage markers
and select growth factors modulated by
1,25-D3 in a well-known and widely
used skeletal muscle cell line model.
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Materials and Methods

Cell culture

The mouse C*H myoblast cell line C,C,, (CRL-1772; Amer-
ican Type Culture Collection, Manassas, VA) was propagated in
DMEM supplemented with 10% dialyzed fetal bovine serum
(FBS) at 37 C and 5% CO, (14, 15) at 40-50% confluence in
T75 flasks. FBS is dialyzed by tangential flow filtration using
10,000 MW cutoff filters; this procedure eliminates many low
molecular weight hormones and cytokines that could impact the
cell culture. Cells were distributed on the appropriate plates for
each assay (Lab-Tek chamber slides two-, four-, eight-, or six-
well plates; Thermo Fisher Scientific Inc., Rockford, IL). The
next day, cells were incubated or not with 100 nm of 1,25-D3
(Sigma-Aldrich, St. Louis, MO) dissolved in less than 0.1% eth-
anol as vehicle in DMEM 10% dialyzed FBS for 1-10 d. The 100
nM concentration of 1,25-D3 employed in the experimental de-
sign was based on our prior dose-response studies and is in align-
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nylindole (DAPI) (Vector Laboratories). The merge
image was obtained by fusing the green (FITC) and
the blue (DAPI) filters pictures. Fields were photo-
graphed with a SPOT-RT digital camera and acqui-
sition software (Diagnostic Instruments, Sterling
Heights, MI). Negative controls were done by either
omitting the first antibody or using a rabbit non-
specific IgG (18).

Control

PCR array analysis of skeletal muscle
growth and differentiation factors

RT? Profiler PCR pathway focused arrays (SA-
Biosciences Corp., Frederick, MD) were applied in
triplicate to detect changes in gene expression of

1,25-D3
(100nM)

4 days

400X

skeletal muscle growth and differentiation factors.
Total RNA from C,C,, cells control (untreated) and
treated with 1,25-D3 (100 nm) for 4 d were isolated
with Trizol-Reagent (Invitrogen, Carlsbad, CA).
Total RNA aliquots were converted by RT, and the
resulting cDNA were subjected to the Mouse Growth
Factor (PAMM-041) and the Mouse Skeletal Muscle:
Myogenesis & Myopathy (PAMM-099) PCR arrays
(SABiosciences Corp.). The mouse growth factor RT?*
Profiler PCR array contains genes related to growth
factors that play vital roles in various normal biolog-
ical processes, such as embryogenesis, wound healing,
and inflammation. The Mouse Skeletal Muscle: Myo-
genesis & Myopathy RT? Profiler PCR array contains
genes related to skeletal muscle differentiation, func-
tion, and disease-related processes. Real-time PCR
were performed as follows: melting for 10 minat 95 C,
40 cycles of two-step PCR, including melting for 15 sec
at 95 C, annealing for 1 min at 60 C. The raw data were

Control

1,25-D3
(100nM)

FIG. 2. Expression and nuclear translocation of VDR upon incubation of C,C,, cells
with 1,25-D3. Cultures of C,C,, cells were treated as in Fig. 1 in four-well
removable chamber slides and subjected to IF using a polyclonal antibody for VDR
followed by a FITC-conjugated secondary antibody (green). Cells were
counterstained with DAPI (blue) to show nuclear localization. Merge pictures were
done combining the green and blue pictures together to show nuclear translocation
of VDR. Magnification, X400. A, Cells incubated or not with 1,25-D3 for 1 d. B,

analyzed using the AAC, (cycle threshold) method fol-
lowing the manufacturer’s instructions (SABiosciences
Corp.) (18, 19).

Real-time quantitative PCR
Total RNA was extracted using Trizol-Reagent

Cells incubated or not with 1,25-D3 for 4 d.

ment with a commonly used dose used in the majority of pub-
lications related to 1,25-D3 effects on different cell lines or even
in primary cell cultures (18-23). Because of the 10-h half-life of
1,25-D3, the cell culture media, incubated or not with 1,25-D3
(100 nMm), were replaced daily (18).

Detection of VDR by immunofluorescence (IF)

At the completion of the incubation time, treated and un-
treated cells were washed thrice with PBS (1X) and fixed by
immersion in 2% p-formaldehyde. The nonspecific binding sites/
epitopes were blocked with 10% normal goat serum and incu-
bated with an affinity purified rabbit polyclonal antibody raised
against a peptide mapping at the C terminus of VDR at a dilution
of 1:50 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA). The
detection was followed by a 1:200 dilution of antirabbit bi-
otinylated secondary antibody (Calbiochem, La Jolla, CA),
followed by Streptavidin-fluorescein isothiocyanate (FITC)
(10 ug/ml; Vector Laboratories, Burlingame, CA). After sev-
eral washes, the slides were detached and counterstained/mounted
in “vectashield” mounting medium with 4’,6-diamidino-2-phe-

(Applied Biosystems, Foster City, CA) and equal

amounts (1 pg) of RNA were reverse transcribed

using the RT? First Strand kit (CO-3) (SABiosci-
ences Corp.). Mouse gene PCR primer sets (RT?) for VDR, IGF-1,
IGF-II, myostatin (Mstn), and follistatin (Fst) were obtained
from SABiosciences Corp. The QIAGEN RT?* SYBR Green/ROX
qPCR Master Mix (QIAGEN, Valencia, CA) was used with the ABI
Step One Plus PCR thermocycler and fluorescent detector lid (Ap-
plied Biosystems) (18, 19). The protocol included melting for 15
minat 95 C, 40 cycles of two-step PCR including melting for 10 min
at 95 C, 40 cycles of two-step PCR, including melting for 15 sec at
95 C, annealing for 1 min at 60 C. Samples of 25 ng of cDNA were
analyzed in triplicate in parallel with glyceraldehide-3-phosphate
dehydrogenase (GAPDH) and ribosomal protein, large P1, (data
not shown) controls; standard curves (threshold cycle vs. log pico-
gram of cDNA) were generated by log dilutions from 0.1 pg to 100
ng of standard cDNA (RT mRNA from C,C,, cells in growth me-
dium). Experimental mRNA starting quantities were then calcu-
lated from the standard curves and averaged as previously described
(17,18). The ratios of marker experimental gene (e.g. VDR, IGF-I,
IGF-1I, Mstn, and Fst mRNA) to GAPDH mRNA were computed
and normalized to control (untreated) samples as 100%.
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FIG. 3. 1,25-D3 down-regulates the expression of PCNA. Cultures of C,C;, cells were
treated as in Fig. 1 for 4 and 7 d. Western blottings and ICC reactions for PCNA were
performed at the end of the incubation time. A, Western blots analysis was performed for
whole-protein extracts at 4 and 7 d with different pools of samples (VD1 and VD2) done in
triplicate with the corresponding densitometric analysis; ***, P < 0.001 and **, P < 0.01. B,
Representative ICC pictures with the corresponding image analysis expressing percentage of
positive cells (brown nuclear staining) for experiments done in triplicate at 4 d. C, Representative
ICC pictures with the corresponding image analysis expressing percentage of positive cells (brown
nuclear staining) for experiments done in triplicate at 7 d; ***, P < 0.001. Magnification, X200
and X400. ns, Not significant; VD, vitamin treated cells whole extracts.

Immunocytochemical analyses of proliferating cell

endo.endojournals.org 2979

Billerica, MA), antimyoblast determination
(MyoD) rabbit polyclonal antibody (1:500;
Santa Cruz Biotechnology, Inc.), antidesmin
(1:100) and antimyosin heavy chain (MHC)
type II (1:100) rabbit polyclonal antibodies
(Abcam, Inc., Cambridge, MA), and anti-
Mstn rabbit polyclonal antibody (1:200; Mil-
lipore, Temecula, CA). Detection was based
on a secondary biotinylated antimouse or an-
tirabbit antibody (1:200), followed by addi-
tion of the streptavidin-horseradish peroxi-
dase avidin and biotinylated horseradish
macromolecular complex (1:100), Vectastain
(Elite ABC System; Vector Laboratories), and
peroxidase substrate kit (Vector Laborato-
ries). The cells were counterstained with He-
matoxylin QS (Vector Laboratories). Nega-
tive controls were done by either omitting the
first antibody or using a rabbit nonspecific
IgG. To ensure specific staining of VDR and
Mstn antibodies, negative controls were done
by preabsorbing the primary antibodies with
specific synthetic peptides. After 1 h of incu-
bation at room temperature, the mixtures
were centrifuged at full speed for 15 min, and
the supernatants were used as primary anti-
bodies at the same dilution used previously for
the experiment. No positive staining was ob-
served in the cells by immunocytochemistry
(ICC) in those negative controls (19).

Western blot and densitometry
analyses

Cell lysates (30-60 ug of protein) were
subjected to Western blot analyses after sep-
aration of proteins on 4-15% Tris-HCI
polyacrylamide gradient gels by electropho-
resis (Bio-Rad, Hercules, CA) in running
buffer (Tris, glycine, and sodium dodecyl
sulfate). Proteins were horizontally trans-
ferred for 3 h to nitrocellulose membranes
in transfer buffer (Tris, glycine, and meth-
anol). The nonspecific binding was blocked
by immersing the membranes into 5% non-
fat dried milk, 0.1% (vol/vol) Tween 20 in
1X PBS overnight at 4 C. After several
washes with washing buffer (PBS Tween
0.1%), membranes were incubated with the
primary antibodies for 3 h at room temper-
ature or overnight at 4 C, monoclonal an-
tibodies were as follows: 1) PCNA (1:500)
and 2) GAPDH (1:10,000; Millipore). Poly-
clonal antibodies were used for: 1) VDR (1:
500; Santa Cruz Biotechnology, Inc.), 2) Mstn

nuclear antigen (PCNA), myogenic markers, and (1:500; Millipore), 3) IGF-I (1:500), 4) IGF-II (1:500), and 5) Fst
Mstn (1:800; Abcam, Inc.). The washed membranes were incubated for

After the corresponding incubation time with or without

1 h at room temperature with 1:3000 dilution (antimouse) or

1,25-D, cells were washed five times with PBS (1x) and fixed by ~ 1:2000 dilution (antirabbit) of secondary antibody linked to horse-
immersion in 2% p-formaldehyde, quenched with H,O,, blocked radish peroxidase, respectively (Cell Signaling Technology, Inc.,
with normal goat or horse serum, and incubated with the following ~ Danvers, MA). After several washes, the immunoreactive bands
antibodies: anti-PCNA monoclonal antibody (1:400; Millipore,  were visualized using the Amersham Enhanced Chemiluminescence
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FIG. 4. 1,25-D3 stimulates myogenic differentiation in C,C,, cells. Cultures of C,C,, cells were treated as in Fig. 1 for 3, 7, and 10 d. A, Representative
immunocytochemistry pictures of MyoD™ cells with the corresponding image analysis expressing the ratio between MyoD™ nuclei per total nuclei field for
experiments done in triplicate at 3 d. ***, P < 0.001. B, Representative ICC pictures of desmin™ cells with the corresponding image analysis expressing
percentage 10D (area X intensity) for experiments done in triplicate at 7 d; ***, P < 0.001. C, Representative ICC pictures of MHC type II™ cells with the
corresponding image analysis expressing mean diameter (um) and size (width) (um) for experiments done in triplicate at 10 d; ***, P < 0.001.

Magnification, x400.

Western blotting detection system (GE Healthcare, Buckingham-
shire, UK). The densitometry analysis of the bands was done with
Image] 1.40g Image software (National Institute of Health,
Bethesda, MD) (18, 19).

Qualitative and quantitative immunocytochemical
analyses

The immunoreactivity was quantified by Image Analysis using
ImagePro-Plus 5.1 software (Media Cybernetics, Silver Spring,

MD). Fields were counted blindly by two independent observers,
and each experiment was repeated thrice. For PCNA and MyoD
determinations, the number of positive cells at X400 was counted
in a computerized grid, and results were expressed as a percentage
of positive cells per field. For desmin, and Mstn determinations,
once the images were calibrated for background lighting, integrated
optical density (IOD) was determined. The IOD results are propor-
tional to the mean optical density per area and determine the
amount of immunoreactive antigen present in each cell. The IOD
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TABLE 1. Differential steady-state mMRNA levels of pro- and antimyogenic growth factors and myogenic markers

between 1,25-D3 treated and untreated C,C,, cells

Gene Fold up-regulation (+) Confidence
symbol Description Reference Sequence or down-regulation (—) interval (95%)
MyoD Myogenic differentiation-1 NM_010866 +3.01 (1.40, 4.73"
Myog Myogenin NM_031189 +4.85 (1.42,8.297
Des Desmin NM_010043 +2.39 (1.65, 4.05)°
IGF-I IGF-| NM_010512 -9.79 (0.03, 0.23)b
IGF-II IGF-II NM_010514 +7.84 (1.37,17.37)°
Mstn Mstn (GDF-8) NM_010834 —3.98 (0.00001, 0.88)?
GDF11 GDF-11 NM_010272 +1.19 (0.00001, 4.29)

Total RNA from cells treated as in Fig. 1 for 4 d was subjected to RT real-time PCR by the growth factor PCR array, and the ratios between the
1,25-D3-treated and 1,25-D3-untreated cells corrected by GAPDH were calculated for assays performed in triplicate. Experiments were done in

triplicate.
2P <0.05.
bp<0.001.

values are expressed in arbitrary units and were determined in at
least 20 pictures at X400 per treatment and time points. For MHC
type Il determinations, the diameter defined as (mean) average
length of diameters was measured at two-degree intervals and pass-
ing through objects centroid. Size (width) was measured and de-
fined as feret diameter (i.e. caliper length) along minor axis of object.
Diameter and size (width) of MHC positive cells were determined
in at least 20 pictures at X200 per treatment and time points. The
results expressed as mean * SEM represent the average of three
independent experiments (18, 19, 24).

Statistical analysis

All data are presented as mean * seM. Multiple comparisons
were analyzed by a one-way ANOVA (or ¢ test). If the overall
ANOVA revealed significant differences, then pair-wise com-
parisons between groups were performed by Tukey multiple
comparison test. All comparisons were two-tailed, and P values
of less than 0.05 were considered statistically significant. In vitro
experiments were repeated thrice, and data from representative
experiments are shown. Specifically, the RT? Profiler PCR arrays
were done in triplicate and in some cases confirmed by real-time
quantitative PCR done in triplicate. For PCR array and real-time
PCR analysis, we consider significant changes in gene expression
values of +£2.0-fold change respect to control.

Results

Time course of expression and nuclear
translocation of VDR in C,C,, skeletal muscle cells
upon incubation with 1,25-D3

To determine whether the C,C,, skeletal muscle cells
expressed VDR at a basal level and whether its expression
and nuclear translocation is induced upon incubating the
cells with 1,25-D3, experiments using quantitative real-
time PCR, Western blottings, and IF were carried out at
different time points. C,C,, skeletal muscle cells were con-
tinuously incubated or not with 1,25-D3 (100 nm) for 1
and 4 d. The increased expression of VDR after incubation
with 1,25-D3 was demonstrated by real-time PCR [quan-
titative RT-PCR (qRT-PCR)] (Fig. 1A). VDR mRNA ex-

pression was increased by 15.1- and 6.4-fold at 1 and 4 d,
respectively, compared with the controls (no 1,25-D3 ad-
dition). The increased expression of VDR after 1,25-D
incubation at 1 and 4 d was further confirmed by Western
blot analyses using whole-cell culture homogenates under
the same conditions as above. The densitometric analysis
of the bands showed an increased VDR expression upon
incubation with 1,25-D at 1 and 4 d by 5- and 3.6-fold,
respectively (Fig. 1, B and C). IF studies showed, both at
1 and 4 d, a basal cytoplasmic localization of VDR recep-
tor (green). At 1 d, and even more evident after 4 d of
1,25-D3 incubation, most of the green-fluorescence stain-
ing corresponding to VDR was localized in the nucleus
(Fig. 2, A and B). The counterstaining with DAPI (blue)
and the merge of green and blue pictures confirmed the
nuclear translocation/localization of VDR.

1,25-D3 inhibits cell proliferation of C,C,, skeletal
muscle cells

To evaluate the effects of 1,25-D3 on cell proliferation,
C,C,, skeletal muscle cells were incubated with or with-
out 1,25-D3 (100 nm) for 4 and 7 d. At the end of the
respective incubation times, proliferation was evaluated
by determining the expression of PCNA by Western blot-
ting and ICC. C,C,, skeletal muscle cells incubated with
1,25-D for 4 d did not show any significant differences in
PCNA expression with respect to control cells (Fig. 3, A
and B). On the contrary, cells incubated with 1,25-D3 for
7 d showed a 75% reduction in the expression of PCNA
by Western blotting. (Fig. 3A). The Western blotting re-
sults were further confirmed by ICC (Fig. 3C), where
quantitative image analysis of the pictures at 7 d showed
areduction in 85% with respect to the control (P < 0.001).

1,25-D3 enhances myogenesis in C,C,, skeletal
muscle cells

To demonstrate that 1,25-D3 promotes myogenic dif-
ferentiation in C,C,, myoblasts, we evaluated the expres-
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myotubes showed a significant 2-fold in-
crease in the mean diameter of the fibers
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(P < 0.001); this is a clear indication of
fiber hypertrophy as a consequence of

Control 1,25-D3 (100nM) Control

4 days
B 1,25-D3 (100nM)

1:25-D3 (100nM) 1,25-D3 incubation (Fig. 4C).
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commitment by modulating the
expression of pro- and
antimyogenic growth factors in
C,C,, skeletal muscle cells

The effect of 1,25-D3 on specific
myogenic markers of cell differentia-
tion and growth factors were evaluated
at the steady-state mRNA level by ap-
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FIG. 5. Steady-state mRNA and protein levels modulation of IGF upon incubation of C,C,,
cells with 1,25-D3. Cultures of C,C,, cells were incubated as in Fig. 1 for 4 d. Total RNA and
whole-protein extracts were isolated for gRT-PCR and Western blottings, respectively. A,
Mean = sem corresponds to experiments done in triplicate for IGF-I (left panel); **, P < 0.01
and IGF-Il (right panel); **, P < 0.01. B, Western blottings with the respective densitometric
analysis for IGF-I; ***, P < 0.001. C, Western blottings with the respective densitometric
analysis for IGF-II; ***, P < 0.001. VD1 and VD2 correspond to different pools of two
samples each. In both cases, real-time PCR and Western blottings, samples and controls were
normalized with GAPDH housekeeping gene. VD, Vitamin treated cells whole extracts.

sion of sequential myogenic markers such as MyoD,
desmin, and MHC type II at different time points by ICC
followed by quantitative image analysis. Figure 4A shows
that 3 d upon continuous incubation with 1,25-D3, an
increased expression of the early myogenic marker MyoD
was observed in the nucleus of C,C,, cells. This observa-
tion was confirmed by quantitative image analysis (Fig.
4A, right panel), where MyoD expression was signifi-
cantly increased by 4-fold with respect to the control (P <
0.001). The expression of desmin, an intermediate myo-
genic marker, also was increased after 7 d of continuous
incubation with 1,25-D3. As in the previous case, the vi-
sual inspection was confirmed by quantitative image anal-
ysis (Fig. 4B, right panel), where desmin expression was
increased by 6-fold with respect to the control (P < 0.001).
After 10 d of incubating the cells with 1,25-D3, the

plying the mouse skeletal muscle myo-
genesis and growth factor PCR arrays.
Table 1 shows the differential steady-
state mRNA levels between 1,25-D3
treated (4 d) and untreated cells for de-
terminations done in triplicate after
4 d of incubation with 1,25-D3. The
PCR array analysis showed positive
up-regulation of the expression of the
myogenic markers such as MyoD
(+3.01) and desmin (+2.39). The
1,25-D3 promyogenic effects are even
more evident in the case of myogenin,
showing a positive value of +4.85 in
spite of previous findings that showed
that the peak of myogenin expression
is around 7 d after the initial myo-
genic differentiation (25).

*k%

VD1 VD2

Changes in the expression of pro-
and antimyogenic factors were also observed: 1) a down-
regulation in the expression of IGF-I (—9.79), 2) an up-
regulation in the expression of IGF-1I (+7.84), and 3) most
importantly, a marked down-regulation of Mstn (—3.98)
and no significant change in growth differentiation factor
11 (GDF-11) (+1.19) expression, a TGFB family member
that shares a high level of homology with Mstn.

The decreased expression of IGF-I and the increased
expression of IGF-II after 1,25-D3 incubation was further
confirmed at 4 d by quantitative real-time PCR, where
IGF-I expression decreased by 3-fold and IGF-II expres-
sion increased by 2.5-fold compared with the control (P <
0.01) (Fig. SA). To confirm the previous results, not only
at the steady-state mRNA level but also at the protein
level, Western blottings with the respective densitometric
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titative real-time PCR at d 4 and espe-
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P<0.001
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- 0.5 *kk = 0.5

P<0.001

cially at d 7, where Mstn is highly
expressed in C,C,, cells (16). The real-
time PCR for Mstn performed at d 4
and 7 showed a remarkable decrease in
Mstn expression by 2.5- and 10-fold,
kil respectively, compared with the control

J
Control  1,25-D3 (100nM) Control

1,25-D3 (100nM)

(P < 0.001) (Fig. 6A). The decreased
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expression of Mstn at the protein level
was shown by Western blottings, with
the respective densitometric analysis,
done in triplicate at 4 and 7 d (Fig. 6B).
Moreover, ICC with the corresponding
image analysisat 7 d revealed that Mstn
was clearly localized primarily in the
VD2 cytoplasm of control myotubes, and it
was almost negligibly expressed in cells

P<0.05
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4 days
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32kDa
Myostatin [ — <
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40kDa
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Cor:trol

807 P<0.001

P<0.01 incubated with 1,25-D3 (Fig. 6C, left
panel). The corresponding image anal-
ysis confirmed the visual observation
showing that Mstn expression de-
creased by 5.5-fold compared with the
m control (P < 0.001) (Fig. 6C, right

panel).

7 days

1,25-D3 (100nM) &
50

[ -4 @
4
30

*_|400X
2

% 10D (Area x Intensity)

o

—_ 1,25-D3 increases Fst expression in

C,C,, skeletal muscle cells

To determine whether Fst, which in-
hibits Mstn activity in vitro and “in
vivo,” is involved in the mechanism by
which 1,25-D3  promotes

P<0.001

muscle

Myostatin

FIG. 6. 1,25-D3 down-regulates the expression of Mstn in C,C,, cells. Cultures of C,C,,
cells were treated as in Fig. 1 for 4 and 7 d. Total RNA and whole-cell protein extracts were
isolated for gRT-PCR and Western blottings, respectively. C,C,, were also subjected to Mstn
ICC. A, Mean = sem corresponds to experiments done in triplicate for Mstn at 4 d (left panel);
**% P < 0.001 and at 7 d (right panel); ***, P < 0.001. B, Western blottings with the
respective densitometric analysis for Mstn at 4 d (upper panel); **, P < 0.01 and *, P < 0.05
and for 7 d (lower panel); **, P < 0.01 and ***, P < 0.01. VD1 and VD2 are different pools
of two samples each. In both cases, gRT-PCR (A) and Western blottings (B), samples and
controls were normalized with GAPDH housekeeping gene. C, Corresponds to representative
ICC pictures of Mstn™ cells with the corresponding image analysis expressing percentage 10D
(area X intensity) for experiments done in triplicate at 7 d; ***, P < 0.001. VD, Vitamin

treated cells whole extracts.

analysis were done in triplicate for IGF-I (Fig. 5B) and for
IGF-II (Fig. 5C). Similarly, a decreased expression of IGF-I
and an increased expression of IGF-II were found by real-
time PCR and Western blottings analysis after 7 d of in-
cubation with 1,25-D3 (data not shown).

Because PCR arrays showed a decreased expression of
Mstn upon incubating the cells with 1,25-D3, and because
Mstn is the only known negative regulator of skeletal mus-
cle mass, we further confirmed the PCR arrays by quan-

T
Control

125D3(100mM)  orowth, we investigated Fst expression

in C,C,, myoblasts with and without
1,25-D3 incubation. Real-time qPCR
revealed that after 4 d of continuous
incubation with 1,25-D3, Fst expres-
sion was increased by 2.5-fold com-
pared with controls (P < 0.01) (Fig.
7A). Because Mstn expression was sub-
stantially down-regulated at 7 d by
1,25-D3, we determined the expression
of Fst at the protein level by Western
blotting. Figure 7B shows that the ex-
pression of Fst was up-regulated by 4.5-
fold compared with controls, suggesting that 1,25-D3
promotes myogenic differentiation by inhibiting Mstn ac-
tivity, possibly through an increase in Fst expression.

Discussion

The data presented in this manuscript demonstrate that
the addition of 1,25-D3 to C,C,, skeletal muscle cells
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FIG. 7. Steady-state mRNA and protein up-regulation levels of Fst
expression upon incubation of C,C,, cells with 1,25-D3. Cultures of
C,C,, cells were incubated as in Fig. 1 for 4 and 7 d. Total RNA and
whole-protein extracts were isolated for gRT-PCR and Western
blottings. VD1 and VD2 are different pools of two samples each.
Mean = sem corresponds to experiments done in triplicate; **, P <
0.01 and ***, P < 0.001. A, Cells incubated or not with 1,25-D3 for
1 d. B, Cells incubated or not with 1,25-D3 for 4 d. VD, Vitamin
treated cells whole extracts; C, control cells, non-incubated with 1,25-
D3. C1 and C2 correspond to different pools of two samples each.

decreases cell proliferation and enhances myogenic differ-
entiation through an increased expression and nuclear
translocation of the VDR and modulation of pro- and
antimyogenic factors. The increase in VDR expression, to
some extent, is expected, because it is known that 1,25-D3
autoregulates the expression of the VDR gene through
intronic and upstream enhancers (26).

We demonstrated that the 1,25-D3 effect on C,C,,
skeletal muscle cell line involves 1) an up-regulation of
IGF-II expression, 2) a down-regulation of IGF-I expres-
sion, 3) an up-regulation of Fst expression (a Mstn inhib-
itor), and 4) specifically and most importantly a decrease
in the expression of Mstn, the only known negative reg-
ulator of muscle mass.

Myogenesis of skeletal muscle cells is a highly ordered
and sequential process. It starts with a period of prolifer-
ation followed by a differentiation process that generates
myoblasts from mesodermal stem cells. A withdraw from
the cell cycle guided by the expression of muscle-specific
transcription factors, such as MyoD, myogenic factor 3,
myogenin, and myogenic factor 4, leads to the fusion of
myoblasts into multinucleated myotubes (27).

In this study, we demonstrated that addition of
1,25-D3 to skeletal muscle cells induced an increased ex-
pression of several myogenic markers and transcription
factors (e.g. MyoD, myogenin, and desmin) at different
stages of differentiation. Moreover, addition of 1,25-D3
significantly increased the mean diameter and size of the
muscle fibers, indicated by the staining for MHC type II,
a late myogenic marker (Fig. 8), a clear indication of fiber
hypertrophy as a consequence of 1,25-D3 administration.
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Mesodermal stem cells (Precursors)

Proliferation (-) <--------------4-=--=- 1,25-D3 |------- 1‘
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FIG. 8. Diagram of the role of vitamin D on muscle growth and
differentiation. During development, mesodermal stem cells become
committed to the myogenic fate. Muscle precursors (myoblasts) remain
in a proliferative state until they exit from the cell cycle and are
instructed to differentiate. Differentiation is accompanied by cell
fusion, where committed myoblasts become polynucleated myotubes.
1,25-D3 decreases cell proliferation and enhances myogenic cell
differentiation by modulating the expression of key pro- and
antimyogenic factors, such as IGF-I, IGF-II, Fst, and Mstn.

We also demonstrated that addition of 1,25-D3 in-
duced gene expression of pathways involved in myogenic
differentiation, such as IGF and TGFB-related signaling
pathways. 1,25-D3 displayed a differential effect on IGF,
down-regulating IGF-I expression and simultaneously up-
regulating IGF-Il expression, which indicates that IGF-ITis
one of the main IGF factors responsible for muscle differ-
entiation in the proposed system. The IGF signaling path-
way plays a key role in regulating skeletal muscle growth,
differentiation, and maintaining adult muscle tissue ho-
meostasis (28). Moreover, IGF plays a critical role in adult
muscle survival, regeneration, and hypertrophy (29, 30).
Increased expression of IGF-II in muscle cells induces
spontaneous differentiation with arrest in G, and fusion of
committed myoblast to form myotubes (Fig. 8) (28). Fur-
thermore, it has been demonstrated that there is a corre-
lation between the amount of IGF-II produced by the myoblast
cellline and the extent of differentiation (28). IGF-ITis expressed
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early in MyoD-induced myocyte differentiation and signals in
an autocrine loop to activate phosphatidylinositol 3 kinase and
serine-threonine kinase (31). It is known that IGF-II inhibition
leads to a reduced expression of MyoD target genes, which sug-
gests that IGF-I is essential for amplifying and maintaining
MyoD efficacy (32).

Concerning the TGF signaling pathway, our study
demonstrates, for the first time, that 1,25-D3 administra-
tion to C,C,, skeletal muscle cells reduced the expression
of Mstn, the only negative regulator of muscle mass
known to date (33-35). Specifically, the decrease in Mstn
expression is more evident at d 7 than at d 4, which is in
agreement with our previous findings, where we demon-
strated that Mstn expression is more pronounced at later
stages in myoblast cell differentiation (16). Furthermore,
the decreased expression of Mstn by 1,25-D3 is specific
and does not affect its highly related TGF family member
GDF-11. It has been shown that loss of GDF-11 in mice
causes dramatic anterior homeotic transformations of the
axial skeleton but does not affect muscle size, fiber num-
ber, or fiber type (36).

Fst is a Mstn-binding protein that can inhibit Mstn
activity in vitro and promote muscle growth in vivo (37).
It has been demonstrated that Fst antagonizes Mstn by a
direct protein interaction, preventing Mstn from execut-
ing its inhibitory effect on muscle development (37, 38). In
the present study, we demonstrate, for the first time to our
knowledge, a direct effect of 1,25-D3 on increasing Fst
expression related to muscle differentiation. Our result
reinforces the promyogenic effect of 1,25-D3 on skeletal
muscle differentiation by decreasing Mstn at the steady-
state mRNA and protein level and possible by inhibiting
Mstn activity through an increase in Fst expression.
Further studies need to be performed to confirm this
assumption.

In summary, the data presented in this article demon-
strate a direct effect of 1,25-D3 on myogenic cell differ-
entiation by promoting a direct promyogenic effect by in-
creasing IGF-II and Fst expression and by an indirect
promyogenic effect, decreasing Mstn expression. Further
studies addressing the possibility that 1,25-D3 regulation
of myogenic gene expression could be secondary to pri-
mary control of up-stream transcription factors appear
warranted.

This study provides a mechanistic justification for clin-
ical studies to examine the administration of active vita-
min D and/or novel VDR activators (to avoid the hyper-
calcemic side effects) and even the potential role of
emerging therapies directed to trigger select vitamin D-
regulated muscle pathways in the treatment of adverse
muscle conditions.
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