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The active metabolite of vitamin D, 1,25-dihydroxyvitamin D3 (VD3), exerts
its tissue-specific actions through binding to its intracellular vitamin D receptor (VDR) which
functions as a heterodimer with retinoid X receptor (RXR) to recognize vitamin D response elements
(VDRE) and activate target genes. We have elucidated the regulatory role of VD3/VDR axis on the
expression of dystrobrevin alpha (DTNA), a protein homologue of dystrophin. In healthy and
dystrophic murine-derived myogenic cells, Dtna and Vdr gene and protein expression were upregulated
by VD3 in presence of VDR/RXR only. Through site-directed mutagenesis and chromatin
immunoprecipitation assays, we validated a VDRE site in Dtna murine muscle-specific promoter and
proved that the positive regulation of Dtna by VD3 is VDR-mediated and specific. Qur study reveals a

novel mechanism of VDR-mediated regulation for Dtna, which may be positively explored in treatments
aiming to stabilize dystrophin in musculoskeletal diseases.
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1. WFZEBRAAY WD &
(Background)

The biologically active metabolite of vitamin D, 1-alpha -25-dihydroxyvitamin
D3 (VD3), is a nuclear hormone that exerts tissue-specific pleiotropic effects
mainly by binding to its intracellular vitamin D receptor (VDR) (Carlberg and
Polly, 1998). Subsequently, VDR dimerizes with a class of retinoid X receptor
(RXR) and the VDR-RXR heterodimer can translocate to the nucleus to recognize
promoter localized-vitamin D response elements (VDRE) and either activate
(most commonly) or suppress target gene transcription (Dilworth and Chambon
2003; Glenville et al. 1998; Umesono et al. 1991). Solid evidence towards the
VD3 /VDR axis interference in transcriptional downregulation of key myogenic
factors during the murine skeletal muscle development has been earlier
reported by our Tokushima university collaborators (Endo et al. 2003), whereas
more recent studies documented that a complete (Girgis et al. 2015) or
myocytic-specific (Girgis et al. 2019) VDR ablation in mice accounts for the
observed reduced grip strength. In both VDR ablation cases, the muscle-related
changes mimicked an atrophic phenotype and were attributed to a reduced
expression in genes associated with calcium handling channels. It is thus highly
probable that the literature-documented VDR-mediated muscle-specific effects
were generated by homeostatic dysregulation and aberrant signaling that was
originated in tissues other than muscle or even by non-genomic mechanisms
related to the disrupted calcium uptake and thus are not a direct effect of
muscle VDR ablation per se. The identification of VDR expression in muscle
tissue hints presence of a direct pathway for VD3 to impact on skeletal muscle-
related genes and muscle function that is yet to be discovered.

In muscle, presence of a large transmembrane complex, termed dystrophin
associated protein complex (DAPC), maintains the integrity of muscle membrane
and facilitates signal propagation and muscle force generation and transduction
(Constantin 2014). Mutations in the gene that encodes for the key core protein
of DAPC, dystrophin, lead to destabilization of DAPC in Duchenne muscular
dystrophy (DMD) or Becker muscular dystrophy (BMD) patients (Straub and
Campbell, 1997; Hoffman et al. 1987). Dystrobrevin alpha (Dtna) is a homologue
of dystrophin and is strongly associated with the C terminus of dystrophin
through a specific coiled-coil motif interaction (Sadoulet-Puccio et al. 1997)
whereas its N-terminal domain directly interacts with sarcoglycan and
sarcospan subcomplex in the DAPC (Yoshida et al. 2000). Dtna levels are
significantly reduced in muscle specimens obtained from mdx mice (a commonly
used murine DMD model) (Blake 2002) or mice lacking the sarcoglycan complex
(Strakova et al. 2014), as well as in muscle of DMD human patients and limb-
girdle muscular dystrophy patients with mutations in sarcoglycan components.
We can thus deduce that absence of Dtna may contribute to the pathogenesis
in muscular dystrophies, through disruption of DAPC signalling. However the
exact function and mode of transcriptional regulation of Dtna in muscle is not
fully elucidated.

2. WO HK

We aimed to discover muscle-specific genes that are positively regulated
by VD3/VDR axis. We focused our research on genes that are members
of the DAPC, because a potential fortification of DAPC in the absence of
dystrophin by VD3 administration may aid the stabilization of this
complex in DMD patients. We were also keen to discover whether the
VD3/VDR axis is actively participating in the modulation of the
expression of fast (type II) or slow (type I) fiber markers during the in vitro
myogenic differentiation. Because the presence of fast fibers is associated
with higher ability of individuals to quickly adjust to posture
perturbations (Paillard 2017), their abundance may be beneficial for the
frail and elder population, whereas an increase in slow fibers has
therapeutic benefits in dystrophic patients (Boyer et al. 2019). Herein we
have shown that the VD3 /VDR axis positively regulates gene and protein
expression of Dtna gene in healthy and dystrophic cells.



3. WMo Hk

We have induced in vitro myogenic differentiation by switching cell
cultures from the full (10 % BSA supplemented) medium to low horse
serum medium in two different murine myogenic cell lines: the C2C12, a
well-established in wvitro model for studying myogenic differentiation
(Yaffe & Saxel 1977; Burattini et al. 2004) and the H2K-mdx52 that are
immortalized cells derived from the humanized mdx52 mouse model
(Araki et al. 1997). We first assessed the Dtna and Vdr gene and protein
modulation by VD3 administration at the three distinct phases of
myogenic differentiation (myoblasts, early myotubes and myotubes)
using real-time quantitative PCR analysis (RT-qPCR) and western blot
analysis respectively. We further validated the VD3-VDR axis induced
upregulation of Dtna by Dtnal, MyoD and Vdr silencing in C2C12 cells
or VDR-RXR overexpression in H2K-mdx52 cells, that possess low levels
of VDR. We have cloned the three murine individual Dtna promoters as
described in Holzfeind et al. 1999 into the promotless pGL4 vector and
identified the muscle-specific (Dtna-M), versus neuronal/brain specific
(Dtna-B) promoter via dual luciferase assays performed in C2C12 cells or
neuro-2A cells. In order to validate the functionality of the multiple in
silico identified putative VDRE binding sites in Dtna-M we have generated
truncations of the full-length promoter or point mutations in putative
VDREs. Finally, we have confirmed the functionality of our newly
identified VDRE by ChIP assay using primers to amplify a 100 bp
fragment of Dtna-M promoter encompassing the (-1474/-1461) VDRE
region and three different VD3 concentrations.

4. HFZERRE

(1) Successful induction of myogenic differentiation in C2C12
and H2K mdx52 cells.

Upper panel: C2C12 differentiation in the presence of 1.5 % HS medium. Lower
panel: H2K-mdx52 cell differentiation in the presence of 2.5 % HS medium. In
both cases, cells were placed in DM when culture reached 80 % of confluence
(day 0). After 48 hrs, early myotubes were visible and on day S mature myotubes
were visible in the culture. Scale bar 200 um

F1: Images of C2C12 and H2K-mdx52 cells obtained at the three phases of
myogenic differentiation.
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(2) VD3 increases Dtnal gene and protein levels during different stages
of C2C12 myogenic differentiation. We demonstrated that mRNA levels of
endogenous Dtnal were significantly upregulated upon administration of 10 nM
VD3 in myoblasts (1A) and early myotubes (1B) or 100 nM VD3 in myotubes
(1C) at all intervals examined. A VD3-dose dependent upregulation of Dtnal
was ascertained for all three phases examined (1D-F). Western blot analysis in
C2C12 myoblasts (2A) and early myotubes (2B) demonstrated significant
upregulation of DTNA and VDR, whereas in myotubes upregulation of DTNA,
VDR, myosin skeletal fast (MSF) and Myosin Slow (MSLOW) protein markers
was verified (2C).

F2: RT-qPCR analysis F3: Western blot analysis
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(3) Dtna response to VD3 is dependent on VDR expression levels in H2K-
mdx52 myogenic cells

In H2K-mdx52 early myotubes, low levels of VDR expression do not permit
elevation of DTNA upon 100 nM of VD3 administration, however co-transfection
of VDR/RXR expression plasmids raised DTNA levels at 10 nM and 100 nM of
VD3 administration (4A). In H2K-mdx52 myotubes, administration of 100 nM
VD3 raised VDR and MSLOW expression levels but not DTNA and MSF levels
(4B).

F4: Dtna response to VD3 is dependent on VDR expression levels in H2K-
mdxS52 myogenic cells
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(4) Dtna response to VD3 is dependent on VDR expression levels in
H2K-mdx52 myogenic cells. We have cloned three Dtna promoters, named
Dtna-M, Dtna-B and Dtna-LB, located in chromosome 18 into the pGL4 vector
as shown in FS5A (Exons are depicted as blue squares. TSS: transcription start
site, ORF: open reading frame) and ascertained that Dtna-M only is induced by
VD3 expression in C2C12 cells (F5B) and this induction is dose dependent (F5C).
Truncations of Dtna-M promoter indicates loss of Dtna-M VD3-dependent
induction for the shortest Dtna-1418 construct only (F6A). abolishment of Dtna-
M -VD3 induction in Mut (-1473/-1471) only, confirms the functionality of (-
1474/1461) VDRE (6B) whereas sequencing analysis confirmed disruption of
the hexameric pattern in Mut (-1473/-1471) (6C). CHIP-PCR amplification
demonstrates binding of VDR to the VDRE region (6D)
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Herein, we have identified Dtna, a homologue of dystrophin and a key
component of DAPC, as a gene induced explicitly by VD3 and confirmed that
this induction is VDR-mediated and specific. Administration of low doses of VD3
during individual phases of C2C12 myogenic differentiation upregulated Dtna
and Vdr gene and protein expression. Experiments in H2K-mdx52 cells
indicated that DTNA upregulation by VD3 can occur in the absence of
dystrophin but only in elevated VDR/RXR levels. Through site-directed
mutagenesis and ChIP assays we have validated a VDRE site in muscle-specific
Dtna promoter in myogenic cells. Furthermore, we have demonstrated that at
least in vitro, the fast fiber marker (MSF) upregulation by VD3 in myotubes was
dependent on higher levels of VDR, whereas the slow fiber marker upregulation
(MSLOW) occurred in lower VDR expression levels. The current study reveals a
novel mechanism of VDR-mediated regulation for Dtna, which may be positively
explored in treatments aiming to stabilize the DAPC in musculoskeletal diseases.
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