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Facioscapulohumeral muscular dystrophy (FSHD) is an autosomal dominant hereditary neuromuscular di-
sorder. The clinical features of FSHD include weakness of the facial and shoulder girdle muscles followed by
wasting of skeletal muscles of the pelvic girdle and lower extremities. Although FSHD myoblasts grown in vitro
can be induced to differentiate into myotubes by serum starvation, the resulting FSHD myotubes have been
shown previously to be morphologically abnormal. Aim. In order to find the cause of morphological anomalies
of FSHD myotubes we compared in vitro myogenic differentiation of normal and FSHD myoblasts at the protein
level. Methods. We induced myogenic differentiation of normal and FSHD myoblasts by serum starvation. We
then compared protein extracts from proliferating myoblasts and differentiated myotubes using SDS-PAGE

followed by mass spectrometry identification of differentially expressed proteins. Results. We demonstrated that

the expression of vimentin was elevated at the protein and mRNA levels in FSHD myotubes as compared to nor-
mal myotubes. Conclusions. We demonstrate for the first time that in contrast to normal myoblasts, FSHD myo-
blasts fail to downregulate vimentin after induction of in vitro myogenic differentiation. We suggest that vi-

mentin could be an easily detectable marker of FSHD myotubes.
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Introduction. FSHD is a dominant neuromuscular di-
sease linked to chromosomal rearrangement within the
subtelomeric region of chromosome 4q (4q35) with a
prevalence of 7 in 100 000 characterized by weakness
and wasting of the facial muscles, the shoulder and pel-
vic girdle muscles and the muscles of lower extremities
(for review see [1]). The disorder is genetically linked
to a deletion of an integral number of tandemly arrayed
DA4Z4 repeat units [2]. The D4Z4 repeats and neigh-
bouring regions of the 4q35 locus are enriched in vari-
ous regulatory elements [3—5]. Transcriptional profi-
ling of muscle biopsies of FSHD patients and in vitro
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cultured FSHD myoblasts revealed a defect in myoge-
nic differentiation program [6, 7] and deregulation of
genes related to oxidative stress [8, 9]. Deregulation of
proteins involved in oxidative stress and mitochondrial
metabolism was also demonstrated in muscle biopsies
of FSHD patients by a proteomic approach [6, §].

It is of note, that transcriptome and proteome profi-
ling of muscle biopsies or crude, non-purified myoblast
cultures can be biased by the presence of contaminating
non-muscle cells. This problem is especially pronoun-
ced in case of muscular dystrophies where infiltration
of muscle tissue by inflammatory, fat or connective tis-
sue cells is a well-known phenomenon [10]. However,
up to now proteomic analysis has not been done on pu-
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re FSHD myoblasts sorted using an appropriate surface
marker e. g. CD56 (NCAM) that is expressed in myo-
blasts but not in adipocytes or fibroblasts.

Here we report the first proteomics analysis of
CD56+ FSHD myoblasts. We found that in contrast to
myoblasts isolated from normal individuals, FSHD
myoblasts fail to downregulate vimentin after induc-
tion of in vitro myogenic differentiation. The increa-
sed expression of intermediate filament protein vimen-
tin might contribute to abnormal morphology of FSHD
myotubes observed previously [11].

Materials and methods. Cel/ culture. Primary
CD56+ myoblasts were isolated from normal subjects
and FSHD patients as described [11]. Proliferating myo-
blasts were cultivated in proliferating medium (DMEM
# D6546 («Sigmay», USA), Glutamine 4 mM, Genta-
mycin 50 pg/ml, 10 % FCS) at 40-50 % confluency. To
induce myogenic differentiation via serum starvation,
proliferating myoblasts were placed for 3 days in diffe-
rentiation medium (DMEM # D6546 («Sigmay), Glu-
tamine 4 mM, Gentamycin 50 pg/ml, 2 % FCS) at con-
fluency 70-80 %.

Protein extraction and gel-electrophoresis. Cells
were washed by 1 x PBS then lyzed directly on plates
using RIPA buffer [12]. Protein extracts were separated
on 10 % SDS-PAGE (10 pg per lane) which was then
stained by Coomassie Blue.

Mass-spectrometry analysis. A band of interest was
excised from Coomassie stained gel and processed as
described [13]. The peptide mixtures obtained from
tryptic digestion of the band were analyzed with a nano-
HPLC (Agilent Technologies 1200) directly coupled to
an ion-trap mass spectrometer (Bruker 6300 series)
equipped with a nano-electrospray source. The separa-
tion gradient from 3 % to 50 % acetonitrile was applied
for 30 min, the fragmentation voltage was 1.3 V. The pro-
tein identification was performed with Spectrum Mill
software package. For the confirmation and quantifica-
tion of vimentin-specific peptides with m/z ratios 544.7
(QDVDNASLAR); 635.8 (LGDLYEEEMR); and 662
(EEAENTLQSFR) the ion trap was set in a MRM mode
as described [13]. The analysis of the MRM data was
performed with the DataAnalysis for the 6300 Series lon
Trap LC/MS Version 3.4 software package.

gRT-PCR. Cells were lysed directly on plates using
Trizol («Invitrogeny, USA) followed by RNA isolation
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according to manufacturer’s protocol. 400 ng of total
RNA was reverse-transcribed using high-capacity cDNA
Archive kit («Applied Biosystems» (AB) # 4322171).
cDNA equivalent to 200 ng of total RNA was mixed
with 2 x TagMan Gene Expression master mix (AB #
4369016) and 100 pl of amplification mixture were in-
jected per port into Custom TLDA (TagMan Low Den-
sity Array, AB). PCR amplification and fluorescence
reads were performed on ABI Prism 7900HT.

Results and discussion. Total protein extracts pre-
pared from proliferating myoblasts and differentiated
myotubes originating from two healthy subjects and
two FSHD patients were separated on SDS-PAGE. Coo-
massie Blue staining revealed that the band a, but not
the band b used as a control, was less intense in normal
differentiated myotubes compared to proliferating myo-
blasts, but had the same intensity in myoblasts and myo-
tubes from FSHD patients (Figure, 4). We then used
mass spectrometry to identify proteins that might con-
stitute the band of interest and found that the most li-
kely candidate is vimentin (42 peptides identified
covering 72 % of amino acid sequence of vimentin).
We then measured the quantity of several vimentin-
specific tryptic peptides and found that they were less
abundant in normal myotubes compared to myoblasts
(Figure, B). However, the amount of vimentin-specific
peptides was not reduced in FSHD myotubes compared
to myoblasts. We then confirmed this result by measu-
ring the level of vimentin mRNA using qRT-PCR (Fi-
gure, C). We conclude that FSHD myoblasts are unable
to repress vimentin production during in vitro myoge-
nic differentiation.

Three filamentous networks constitute the cytoske-
leton in higher eukaryotes: microtubules, actin micro-
filaments and intermediate filaments (for review see
[14]). Intermediate filament protein vimentin is expres-
sed during muscle development or regeneration but not
in mature myofibers, where desmin becomes the major
intermediate filament protein [15, 16].

Normal human myoblasts cultured in vitro express
both vimentin and desmin. Serum starvation-induced
myogenic differentiation leads to vimentin repression
and desmin induction [17]. To rule out the possibility
that the failure of FSHD myoblasts to downregulate
vimentin is simply due to their inability to differentiate,
we examined the expression of several myogenic mar-
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A — Coomassie Blue stained SDS-PAGE was used to analyze total protein extracts from normal and FSHD proliferating myoblasts (Prolif)
and differentiated myotubes (Diff). Vimentin was identified via mass spectrometry as the protein constituting the band of interest (band a);
B — the quantity of 3 vimentin-specific peptides was measured in the band a using mass spectrometry. The quantity of each peptide in lanes
2—8 was normalized to its quantity in the lane /. The average of three vimentin-specific peptides is shown; C — the level of vimentin mRNA
was measured using qRT-PCR (TaqMan) in 5 normal and FSHD myoblasts and myotubes. Vimentin mRNA level was normalized to
GAPDH mRNA; D — the expression of myogenesis markers MYOG, MEF2C and MSTN was measured using QRT-PCR in 5 normal and
FSHD myoblasts and myotubes. Grey columns — proliferating myoblasts, black—differentiated myotubes. Expression levels were
normalized to GAPDH mRNA. Error bars represent S. E. M., *p — value < 0.05; **p — value < 0.01 (Student’s ¢-test)

kers in differentiated FSHD myotubes. We found that  (Figure, D) indicating that serum starvation induces
in both normal and FSHD myotubes the expression of myogenic differentiation program in FSHD myoblasts.
myogenesis-related transcription factors MEF2C and The elevated level of vimentin in FSHD myotubes
Myogenin (MY OG) was upregulated, while the gene of  might be explained by incomplete repression of vimen-
myogenesis inhibitor Myostatin (MSTN) was repressed  tin gene promoter in these cells. The promoter of hu-
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man vimentin gene contains binding sites for NF-«B,
ZBP-89 and other transcription factors [18]. ZBP-89
represses while NF-kB and other factors activate vimen-
tin promoter [19, 20]. Normal and FSHD myotubes ex-
pressed ZBP-89 at similar level (data not shown). The-
refore, vimentin overexpression in FSHD myotubes is
not caused by insufficient expression of its repressor
ZBP-89.

Conversely, vimentin gene overexpression in FSHD
myotubes might be linked to NF-kB activity. As NF-xB
activity was shown to be higher in FSHD [21], we spe-
culate that vimentin overexpression in FSHD myotu-
bes might be due to constitutive activation of NF-«B path-
way in FSHD.

The defect in cytoskeleton organization of FSHD
myotubes was observed previously. In contrast to nor-
mal myotubes that form regular myofiber structure,
FSHD myotubes form either abnormally thin myofi-
bers or chaotically connected myofibers (atrophic or
disorganized phenotype respectively) [11]. Vimentin is
dispensable for myotube morphology of chicken myo-
blasts in vitro [22], anomalies in skeletal muscles have
not been noted in transgenic mice with disrupted vimen-
tin intermediate filaments [23] and vimentin gene over-
expressing transgenic mice [24].

Therefore, it is unlikely that vimentin gene expres-
sion could cause myotube disorganization in FSHD.
However, vimentin overexpression is an indicator of
damaged and regenerating muscle [16]. Vimentin stai-
ning was suggested as a useful marker for regenerating
fibers in muscle biopsies from patients with neuromus-
cular disorders [25]. We suggest that the overproduction
of vimentin, a very abundant intermediate filament
protein, could be used as a marker of FSHD myotubes in
vitro.
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MioGnacTsl XxBopux Ha Mioguctpodito Jlannysi-/lexepina e
CIIPOMO>KHI perpecyBaTu reH BIMEHTHHY 3a nepeoiry

M’S130BOT0 JU(epeHIIF0OBaHHS

Pestome

I1neuo-nonamroso-nuyesa m’s306a oucmpopis (miooucmpodis Jlan-
oysi-/lexcepina) € aymocomHum OOMIHAHMHO-YCNAOKOBYBAHUM Helpo-
M A308UM 3AXE0PIOGAHHAM. J]0 KNIHIYHUX O3HAK OAHO20 MUNY M 5130601
oucmpoii nanexcams crabkime i ampoghis 1uyesux m’s3i6 nie4080-
20 nosica, 00 AKUX HA NI3HIWUX CMAOiAX 3aX80PIOBAHHS 000AIOMbCL
M’s13u nosica HudcHix Kinyisox. Hessadxcaiouu na me, wo miobracmu,
suoineni iz xgopux na miooucmpodiio Jlanoysi-/lesxcepina, 30ammui 0o
oupepenyiosantsi in Vitro, MiompyoKu, SIKi GUHUKIU 3 HUX, MAIONb HU3-
Ky Mopgonoziunux anomaniiu. Mema. Mema danoi pobomu nonsicae 6
NOWLYKY NPUYUHU MOPPONOIYHUX AHOMATTT MIOMPYOOK nayieHmis 3
Miooucmpodiero Jlandysi-/excepina. Memoou. I3 euxopucmanHsm
POCMO0B020 cepedosuUwd 3 HU3bKUM MICIOM CUPOBAMKU MU IHOVKY8d-
U M '51306€ OughepeHyilo8anHs HOPMAIbHUX Miobaacmis i miobnacmie
nayienmie 3 miooucmpodicio Jlanoysi-/lesicepina ma npoananizyeanu
binkosull cknad miompy6ox, saKi unukau 3 Hux, memooom C/C-TIAAI"
3 HACMYNHOI0 i0enmuirayiero OiIKi6 MeMoOOM Macc-CReKmpoment-
pii. Pesynemamu. B npedcmasneniii pobomi eénepuie nokazano, wo 6
Miompybkax nayienmig 3 miooucmpodieto Jlanoysi-/edxcepina niogu-
wjena excnpecis cena gimenmuny. Bucnoexu. Bimenmun mooicna 3a-
CmMocogysamu K 2eH — Mapkep Miompy0oKk X6opux Ha Miooucmpogio
Jlanoysi-/lescepina.

Knrouosi cnosa: miooucmpoia Jlanoysi-/ledxcepina, gimenmun,
M’a306e Ougepenyilosants, npomeomixa.

11. B. lmumpues, A. JI. bapam, E. Kow», B. B. Ozpwizro,
M. Jlayoc-Lllenusec, M. Jlununcxuu, E. C. Baceyxuii

Muob6nactel 60apHBIX MEOAUCTPODUEit Jlanay3u-/lexepuna
He CIIOCOOHBI K PelpecCHu reHa BUMEHTHHA B XOJIE

MbIeuHOH au(GepeHIInPOBKH

Pesrome

Jluye-nonamouno-6eopennas moiuieunas oucmpoqus (Muooucmpo-
Gusa Jlanoysu-/lesxcepuna) sa6iiemcs aymocoMHbIM OOMUHAHMHO-HA-
cnedyembim HeupombluieuHbiM 3a6oneeanuem. Knunuueckas kapmuna
O0aHHO20 MUNA MbIUEYHOU OUCPOoduu 8KTI0Yaem ciabocms u ampo-
@uto Tuyesvix Mty U MbIULY NAEUEB8020 NOSCA, K KOMOPLIM HA bonee
NO30HUX CIMAOUSAX 3a601e6anUs 000ABNAIOMCS MBIULYLL NOSACA HUICHUX
Koneunocmeu. Hecmomps na mo, umo muobaacmol, evloeneHnble U3
boabHbIX MuoOucmpogueil Jlanoysu-/lexcepuna, cnocoonwl Kk ougghe-
PeHyuposKe in Vitro, 803HUKAIOWUE U3 HUX MUOMPYOKU UMeIOm pso
Mmopgonocuveckux anomanui. Llens. []envio 0annotl pabomol sensem-
€5 NOUCK NPUYUHBL MOPPOTO2UHECKUX AHOMATUT MUOMPYOOK NAYyueH-
mog ¢ muooucmpodgpueti Jlandysu-/Jexcepuna. Memoowt. Ucnonvsys
POCMOBYIO Cpedy ¢ HUBKUM COOEPACAHUEM CbIBOPOMKU, Mbl UHOYYUPO-
8aIU MBIULEYHYIO OUDPePEeHYUPOBKY HOPMATLHBIX MUODIACHIO8 U MU-
obnacmos nayuenmog ¢ muooucmpodguetl Jlanoysu-/lexcepuna u npo-
AHATUZUPOBANU OETKOBbLIL COCMAB BOHUKWUX U3 HUX MUOMPYOOK Me-
mooom C/[C-TIAAI ¢ nocaedyroweii udenmugpuxayueii 6eikoe memo-
oom macc-cnekmpomempuu. Pesynemamor. B oannoii pabome enep-
8ble NOKA3AHO, YMO 8 MUOMPYOKAX NAYUEHMO8 ¢ MUooucmpodguei
Jlanoysu-/eosicepuna yeenuuena sxcnpeccus cena gumenmuna. Boigo-
0bl. Bumenmun mooicem 0vims uCno1b306aH 6 Kawecmeae 2enHa — Mapke-
pa muompy6ok 60abhbix muooucmpodgueti Jlandysu-/excepuna.
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Kmiouesvie cnosa: muooucmpopusa Jlandysu-Lexcepuna, gumeH-
MUH, MblueyHas oupgepenyuposka, npomeomuxd.
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