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Some higher vertebrates can display unique muscle regenerative abilities through dedifferentiation. Research evid-
ence suggests that induced dedifferentiation can be achieved in mammalian cells. TWIST is a bHLH (basic helix-
loop-helix) transcription factor that is expressed during embryonic development and plays critical roles in diverse
developmental systems including myogenesis. Several experiments demonstrated its role in inhibition of muscle cell
differentiation. We have previously shown that overexpression of TWIST can reverse muscle cell differentiation in
the presence of growth factors. Here we show that TWIST reverses muscle cell differentiation through binding and
down-regulation of myogenin. Moreover, it can reverse cellular morphology in the absence of growth factors.
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INTRODUCTION

The course of myogenesis is a well-characterized example of
terminal differentiation. Myoblasts are capable of proliferation
and upon demand to form skeletal muscle, these cells exit
the cell cycle and through the activation of muscle-specific
transcription factors they fuse into multinucleated terminally
differentiated myotubes [1,2]. MRFs (myogenic regulatory
factors), myogenin, MyoD, MRF4 (Myt6) and Myf5 are bHLH
(basic helix-loop-helix) transcription factors that regulate
myogenesis [3-9]. Myogenin is essential during differentiation.
Mice lacking the myogenin gene die at birth due to severe
skeletal muscle deficiency, as myoblasts are unable to fuse
into multinucleated myotubes [10]. Furthermore, MyoD and
Myf5 are unable to substitute myogenin’s function during
differentiation [11]. Moreover, mice lacking the myogenin gene
express normal levels of MyoD and Myf5 [10].

Unlike mammals, vertebrates such as zebrafish and salaman-
ders can display unique regenerative abilities through dedifferen-
tiation or differentiation of precursor cells [12]. Following injury,
these vertebrates are able to induce reversal of the differentiation
state, which leads to a series of events that aim to generate pro-

liferating regenerative progenitor cells with the ability to restore
the lost tissue in a precise way [12—14]. Some research groups
have attempted to induce dedifferentiation of muscle cells by
exogenous genes or chemicals. Mouse C2C12 myotubes treated
with limb regeneration extracts were able to induce myotubes
to reenter the cell cycle, exhibited reduced levels of muscle dif-
ferentiation proteins and cleaved to produce smaller myotubes or
proliferating mononucleated cells [15]. In another study, combin-
ation of growth medium and ectopic msx1 expression caused the
reduction of muscle-specific proteins and the cleavage of these
myotubes into proliferating mononucleated cells that were able
to redifferentiate into muscle or trans-differentiate into various
cell types [16]. Microinjection of Barx2 cDNA into immature
myotubes derived from primary cells led to cleavage and forma-
tion of mononucleated cells that were able to proliferate [17]. Us-
ing a chemical approach, terminal differentiated myotubes were
incubated with a triazine compound. Myotubes showed to cel-
lularize into smaller myotubes or mononucleated cells, which
were able to survive and divide [18]. Similarly, myoseverin, a
trisubstituted purine, was shown to induce reversible fission of
multinucleated myotubes into mononucleated cells, which were
able to enter the cell cycle [19]. Recently, mammalian skeletal
muscle cells were induced to dedifferentiate into proliferating
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Table 1 PCR conditions for ChIP assays

DNA fragment Enzyme PCR no. cycles PCR annealing temp. Expected fragment size
E1 Taqg polymerase (Qiagen) 27 57°C 122 bp
E2 Taq polymerase (Qiagen) 27 56°C 140 bp
E3 Taq polymerase (Qiagen) 25 55°C 168 bp
Sat2 Taq polymerase (Qiagen) 25 58°C 247 bp

Table 2 PCR conditions for RNA analysis. Experiments were repeated at least three times and gel bands were measured using the

Image J software

DNA fragment Enzyme PCR no. cycles PCR annealing temp. Expected fragment size
MyoD Taqg polymerase (Qiagen) 27 57 222 bp
Myog Taq polymerase (Qiagen) 27 59 181 bp
Myf6 Taq polymerase (Qiagen) 25 57 183 bp
Myf5 Taq polymerase (Qiagen) 24 62 134 bp
Cyclin D1 Taq polymerase (Qiagen) 27 59 232 bp
Cyclin E2 Taq polymerase (Qiagen) 26 58 227 bp
GAPDH Taq polymerase (Qiagen) 23 61 220 bp
Pax7 Taq polymerase (Qiagen) 30 56 170 bp

mononuclear cells following treatment with myoseverin and
temporary p21 suppression. These cells were further in-
duced to act as multipotent stromal cells by further treatment
with the small molecule, reversine (2-(4-morpholinoanilino)-6-
cyclohexylaminopurine) and simple chemical modifications of
the culture media [20]. When cell cycle inhibitors, p21 and p27
were depleted from terminal differentiated mouse myotubes, in-
complete DNA replication and apoptosis was observed. In con-
trast, when p21 and p27 were depleted from quiescent, non-
terminal differentiated fibroblasts and muscle cells, DNA replic-
ation was fully recovered and apoptosis was no longer observed.
These cells were able to proliferate in the absence of growth
factors [21]. Recently, evidence for natural dedifferentiation of
muscle cells following injury was reported by using a Cre/Lox- 8-
galactosidase system [22,23]. Finally, we have recently reported
that down-regulation of myogenin leads myotubes to a reversal
of muscle cell differentiation [24].

TWIST is a bHLH transcription factor initially identified in
Drosophila [25]. Twist orthologues have subsequently been iden-
tified in other species, including mouse and human [26,27].
It forms functional homodimers as well as heterodimers with
various bHLH protein partners and binds to the promoter of
target genes. TWIST is expressed during embryonic develop-
ment and plays critical roles in diverse developmental systems
such as mesoderm formation, myogenesis, cardiogenesis and
neurogenesis [28].

Several experiments, mainly involving overexpression of
TWIST in cell lines, have demonstrated its role in inhibition of
muscle cell differentiation. Nevertheless, in Drosophila, TWIST
has been reported to promote myogenesis [29], whereas in mice
it inhibits muscle cell differentiation [30,31]. Published results,
mainly by overexpression of TWIST in cell lines and mice, show
that TWIST inhibits myogenesis by inhibiting MyoD, which is
activated by binding to MEF (myocyte enhancer factor)-2 and

E-proteins [25,32]. Not a single mechanism has been assigned
to MyoD inhibition by TWIST. There is however evidence of
direct TWIST binding to MyoD [33] or TWIST binding and
sequestration of MEF-2 or E-proteins [34,35].

We have previously shown that overexpression of TWIST
in terminally differentiated myotubes caused their cleavage to
mononucleated cells in the presence of growth factors and re-
entry to the cell cycle. This was accompanied by a reduction of
MRF (myogenic regulatory factor) levels [36]. Here, we wanted
to investigate the direct mechanism by which TWIST reverses
muscle cell differentiation. We show that TWIST causes re-
versal of muscle cell differentiation through binding and down-
regulation of myogenin. Moreover, reversal of cellular morpho-
logy (myotube fragmentation) was possible through this pathway,
in the absence of growth factors.

MATERIALS AND METHODS

Tissue culture

C2C12 mouse myoblasts (ECACC) were grown to conflu-
ency under 5% (v/v) CO, at 37°C in the GM (growth me-
dium), DMEM (Dulbecco’s modified Eagle’s medium) (Gibco)
supplemented with 10% (v/v) FBS (Gibco), 2 mM glutamine
(Gibco) and penicillin-streptomycin (100 £g/ml-100 units/ml)
(Gibco). For C2C12 muscle cell differentiation, cells were
then switched to DM (differentiation medium), DMEM sup-
plemented with 2% (v/v) horse serum (Gibco), 2 mM glutam-
ine and penicillin—streptomycin (100 xtg/ml-100 units/ml) for
4 days. During the first 2 days of differentiation, Ara-C (cytosine
B-D-arabinofuranoside) (Sigma) (4 pg/ml) was included in or-
der to eliminate most undifferentiated myoblasts (for time-lapse

(© 2013 The Author(s) This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC-BY) (http://creativecommons.org/licenses/by/3.0/)
which permits unrestricted use, distribution and reproduction in any medium, provided the original work is properly cited.


http://creativecommons.org/licenses/by/3.0/

Twist reverses muscle cell differentiation through transcriptional down-regulation of myogenin Original Paper

A Myogenin promoter sequence

TCTAGAGT TG TATGACGEAGGUAAAGG TGATGAUTCAGGUAGGAAGGAAT AGAAG AGGOCAGUC TGO TGGOCCAGGACAG- 1490
ACAMTGATGCAAAGGACTCTTTCTCCTTATCGACCCTTCTACAGAAAGGAAMGAGTCAAMACGGTTCTAGTGOCAGAAG- 1410
GEATTATTGAGGGGAAAGEACAGAAGAGATEATTAAGAGEATCAGACAGGGTOCATCCCAT A TOAGECACTAANCACAG- 1338
ACACTATTACATATGOCAGCAAGATTTTGCTGAMAGAACCCTGATATAGCTGOCTCTTGTGAGGCTATGOAGTGOCTRGE-1250
AAMATACAGAAG TGGA TGO TCACAGTCAGCTATTGGATGGAAC ACAGGGCCOCCAATGGAGGAGC TAGAG AAAG TACCTRE-1170

E3 forward
CAACCCTATAGGTGGAACAACAATATEAACTAACCAGTACCOCCAGAGCTCATGTCTCTAGCT- 1090

3
l.ﬁ\(:('.\!.‘.\.“:&l{xl'{'l AGTEGGOCATCATTGOGAAG AGAGGOCCCTIGGTATTGE 'A&II\.

R G A A CGOCAGGOOCAAG,

AGTGGGANTG AGGGOGGEEGE. ATAGGGAACTTT-330

THOGATAGCATTTGAAATG TAAATGAAGAAAATATC TAATAAAAAATAATTTAAAAAAGAGCG TOAGATAGGGG ACTGAARS

CAGCTCTTGEACT,

AGTCTGTGAGTTCTAATCCTTGETAAACACTGACTTCACCTG- 7T
ACCCCTACTACTIAAGECCCCCCCCCCTTACTTAAGAAGTECCTGTETTCTCTTACTICAATCTACCCCCAACATCATG A-690
GACCTGGTCAAAGAAGC TG TAGAAACCCAAAAGT TGAATOCATTTGOOCTTCTGGG TTICTGTCTTTGOCTOCATGGAC G610
ATAGGACACACACACACACACACACACACACACACACACACACACACACACECCCCAMATCTGEGAGTGG TOCTGATGE TGG 500
TAGTGGETAGGTCTTTAGGGGTCTCATGGGACTEACATAGTADGGTTTAAGG TGO TGO TGO TEAGCAGGAAAGAGAAGGOT 450
AAGTGEATTTTCAAGACCCCTTCCCGTOCGTCCAAGACAACCCCTTTETTGTTCCCTTOCTGOCCTGTCCACCAGETGEC-370
TTGGACCATGGAGGAGAGAGTAGGUAGGAGGOUCGGGTAGGAGTAATTGAAAGGAGCAGATCAGAUGGGGGAATGOAC 2%
E2 forward
ACCCCCACCTTECCTGOCOCACAGGNTGTGEAGAAATGAAAAC TR AR GORRGTG C CTOCCGACCOGTROA-2I
MEF-2
TCTCTGEGT-S0

TATA Ed +1 1
TOATGOCAGEAGGEAGGTT G GoACCC GGG TCAGGGOOTEOGOEAGCTIGOGGGOC

R T ToCGACCTG

CAGGAGC OGO TOROGOCAGGGRCAGGOCTG AAA

TAATCC-130
E2 reverse E1 forward
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Figure 1 TWIST binds to myogenin promoter and down-regulates its gene expression

(A) Myogenin promoter sequence containing the two classical conserved E boxes (E1 and E2) within 143 bp of the
transcription start site and a third non-conserved E box (E3), 1083 bp upstream of the transcriptional start site. E boxes
are shown in red. Forward and reverse primers designed to amplify the E1, E2 and E3 boxes are highlighted in blue. (B)
ChIP assay revealed that following TWIST overexpression, TWIST bound to the E3 box. On the other hand, TWIST did not
bind to E1 and E2 boxes. Similarly, following MyoD overexpression, ChlP assay specific for the E3 box showed no binding of
MyoD. (C) Luciferase assay showed that binding of TWIST (AdT) to myogenin promoter resulted in down-regulation of gene
expression, compared with control-transduced cells (AdC), which was abolished by the introduction of specific mutations
in the bound E-box sequence (Mutants 1 and 2).

microscopy purposes). Medium was then replaced with the fresh
DM medium without Ara-C in the presence or absence of
adenoviral vectors, for another 2 days (day 4 of differenti-
ation). For adenoviral transductions on differentiated myotubes,
100 MOI (multiplicity of infection) of each of the adenoviral
vectors (VectorBiolabs) was used. Cells were maintained in
37°C/5%CO; or in a temperature and CO,-regulated time-lapse
microscope (AxioVision, Zeiss).

Chromatin immunoprecipitation

C2C12 cells were grown to confluency after which DM was
added. On day 2 of differentiation cells were transfected with
AdT (TWIST-overexpressing adenoviral vector) or AdMyoD
(MyoD-overexpressing adenoviral vector). ChIP (chromatin im-
munoprecipitation) assay was performed on 4-day differenti-
ated C2C12 myotubes using MAGnify™ Chromatin Immuno-
precipitation System (Invitrogen) according to the manufacturer’s
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instructions. Briefly, dynabeads were coupled to the MyoD and
TWIST primary antibodies (Abcam) prior to the crosslinking of
chromatin. Following cell lysis, samples were subjected to chro-
matin binding to the antibody dynabeads complexes in order to
isolate only the DNA of interest after a series of washes. The cells
were immunoprecipitated using TWIST or MyoD antibodies, re-
spectively (Abcam). For ChIP assay, two controls were used: a
positive and a negative control antibody. For positive control,
2.5 ng of unconjugated polyclonal antibody specific to human
and mouse histone H3, trimethylated at lysine 9 [K9me3] (H3-
K9Me3) (Invitrogen) was added. For negative control, 1 ug of
rabbit or mouse IgG antibody was used.

Primers for ChiP assay were El F: 5- GTTTCTGTG-
GCGTTGGCTAT -3, El R: 5" AAGGCTTGTTCCTGCCACT
3. E2 F: 5- AATCAAATTACAGCCGACGG -3, E2 R: 5'-
GAAACGTCTTGATGTGCAGC -3'. E3 F: 5'- CAAGGAACT-
GAAGGGGTCTG -3, E3 R: 5- CCCTGTACTGGGGCATA-
TAGTT-3'. Sat2 F: 5'- AGCAGATGGCTTTGGAGAGA 3/, Sat2
R: 5- CTGGGAGCAACCCTTATTCA -3’ (Table 1).

Luciferase assays

Mouse myogenin promoter, as shown in figure 1, was cloned
into a luciferase-pcDNA3 plasmid upstream of the luciferase
gene. The myogenin promoter/luciferase plasmid was mutated
using the GeneArt Site-Directed Mutagenesis System (Invitro-
gen) at myogenin promoter E-box site (CATATG) (E3) by using
two different sets of primers: Mutant 1 F: 5'- AGAGCTCAT-
GTCTCTAGCTGCGGATGTAGCAGAA -3', R: 5'- GCAGC-
TAGAGACATGAGCTCTGGGGGTACTGG -3’ and Mutant2 F:
5'- AGAGCTCATGTCTCTAGCTGCTGGTATAGCAGAAGAT
-3, R: 5'- GCAGCTAGAGACATGAGCTCTGGGGGTACTGG
-3’. C2C12 cells were stably transfected with the wild-type and
mutant myogenin/luciferase plasmids. Cells expressing the wild-
type or mutant myogenin promoters were differentiated for 2 days
before being transfected with AdT or AdC (control adenov-
iral vector) after which cells were differentiated for a further
2 days. Luciferase gene expression was then measured using
Dual-Luciferase Reporter Assay (Promega). Cells were lysed and
mixed with Luciferase Assay Substrate (LAR II) before measur-
ing activity in a luminometer (Berthold). In order to ensure that
luciferase readings reflect results originating from viable cells,
the viability of cells in experiment was measured using a cell
counter (Countess Automated cell counter, Invitrogen).

Cell cycle studies

Cell cycle studies were performed using Click-iT EdU Imaging
kit (Invitrogen). Myotubes were transfected with adenoviral vec-
tors (day 2 of differentiation) and incubated in GM or DM for
a further 2 days. Cells were then assayed with EdU (5-ethynyl-
2'-deoxyuridine) for 3 h (Invitrogen). Following incubation with
EdU cells were then fixed with 4% (v/v) paratormaldehyde in
PBS for 20 min, washed twice with 3 % (w/v) BSA in PBS, before
and after permeabilization with 0.5 % (v/v) Triton-X-100 in PBS
for 20 min at room temperature (25°C) prior to 30 min incub-

ation in a mixture containing Alexa fluor 647. Nuclear staining
was performed with DAPI II (1.5 ng/ul) (Vysis) and observed
under a fluorescence microscope (AxioVision, Zeiss).

RNA analysis

Total RNA was extracted from transfected or untransfected
myotubes (Perfect RNAEukaryotic Mini kit, Eppendorf) and
500ng of RNA was subjected to reverse transcription us-
ing MuLV reverse transcriptase (NEB). For PCR, mouse-
specific primers were used for the analysis of expression
for the following molecules: MyoD F 5- AGTGAATGA
GGCCTTCGAG A -3, R 5'- GCATCTGAGTCGCCACTGTA
-3’. Myogenin F 5'-CATCCAGTACATTG AGCGCCTA-3, R
5'- GAGCAAATGATCTCCTGGGTTG -3'. Myf6 F 5'- ATG
GTACCCTATCCCGTTGC-3',R 5'- TAGCTGCTTTCCGACG-
ATCT -3'. Myf5 F 5'- TGAAGGATGGACATGACGGACG -
3R 5-TTGTGTGCTCCGAAGGCTGCTA -3'. Cyclin D1 F5'-
GGCACCTGGATTGTTCTGCT -3', R 5'- CAGCTTGC TAGG-
GAACTTGG -3'. Cyclin E2F 5 -GGAACCACAGATGAGGTC
-3, R 5- CG TAAGCAAACTCTTGGAG -3'. Pax7 F: 5'-
GAGTTCGATTAGCCGAGTGC -3, Pax7 R: 5'- CGGGTTCT-
GATTCCACATCT -3'. GAPDH F 5-TCATCATCTCCGCCC-
CTTCT-3', R 5'- GAGGGGCCATCCACAGTCTT -3’ (Table 2).

Western blot

Cells were lysed using a protein lysis buffer including pro-
tease inhibitor. 40-60 g of protein extracts were incubated
with myogenin (1/200; BD), MyoD, Myt5, Myf6 (1/300; Santa-
Cruz), cyclin D1 (1/400; Abcam), cyclin E2 (1/200, Abcam) and
GAPDH (glyceraldehyde-3-phosphate dehydrogenase) (1/2000;
Santa-Cruz) primary antibodies followed by incubation with goat
anti-mouse IgG or donkey anti-rabbit IgG secondary antibodies
conjugated to horseradish peroxidase (Santa-Cruz).

RESULTS

TWIST binds myogenin promoter and
down-regulates its expression

We have recently shown that down-regulation of myogenin
can reverse muscle cell differentiation by cleavage into
mononuclear cells which enter the cell cycle. Since TWIST is
known as a transcription factor that negatively regulates muscle
cell differentiation, we first looked at the putative E-boxes on
the mouse myogenin promoter, which is located on chromosome
1 and is 1.5kb in length (chrl:134288446-134290053) (Fig-
ure 1A). TWIST is known to bind to E-boxes. With this in mind,
we tested the binding affinity of TWIST with E-boxes found in
myogenin promoter. In order to determine whether Twist can bind
to the myogenin promoter and therefore contribute to the mech-
anism of reversal of differentiation, C2C12 muscle cells were
first differentiated in vitro to multinucleated myotubes and then
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transduced with an AdT. Following incubation with the viral vec-
tor, the ability of TWIST to bind to the myogenin promoter was
tested by ChIP. As it can be seen in Figure 1B, TWIST was able to
bind the myogenin promoter. This was possible only for an E-box
(E3) that was found 1083 bp upstream of the transcription start
site. The two well-characterized E-boxes (E1 and E2) of the myo-
genin promoter showed not to have binding affinity with TWIST
(Figure 1B). Furthermore, a AdMyoD was in vitro transduced in
differentiated myotubes using the same conditions to the previous
AdT transfections. This was done in order to investigate whether
MyoD interacts with the same E box (E3) and acts in competition
to TWIST protein. Following adenoviral transductions of MyoD,
ChIP assay showed that MyoD did not interact with E3 (Fig-
ure 1B). In order to determine the effect of the binding of TWIST
to myogenin, myogenin promoter (sequence shown in Figure 1A)
was cloned upstream of the luciferase gene in a plasmid and a
stable cell line was created. Following transduction of AdT, luci-
ferase activity was considerably reduced, whereas no reduction
was observed in the transduction with a control AdC (adenoviral
vector) (Figure1C). This result demonstrates that TWIST is able
to bind and down-regulate myogenin promoter activity. As a next
step, two specific mutations (mutants 1 and 2) were introduced
into the E3 site in order to determine the specificity of binding.
In both mutants, the activity of luciferase remained unchanged,
similar to AdC denoting that TWIST binding was specific.

TWIST-mediated down-regulation of myogenin
induces cellularization in the absence of serum
Based on our previous reports, myogenin down-regulation caused
reversal of muscle cell differentiation with cellular and molecu-
lar characteristics which resemble those of TWIST-mediated re-
versal of differentiation [24,36]. Binding of TWIST to myogenin
promoter indicates that TWIST mediates its effect via myogenin
down-regulation. All previous reports investigating induced re-
versal of differentiation included the addition of growth factors
in the procedures. Growth factors are essential for the prolifera-
tion of muscle cells since they induce pathways involved in cell
division. In vitro differentiation, on the other hand proceeds in
the absence of growth factors since cells must exit the cell cycle.

Previous experiments have shown that newt myotubes are able to
dedifferentiate in the absence of growth factors [37]. The possib-
ility that TWIST induces reversal of muscle cell differentiation
in the absence of growth factors was next investigated.

Differentiated muscle cells were transduced with AdT and
then induced to reverse their cellular fate and morphology by the
addition or the absence of growth factors. Following cell incub-
ation under a time-lapse microscope, around 80 % of myotubes
were shown to be cleaved in individual mononuclear cells with
and without growth factors, compared with control-transduced
cells (Figures 2A, 2B and 2D). To determine whether product
cells initiated DNA synthesis EAU incorporation assays were
performed on product cells that originated from the cleavage of
myotubes in the absence of growth factors, did not show any EAU
incorporation. In contrast, DNA synthesis was seen in approx-
imately 90 % of product cells in the presence of growth factors
(Figures 2C and 2D). In conclusion, although cells were mor-
phologically changed, indicating reversal of differentiation, the
absence of growth factors prevented them from entering the cell
cycle. This result indicates that although TWIST cannot sustain a
full reversal of differentiation (cell cycle re-entry) in the absence
of growth factors, it is capable of reversing the morphology of
differentiated muscle cells.

In order to investigate the molecular changes of the absence of
growth factors in the reversal of muscle cell differentiation, RNA
and protein analysis was performed in TWIST-transduced and
control myotubes. Our previous work demonstrated that the pres-
ence of growth factors in the AdT transductions induced the ex-
pression of cell cycle molecules such as cyclin D1 and suppressed
the MRFs. Here, as it can be seen in Figures 3(A) and 3(B), the
absence of growth factors had no influence on any of the cell cycle
molecules or MRFs. The only molecule that is altered is myo-
genin which was found reduced compared to control-transduced
cells. This result indicates that in the absence of growth factors,
TWIST specifically binds the myogenin promoter, resulting in
the down-regulation of myogenin, which drives the reversal of
myotube morphology causing the cleavage of myotubes into in-
dividual mononuclear cells. Finally, the expression levels of Pax7
were assessed, since this molecule is known to be reduced when
myogenin is increased [38]. Following experimentation, PAX7

Figure 2

TWIST-mediated muscle cell morphological reversal occurs in the absence of growth factors

(A) Following myotube differentiation, cells were transfected with AdT. GM was then added to the cells and placed for
time lapse microscopy. (I) Myotubes after AdT transfection (scale, 250 mm). (lI) Myotube in higher magnification from 13
to 45 h displayed significant morphological changes and cleavage. During 18-30 h, myotubes began to morphologically
change (arrows indicate the movement of the nuclei and the areas of possible cleavage). During 30-45 h, myotubes
were completely cleaved into mononucleated cells (arrows indicate cleaved cells). (B) Following myotube differentiation,
cells were transfected with AdT. Fresh DM medium was then added to the cells and placed for time-lapse microscopy. (l)
Myotubes after AdT transfection (scale, 250 mm). (Il) Myotubes in higher magnification from 15 to 52 h displayed significant
morphological changes and cleavage. During 24-38 h, myotubes began to morphologically change (arrows indicate the
movement of the nuclei and the areas of possible cleavage). During 38-52 h, myotubes were completely cleaved into
mononucleated cells (arrows indicate cleaved cells). (C) Following myotube differentiation, cells were transfected with AdT
and AdC in the presence or absence of growth factors. Cell cycle activity was assayed by EdU. Cells transfected with AdT in
the absence of growth factors showed significant cellularization with minimal EdU activity. Cells transfected with AdT in the
presence of growth factors showed significant cellularization and high EdU activity. No cellularization effect was observed
when cells transfected with AdC in the presence or absence of growth factors. (D) Quantification of cleaved myotubes
and EdU incorporation after AdT transfections with or without growth factors compared with AdC transfected cells. Results
were obtained by measuring myofibres and EdU-positive cells in three random areas using x 10 magnifications.
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Figure 3
regulation of myogenin

TWIST-mediated muscle cell morphological reversal in the absence of growth factors is driven by down-

(A) Overexpression of TWIST (AdT) in the absence of growth factors reduced myogenin RNA and protein levels but did not
affect the levels of MyoD, Myf6, Myf5, CyclinD1, CyclinE2 compared with control-transduced cells (AdC) or untransduced
cells (Untr.). GAPDH served as an internal control. (B) Overexpression of TWIST (AdT) in the presence or absence of growth
factors had no effect on Pax7 expression as compared with control-transduced cells (AdC) or untransduced cells (Untr.).
Images were analysed and quantified by Image J software. Data represent the mean + S.D. from at least three independent

experiments in triplicate.

was found unchanged following TWIST overexpression, both in
the presence and absence of growth factors (Figure 3B).

DISCUSSION

This study reports a novel pathway which leads to the reversal
of muscle cell differentiation. Moreover, results from this study
indicate that TWIST can achieve reversal of muscle cell differ-

entiation (cleavage of myotubes into mononuclear cells) in the
absence of growth factors.

As of the date of submission, there is no strong evidence indic-
ating that dedifferentiation of muscle cells occurs in mammals.
There is however published work which shows that following
induction with genetic or chemical molecules, reversal of differ-
entiation is plausible. Since this pathway occurs naturally in some
higher vertebrates as an additional way for regenerating muscle,
it may well be beneficial for humans, if appropriate inducers can
mimic this phenomenon. Induced reversal of muscle differenti-
ation may also reveal unknown functions of molecules and novel

(© 2013 The Author(s) This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC-BY) (http://creativecommons.org/licenses/by/3.0/)
which permits unrestricted use, distribution and reproduction in any medium, provided the original work is properly cited.

Original Paper

209


http://creativecommons.org/licenses/by/3.0/

910

N.P Mastroyiannopoulos and others

pathways in the regulation of myogenesis. For example, reversal
of muscle differentiation by down-regulating myogenin shows
the important role of this MRF to maintain differentiation [24].
Interestingly, from previous studies Pax7 was found to be down-
regulated as myogenin was induced. In our case however, Pax7
was not found altered following down-regulation of myogenin by
TWIST either in presence or absence of growth factors [38]. This
could imply that the molecular mechanism of dedifferentiation
following overexpression of TWIST may involve such pathways
which do not lower the levels of Pax7.

Results from this study reveal a mechanism by which overex-
pression of TWIST reverses muscle cell differentiation. Binding
of TWIST to the E-box of the promoter of myogenin suppressed
its activity and down-regulated its expression. As a result, dif-
ferentiation is reversed by the subsequent reduction in the other
MRFs and the entry of the product cells to the cell cycle. In-
terestingly, MyoD was not found to bind to the same E box
that TWIST binds, implying that there is no competition in the
particular E box, although MyoD has been previously shown to
bind to the myogenin promoter [39,40]. Findings from this work
show also that TWIST-mediated myogenin reduction leads, inde-
pendently of cell cycle entry, to the cell morphological reversal
of differentiation, i.e. the myotube cleavage into mononucleated
cells. This, not only demonstrates that TWIST is a potent inducer
of morphological reversal of muscle cells but it also indicates
that myogenin down-regulation is responsible for the cleavage
of terminally differentiated myotubes into mononucleated cells
independently from the cell cycle re-entry.

This work provides mechanistic insights to TWIST-mediated
reversal of muscle cell differentiation, which might be beneficial
for muscle regeneration strategies and also for the investigation
of novel pathways in myogenesis.

AUTHOR CONTRIBUTION

Nikolaos Mastroyiannopoulos carried out the cell culture and time-
lapse experiments, adenovirus transfections, RNA and protein ana-
lysis, immunocytochemistry, luciferase assay experiments and draf-
ted the paper. Antonis Antoniou participated in the cloning of myo-
genin promoter. Andrie Koutsoulidou participated in the ChiP assay
experiments. James Uney participated in project design. Leonidas
Phylactou conceived the study and participated in its design and
co-ordination. All authors read and approved the final paper.

FUNDING
This work was supported by the A.G. Leventis Foundation (L.A.R)

REFERENCES

1 Olson, E. N., Brennan, T. J., Chakraborty, T., Cheng, T. C., Cserjesi,
R, Edmondson, D., James, G. and Li, L. (1991) Molecular control
of myogenesis: antagonism between growth and differentiation.
Mol. Cell Biochem. 104, 7-13

2 Mohun, T. (1991) Muscle differentiation. Curr. Opin. Cell Biol. 4,
923-928

3 Buckingham, M. (2001) Skeletal muscle formation in vertebrates.
Curr. Opin. Genet. Dev. 11, 440-448

4 Megeney, L. A. and Rudnicki, M. A. (1995) Determination versus
differentiation and the MyoD family of transcription factors.
Biochem. Cell Biol. 73, 723-732

5 de la Serna, I. L., Carlson, K. A. and Imbalzano, A. N. (2001)
Mammalian SWI/SNF complexes promote MyoD-mediated muscle
differentiation. Nat. Genet. 27, 187-190

6 dela Serna, I. L., Roy, K., Carlson, K. A. and Imbalzano, A. N.
(2001) MyoD can induce cell cycle arrest but not muscle
differentiation in the presence of dominant negative SWI/SNF
chromatin remodeling enzymes. J. Biol. Chem. 276, 41486-41491

7 Olson, E. N. (1992) Interplay between proliferation and
differentiation within the myogenic lineage. Dev. Biol. 154,
261-272

8 Olson, E. N. and Klein, W. H. (1998) Muscle minus myoD. Dev.
Biol. 202, 153-156

9 Molkentin, J. D. and Olson, E. N. (1996) Defining the regulatory
networks for muscle development. Curr. Opin. Genet. Dev. 6,
445-453

10 Hasty, P, Bradley, A., Morris, J. H., Edmondson, D. G., Venuti, J.
M., Olson, E. N. and Klein, W. H. (1993) Muscle deficiency and
neonatal death in mice with a targeted mutation in the myogenin
gene. Nature 364, 501-506

11 Myer, A., Olson, E. N. and Klein, W. H. (2001) MyoD cannot
compensate for the absence of myogenin during skeletal muscle
differentiation in murine embryonic stem cells. Dev. Biol. 229,
340-350

12 Brockes, J. R and Kumar, A. (2005) Appendage regeneration in
adult vertebrates and implications for regenerative medicine.
Science 310, 1919-1923

13 Morrison, J. I., L66f, S., He, P and Simon, A. (2006) Salamander
limb regeneration involves the activation of a multipotent skeletal
muscle satellite cell population. J. Cell Biol. 172, 433-440

14 Brockes, J. R and Kumar, A. (2002) Plasticity and reprogramming
of differentiated cells in amphibian regeneration. Nat. Rev. Mol.
Cell Biol. 3, 566-574

15 McGann, C. J., Odelberg, S. J. and Keating, M. T. (2001)
Mammalian myotube dedifferentiation induced by newt
regeneration extract. Proc. Natl. Acad. Sci. U. S. A. 98,
13699-13704

16 Odelberg, S. J., Kollhoff, A. and Keating, M. T. (2000)
Dedifferentiation of mammalian myotubes induced by Msx1. Cell
103, 1099-1109

17 Meech, R., Gomez, M., Woolley, C., Barro, M., Hulin, J. A., Walcott,
E. C., Delgado, J. and Makarenkova, H. P (2010) The homeobox
transcription factor Barx2 regulates plasticity of young primary
myofibers. PLoS ONE 5, e11612

18 Duckmanton, A., Kumar, A., Chang, Y. T. and Brockes, J. R (2005) A
single-cell analysis of myogenic dedifferentiation induced by small
molecules. Chem. Biol. 12, 1117-1126

19 Rosania, G. R., Chang, Y. T., Perez, 0., Sutherlin, D., Dong, H.,
Lockhart, D. J. and Schultz, R G. (2000) Myoseverin, a
microtubule-binding molecule with novel cellular effects. Nat.
Biotechnol. 18, 304-308

20 Jung, D. W. and Williams, D. R. (2011) Novel chemically defined
approach to produce multipotent cells from terminally
differentiated tissue syncytia. ACS Chem. Biol. 6, 553-562

21 Pajalunga, D., Puggioni, E. M., Mazzola, A., Leva, V., Montecucco,
A. and Crescenzi, M. (2010) DNA replication is intrinsically
hindered in terminally differentiated myotubes. PLoS ONE 5,
e11559

22 Mu, X., Peng, H., Pan, H., Huard, J. and Li, Y. (2011) Study of
muscle cell dedifferentiation after skeletal muscle injury of mice
with a Cre-Lox system. PLoS ONE 6, e16699

(© 2013 The Author(s) This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC-BY) (http://creativecommons.org/licenses/by/3.0/)
which permits unrestricted use, distribution and reproduction in any medium, provided the original work is properly cited.


http://creativecommons.org/licenses/by/3.0/

Twist reverses muscle cell differentiation through transcriptional down-regulation of myogenin

23 Echeverri, K. and Tanaka, E. M. (2002) Mechanisms of muscle
dedifferentiation during regeneration. Semin. Cell Dev. Biol. 13,
353-360

24 Mastroyiannopoulos, N. R, Nicolaou, R, Anayasa, M., Uney, J. B.
and Phylactou, LA. (2012) Down-regulation of myogenin can
reverse terminal muscle cell differentiation. PLoS ONE 7,
29896

25 Thisse, B., el Messal, M. and Perrin-Schmitt, F. (1987) The twist
gene: isolation of a Drosophila zygotic gene necessary for the
establishment of dorsoventral pattern. Nucleic Acids Res. 15,
3439-3453

26 Wolf, C., Thisse, C., Stoetzel, C., Thisse, B., Gerlinger, P and
Perrin-Schmitt, F. (1991) The M-twist gene of Mus is expressed
in subsets of mesodermal cells and is closely related to the
Xenopus X-twi and the Drosophila twist genes. Dev. Biol. 143,
363-373

27 Wang, S. M., Coljee, V. W., Pignolo, R. J., Rotenberg, M. O.,
Cristofalo, V. J. and Sierra, F. (1997) Cloning of the human twist
gene: its expression is retained in adult mesodermally-derived
tissues. Gene 187, 83-92

28 Miraoui, H. and Marie, R J. (2010) Pivotal role of Twist in skeletal
biology and pathology. Gene 468, 1-7

29 Baylies, M. K. and Bate, M. (1996) twist: a myogenic switch in
Drosophila. Science 272, 1481-1484

30 Hebrok, M., Wertz, K. and Fuchtbauer, E. M. (1994) M-twist is an
inhibitor of muscle differentiation. Dev. Biol. 165, 537-544

31 Rohwedel, J., Horak, V., Hebrok, M., Fliichtbauer, E. M. and Wobus,
A. M. (1995) M-twist expression inhibits mouse embryonic stem
cell-derived myogenic differentiation in vitro. Exp. Cell Res. 220,
92-100

Original Paper

32 Fidzianska, A. (1980) Human ontogenesis. I. Ultrastructural
characteristics of developing human muscle. J. Neuropathol. Exp.
Neurol. 39, 476-486

33 Hamamori, Y., Wu, H. Y., Sartorelli, V. and Kedes, L. (1997) The
basic domain of myogenic basic helix-loop-helix (o0HLH) proteins is
the novel target for direct inhibition by another bHLH protein, Twist.
Mol. Cell Biol. 17, 6563-6573

34 Hebrok, M., Fuchtbauer, A. and Fuchtbauer, E. M. (1997)
Repression of muscle-specific gene activation by the murine Twist
protein. Exp. Cell Res. 232, 295-303

35 Spicer, D. B., Rhee, J., Cheung, W. L. and Lassar, A. B. (1996)
Inhibition of myogenic bHLH and MEF2 transcription factors by the
bHLH protein Twist. Science 272, 1476-1480

36 Hjiantoniou, E., Anayasa, M., Nicolaou, P, Bantounas, I., Saito, M.,
Iseki, S., Uney, J. B. and Phylactou, L. A. (2008) Twist induces
reversal of myotube formation. Differentiation 76, 182-192

37 Velloso, C. R, Kumar, A., Tanaka, E. M. and Brockes, J. R (2000)
Generation of mononucleate cells from post-mitotic myotubes
proceeds in the absence of cell cycle progression. Differentiation
66, 239-246

38 Olguin, H. C. and Olwin, B. B. (2004) Pax-7 up-regulation inhibits
myogenesis and cell cycle progression in satellite cells: a potential
mechanism for self-renewal. Dev. Biol. 275, 375-388

39 Parker, M. H., Perry, R. L., Fauteux, M. C., Berkes, C. A. and
Rudnicki, M. A. (2006) MyoD synergizes with the E-protein HEB
beta to induce myogenic differentiation. Mol. Cell. Biol. 26,
5771-5783

40 Faralli, H. and Dilworth, F. J. (2012) Turning on myogenin in muscle:
a paradigm for understanding mechanisms of tissue-specific gene
expression. Compar. Funct. Genomics 2012, 836-374

Received 3 June 2013/26 September 2013; accepted 21 October 2013

Published as Imnmediate Publication 4 November 2013, doi 10.1042/BSR20130068

(© 2013 The Author(s) This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC-BY) (http://creativecommons.org/licenses/by/3.0/)

which permits unrestricted use, distribution and reproduction in any medium, provided the original work is properly cited.

911


http://creativecommons.org/licenses/by/3.0/

