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Abstract

Cellular differentiation entails an extensive reprogramming of the genome toward the expression of discrete subsets of genes, which
establish the tissue-specific phenotype. This program is achieved by epigenetic marks of the chromatin at particular loci, and is regulated by
environmental cues, such as soluble factors and cell-to-cell interactions. How the intracellular cascades convert the myriad of external stimuli
into the nuclear information necessary to reprogram the genome toward specific responses is a question of biological and medical interest.
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he elucidation of the signaling converting cues from outside the cells into chromatin modifications at individual promoters holds th
o unveil the targets for selective pharmacological interventions to modulate gene expression for therapeutic purposes.

Enhancing muscle regeneration and preventing muscle breakdown are important goals in the therapy of muscular diseases, canc
achexia and aging-associated sarcopenia. We will summarize the recent progress of our knowledge of the regulation of gene e
ntracellular cascades elicited by external cues during skeletal myogenesis. And will illustrate the potential importance of tar
hromatin signaling in regenerative medicine—e.g. to boost muscle regeneration.
2005 Elsevier Ltd. All rights reserved.
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The ultimate goal of pharmacological strategies in regen-
rative medicine is to achieve the desired effect—e.g. organ
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regeneration—through highly selective interventions. As
expression of particular subsets of genes determines th
outcome of any cellular process, it is obvious that decip
ing the mechanisms that regulate gene transcription
issue of critical importance. Understanding how the exte
cues impart the epigenetic marks that change the chro
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structure at specific loci during lineage commitment, how
these modifications are maintained during mitosis, and how
do they promote the differentiation program, are questions
of critical importance in biology, with obvious implications
in molecular medicine. Epigenetic marks are generated by
chromatin-bound protein complexes, which are endowed
with an enzymatic activity toward histones and DNA[1,2].
The unique combination of different post-translational mod-
ifications of histones—including acetylation, methylation,
phosphorylation, ubiquitination and ADP-ribosylation—at
specific loci, defines the chromatin configuration, either
repressive or permissive for gene expression[3]. The engage-
ment of chromatin-bound complexes on discrete sequences
of the genome is governed, at least in part, by external cues. In
this regard, there is an evident gap of knowledge on the mech-
anism by which intra-cellular signalling pathways convert
environmental cues into specific chromatin modifications.
The elucidation of the molecular basis by which the infor-
mation transmitted by signalling cascades is deciphered by
chromatin-binding proteins and broadcasted to other com-
ponents of the transcription machinery will help to further
clarify the molecular pathogenesis of human diseases and
will possibly reveal new targets for pharmacological inter-
ventions aimed at selectively modulating gene expression.

In the following sections we will summarize and critically
discuss the current knowledge on the signalling that regulates
c esis,

with a particular emphasis on muscle regeneration and the
potential therapeutic opportunities derived from this infor-
mation.

1. The concept of signal delivery to the chromatin
and selectivity of pharmacological interference

As the environmental cues determine the extent of nuclear
reprogramming during cellular differentiation, pharmacolog-
ical interference with the signaling pathways, which deliver
external cues to the chromatin, can be exploited to modulate
the differentiation program.

An emerging concept that should be anticipated in this
review is that the cellular level of intervention is likely to
provide the extent of selectivity in the pharmacological mod-
ulation of gene expression. For instance, blockade of the
membrane receptor or downstream cytoplasmic cascades that
transmit to the nucleus the information from outside the cell
often affects the expression of a broad range of genes, since
receptor-activated pathways usually spread to a variety of
different promoters[4]. The selectivity of the interference
would progressively increase by targeting events at the inter-
face between the signaling cascades and the transcription
machinery (Fig. 1). Thus, deciphering the unique “chromatin
signature” generated by signaling cascades at individual pro-
m of
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signal transduction pathways toward gene expression. Recent
reports have begun to shed light on the signaling that reg-
ulate the assembly of chromatin-modifying complexes at
particular promoter/enhancer regions during different cellu-
lar responses.

2. Signal-dependent nuclear reprogramming during
muscle differentiation

During skeletal myogenesis, precursors cells committed
toward the myogenic lineage proliferate as undifferentiated,
mononucleated, myoblasts, in the presence of mitogens or
other anti-differentiation cues, and differentiate into multinu-
cleated myotubes upon the exposure to pro-myogenic signals,
such as cell confluence, mitogen withdrawal and secreted
molecules[5,6].

Chromatin modifications generated by external cues can
either be transient, to permit the transition throughout inter-
mediate stages of lineage commitment, or permanent, when
an irreversible phenotype is established—e.g. terminal dif-
ferentiation. For instance, during muscle regeneration, the
progression from muscle precursors to terminally differenti-
ated cells entails sequential changes of expression of different
subsets of genes in response to environmental cues[7]. Satel-
lite cells define a population of quiescent, reserve cells, which
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the combination of pathways activated in response to locally
released inflammatory substances, on their timing of activa-
tion and on the cross-talk between cytokine-induced intracel-
lular cascades and additional pathways stimulated by growth
factors[7]. These kinase pathways are propagated inside the
cells by phosphorylation cascades, which converge to the
nucleus and are integrated at the chromatin level to select
the genes to be expressed.

Tissue-restricted proteins contribute to confer the cell-type
specificity to extracellular-signal activated cascades. Basic
helix–loop–helix (bHLH) proteins of the MyoD-family are
exclusively expressed in skeletal muscle cells[28], and likely
mark the genomic regions where the signaling pathways con-
verge. However, additional chromatin-associated proteins,
which are preferentially expressed in muscles, could also
contribute to determine the cell-type specificity of the sig-
naling elicited by environmental cues. Epigenetic chromatin
modifications are generated by protein complexes assembled
on gene-regulatory elements[29]. Sequence-specific tran-
scriptional activators recruit to their target elements several
co-regulatory factors, which are endowed with enzymatic
activity toward both histones and transcription factors, and
are generally defined as to chromatin-modifying complexes
[30]. Two families of transcription factors—the muscle reg-
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he first rounds of proliferation to the fusion into myofib
7,10,11]. Extrinsic cues elicit a number of intracellular s
aling pathways, which are evolutionary conserved and u
itous to almost all cell types[12]. The combinatorial activit
f these pathways ultimately selects the genes to be expr
t each stage of muscle regeneration. Understanding

hese pathways reprogram the genome in a cell-type sp
ashion is essential to devise strategies aimed at modu
ene expression during regeneration.

The importance, and at the same time the complexit
he environmental signals in the regulation of gene exp
ion during skeletal myogenesis is well exemplified by
mpact of inflammatory cues on muscle regeneration. In m

uscular diseases, myofiber degeneration is either c
r accompanied by an inflammatory response[13]. Locally
eleased inflammatory cytokines elicit intracellular pa
ays, which can either block or promote the myogenic
ram. For instance, activation of NF�B- and JNK-pathway
y inflammatory cytokines represses the myogenic prog
hereas calcineurin and p38 signaling promote muscle

erentiation[14–22]. Several inflammatory cytokines, li
umor necrosis factor alpha (TNF�), and interleukin 1 (IL-1)
ounter myotube formation and post-mitotic growth[23–25],
hile IL-4 promotes myoblast fusion into myofibers[26].
he role of IL-6 in myogenesis remains unclear[7,27]. It

s likely that the final effect of inflammation depends
dion of muscle-specific genes[31]. Their stage-specific ass
iation with different transcriptional co-regulators ultimat
ictates the expression of genes implicated in the regul
f skeletal myogenesis[32]. The interactions between MRF
EF2 proteins and co-regulators are imparted by exte

ues. In general, during myoblast proliferation, mitog
romote the association with transcriptional co-repres

o prevent the premature expression of muscle genes.
he exposure to differentiation cues, co-repressors disso
rom MRFs and MEF2 proteins and are replaced by t
criptional co-activators[32]. Recent studies have attemp
o elucidate the mechanism by which extracellular-si
ctivated pathways control gene expression during s

al myogenesis, by regulating interactions between M
EF2 proteins and chromatin-modifying complexes.

. Chromatin signaling inducing lineage
ommitment in myoblasts

The expression of either MyoD or Myf5 establishes
yogenic lineage during developmental and adult myog

is[33,34]. Consistently, ectopic expression of either pro
onverts several cell types into myogenic cells[35,36]. The
odality of induction of MyoD expression in muscle prec

or cells has not completely been clarified. DNA methyla
t the regulatory sequences of MyoD gene preclude
xpression in non-myogenic cell lines, as the demethyl
gent 5-aza-2′-deoxycytidine can induce expression
yoD in fibroblasts and convert them into myogenic c
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[37]. The regulatory elements of MyoD include the core
enhancer region (CER), driving cell-type and time-restricted
gene expression, the distal regulatory regions (DRR),
required for stable MyoD expression, and the proximal
regulatory region (PRR), which contains the core promoter
[38–40]. Recent evidence indicates that the homeoprotein
Msx1 represses MyoD gene expression by recruiting the
linker histone H1b to CER, thereby generating heterochro-
matin at this region and inhibiting transcription[41]. Msx1
was previously shown to repress MyoD expression, and is
highly expressed in immature myogenic precursors during
development and adult myogenesis[7,42]. Thus, Msx1, in
collaboration with histone H1b, determines the temporal pat-
tern of the myogenic identity by regulating MyoD expression.

The signaling controlling Msx1/H1b physical and func-
tional interaction in muscle progenitors is unknown to date.
The expression of MyoD and Myf5 is controlled by the
Wnt/Pax3–7 axis during developmental and adult myogene-
sis [43]. Different combinations of MyoD and Pax7 expres-
sion define the final fate of satellite cells. Satellite cells that
downregulate Pax7 and maintain MyoD expression are able to
differentiate, while those cells that downregulate MyoD and
maintain Pax7 expression do not differentiate, and are des-
tined to replenish the satellite cell pool available for further
regenerative responses[11,44]. The Wnt family of proteins
includes secreted molecules, which establish a signaling net-
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do MyoD and Myf5 confer and maintain the myogenic iden-
tity to these proliferating muscle precursors, without activat-
ing the differentiation program? A simplistic, former model
of inactivation of myogenic bHLH proteins in myoblasts
relies on serum-induced expression of the anti-myogenic
Id proteins, which sequestrate the heterodimeric partners of
MyoD—the products of the E2A gene, E12 and E47[54,55].
This model assumes that in myoblasts MyoD is unable to
bind its DNA-recognition sequences—the Ebox sites—on the
regulatory regions of muscle genes. However, early studies
could not address two critical issues relative to the DNA bind-
ing activity of MyoD in myoblasts: whether MyoD–MyoD
homodimers can be transiently recruited to the DNA during
myoblast proliferation, and whether this transient interaction
is restricted to the promoter/enhancer elements of muscle-
specific loci, or might extend to other genes. The recent intro-
duction of the Chromatin Immunoprecipitation (ChIP) tech-
nique provided a powerful tool to address these issues. ChIP
studies have demonstrated the absence of MyoD on the reg-
ulatory regions of most differentiation-related muscle genes
in myoblasts[56–59]. However, Mal and Harter have shown
that MyoD can occupy the myogenin promoter in myoblasts
[60]. This discrepancy might in principle result from different
conditions of myoblast culture. We have noticed that cultur-
ing myoblasts at low confluence is strictly required to obtain
a homogeneous population of undifferentiated myoblasts.
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hat mice deficient for either the activity or the express
f CREB show an impaired expression of Pax3, MyoD
yf5. CREB-responsive elements are located on the
latory sequences of Myf5[47], and the acetyltransfera
ctivity of the CREB-binding protein p300 is required

he myogenic lineage commitment, as embryonic stem
ells homozygous for a p300 acetyltransferase mutant
300 null fail to activate Myf5 and MyoD transcription e
iently, despite the presence of the upstream activator
48]. MyoD is also induced in myoblasts, via serum respo
actor (SRF), by the activation of non-canonical Wnt p
ays, such as the GTPase RhoA[49]—a master regulator

he decision to commit mesenchymal cells toward the m
enic rather than the adipogenic lineage in response in
nd IGF1[50]. Insulin activates CREB in several cell typ

51,52]. Interestingly, insulin-activated signaling and W
ooperate to induce MyoD expression and activity in cultu
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nhibition [53]. It will be interesting to elucidate the ind
idual contribution, if any, of the insulin/IGF1, Wnt/CRE
nd Rho signaling in reversing MSX1-dependent inhibi
f MyoD expression and activating p300 acetyltransfera
atellite cells.

The presence of the bHLH proteins MyoD and/or M
n the nucleus of myoblasts poses a fundamental issue
y contrast, cellular confluence triggers pro-myogenic
als (e.g. p38 activation) that promote myogenin expres
espite the presence of serum and without morpholo

eatures of differentiation; ChIP of myogenin promote
hese conditions shows that MyoD occupies myogenin
oter (SF and PLP unpublished). Alternatively, associa
f MyoD with class I histone deacetylase HDAC1[61,62]
ould weaken MyoD binding to DNA, since acetylat
ncreases the affinity of MyoD for Ebox sites[63]. There-
ore, MyoD–HDAC1 complex can be detected by ChIP
yogenin promoter in low-stringency conditions of immu
recipiation.

Chromatin recruitment would explain the function
yoD in the nuclei of undifferentiated myoblasts, as
eterminant of the myogenic lineage. In this respect,
verall assumption is that transient recruitment of My
o specific loci somehow marks discrete chromatin spo
rime myoblasts for the differentiation-associated nuc
eprogramming. Alternatively, or in addition, chroma
ecruitment of MyoD in myoblasts, in association w
DAC1, could generate transcriptionally silent region
eterocromatin—to restrict the repertoire of transcr
enes to those specific to the myogenic lineage.

Recent studies have begun to shed light on this issue.
t al. recently reported a number of MyoD target gene
yoblasts by exploiting a combination of ChIP on ChIP
icro-array analysis[64]. In this study, some of the gen
ound by MyoD in myoblasts were also bound in myotu
owever, it is unknown whether these genes are actually
ated by MyoD at both stages. Very few genes occupie
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MyoD in myoblasts were found downregulated[64]. As such,
it is possible that MyoD operates in myoblasts both by mark-
ing the promoters for subsequent activation upon exposure to
proper cues and by inducing the expression of factors, which
in turn collaborate with MyoD to convert “marked” promot-
ers from a “poised” to an active state.

Some of the MyoD targets identified by Blais et al. in
myoblasts are genes with unanticipated function in myo-
genesis. As expected, they did not include any of those
muscle genes typically expressed upon induction of dif-
ferentiation; rather, a number of transcription factors were
found to be MyoD targets in myoblasts. These genes might
collaborate with MyoD, and other MRFs, to amplify the
myogenic signal, as differentiation proceed. In a previous
study, Wyzykowski et al., using conditional expression of
MyoD, showed that the Id3 and NP1 (neuronal pentraxin
1) genes become transcriptionally active following MyoD
induction in undifferentiated myoblasts[65]. Activation of
Id3 and NP1 represents a stable, heritable event that does not
rely on continued MyoD activity and is not subject to nega-
tive regulation by activation of mitogen-activated pathways
[65].

It remains unclear how MyoD can induce transcription
of target genes regulated by conventional Ebox sites in
myoblasts, considering that at this stage the inability of
MyoD to form hetero-dimers with E12/47 precludes the bind-
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myoblasts and myotubes found by Blais et al.[64]. MEF2
proteins are typical genes induced by MyoD in myoblasts,
and collaborate with MyoD at the stage of myotube forma-
tion [69,70]. MyoD targets in differentiating muscle cells
are muscle-specific genes, often regulated by both Ebox and
MEF2 sites[31]. Recent results from Tapscott lab provide an
interesting model in which MyoD, MEF2 and p38 establish
a feed-forward circuit to promote differentiation[70]. Other
examples of MyoD target genes in myoblasts that cooperate
with MyoD (and other MRFs) during myotube formation,
are Six1, SRF and nuclear receptors[64]. It remains to be
clarified the sequence and molecular modality of MyoD-
dependent gene transcription at different myoblast stages.
None of the studies reported so far have discriminated the net-
work of gene expression in actively proliferation myoblasts
vs myoblasts committed to differentiate. It will also be impor-
tant to elucidate the signaling cascades that regulate MyoD-
dependent induction of target genes at different stages of
myoblast progression from proliferation to differentiation,
and in particular to understand if the activity of MyoD homo-
dimers and MyoD–E12/47 hetero-dimers is controlled by
different signaling cascades.
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yoD-mediated activation of muscle genes in repres
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ion, inhibit MyoD-dependent activation of differentiati
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72–74]. Mitogen-activated signaling pathways, such as
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uring proliferation MyoD stability in myoblasts is re
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f MyoD before mitosis[79–81]. Although an ubiquitin
ependent degradation of MyoD has been described[82],
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the biochemical relationship between serum-dependent phos-
phorylation, ubiquitination and cell cycle turnover of MyoD
has not been definitely established. Likewise, Myf5 stability
is regulated by cdk-dependent phosphorylation, although at
different cell cycle phases than MyoD[83]. Thus, regulation
of MyoD and Myf5 expression at the protein level ensures cell
cycle-dependent fluctuations of these proteins in myoblasts,
allowing their proliferation, while maintaining the myogenic
identity.

Stress- and inflammation-induced cascades, such as NF�B
and JNK signaling pathways also contribute to silence MyoD
in myoblasts[14,15]. Activation of NF�B by TNF is suffi-
cient to promote MyoD RNA degradation[14]. Elimination
of MyoD in myoblasts can potentially erase the myogenic
lineage. Thus, the regulation of MyoD levels in satellite
cells exposed to inflammation cues might have important
implications in the maintenance of the myogenic lineage
of muscle progenitors and affect the extent of regeneration
[84–86].

4. Silencing premature transcription of muscle genes
in myoblasts

Despite the presence of MyoD and Myf5, and their activ-
ity in lineage determination and maintenance, the expres-
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MRFs [32]. An indirect action of mitogen-activated cyclin-
cdks can be envisioned via hyperphosphorylation of pRb,
which prevents interactions with class I HDACs, thereby
favoring MyoD–HDAC1 association in myoblasts[62]. As
hypoacetylated MyoD and MEF2 proteins have impaired
ability to bind their recognition sites[63,92], it is still unclear
if HDAC-containing complexes can stably bind the DNA at
specific binding sites.

A recent report by Caretti et al. begun to shed new light on
muscle gene repression[58]. They showed that in myoblasts
the chromatin of several muscle genes adopts a repressive
configuration for transcription, via the recruitment of the
histone lysine methyltransferase Ezh2, a component of the
Polycomb PRC2 and PRC3 complexes, which silences tran-
scription by di- and tri-methylation of lysine 27 of histone 3
(H3-K27) [93]. Interestingly, Ezh2 is recruited to the chro-
matin of muscle regulatory regions via interaction with YY1,
which recognizes CarG-box motifs presented in promoter
regions of muscle genes. Further association with HDAC1
forms a repressive complex, which ensures repression of tran-
scription and prevents MyoD binding (Fig. 2A). At the onset
of differentiation, the simultaneous down-regulation of Ezh2
and HDAC1 proteins, and the replacement of YY1 with SRF
[58], allows the binding of MyoD–E12/47 and the recruit-
ment of the positive co-activators, to form an active myo-
genic transcriptosome. The intracellular signaling that gov-
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ype is silenced in myoblasts. Moreover, transcription
ifferentiation-specific muscle genes is temporally re

ated, with a sub-set of early genes being transcribed b
lusters of late-muscle genes[56]. Interestingly, even afte
he differentiation program is initiated, MyoD binds to
romoters of muscle genes that have not been expr
et (e.g. late genes), suggesting that MyoD-depen
ilencing can regulate temporal regulation of muscle-g
ranscription.

In myoblasts, muscle-gene expression is silenced by
ction between MRFs and MEF2 proteins with nuc
eacetylases (HDACs)[32,61,62,87–90]. On myogenin pro
oter, MEF2 proteins associate with class II HDAC
, 7 and 9, leading to chromatin condensation, via

one deacetylation and recruitment of co-repressory c
lexes, such as heterocromatin protein 1 (HP1) and asso
ethyltransferases, which promote H3 lysine 9 methyla

90]. Furthermore, class II HDACs potentiate SUMO2- an
ependent sumoylation at the C-terminal activation dom
f MEF2D and MEF2C, leading to the inhibition of tra
cription[91]. MyoD associates with class I HDAC1[61,62].
hile the signaling responsible for HDAC dissociation fr
yoD and MEF2 proteins has been at least in part elucid

see section below), the intracellular pathways promo
nteractions among these proteins in myoblasts are unkn
t is predictable that anti-myogenic factors, such as mitog
omehow induce these interactions. Class I HDACs ca
hosphorylated and sumoylated, suggesting that these

ranslational modifications can regulate their association
rns these interactions on muscle-gene regulatory sequ
emains unknown to date. It is likely that pathways conv
ng on post-translational modifications of YY1, SRF and
he regulatory sequences of HDAC1 and Ezh2 regulat
hromatin switch from repressive to permissive for transc
ion, at muscle loci.

It is interesting to note that in myoblasts lysine 9 meth
ion and class II HDACs were detected on myogenin prom
60,90], but not on muscle creatine kinase (MCK) and myo
eavy chain (MHCIIb) promoters/enhancer sequences[58],
hereas lysine 27 di- and tri-methylation and HDAC1 w
nly detected on MCK enhancer and MHCIIb promo

58]. Lysine 9 and 27 methylation creates docking s
or recruitment of different co-repressory complexes—
P1 and Polycomb Repressive Complex 1, respective
nsure gene silencing. The distinct pattern of HDAC distr

ion and lysine methylation at regulatory sequences of e
myogenin) versus late (MCK and MHCIIb) muscle ge
uggests that discrete pathways regulate the timing of
epression/de-repression during the myogenic program

Inhibition of MyoD-dependent transcription can also
xerted by anti-myogenic proteins, which are abunda
roliferating myoblasts (e.g. EID I and 2)[94–96], or are

nduced by certain growth factors (e.g. Twist)[97], via inacti-
ation of p300 and PCAF acetyltransferases[95,98]. Finally,
uscle-gene transcription can also be silenced by D
amage-activated signaling, to ensure that DNA lesion
epaired before differentiation proceeds[99], thereby provid
ng a “differentiation checkpoint” that avoids the format
f genetically unstable myofibers[100].



602 S.V. Forcales, P.L. Puri / Seminars in Cell & Developmental Biology 16 (2005) 596–611

5. Chromatin signaling to reprogram myoblast
nuclei toward terminal differentiation

The dramatic changes in chromatin structure occurring at
the onset of differentiation reflect the fluctuation of extra-
cellular cues that regulate myoblast to myotube transition
[101].

The repressive conformation of the chromatin of muscle-
gene promoter/enhancer regions, imposed by co-repressor
complexes, implies that at least two critical events have to
occur in order to initiate the myogenic program upon expo-
sure to differentiation cues. The first consists in the displace-

ment of negative regulators of transcription, such as HDACs
and lysine methyltransferases, and the removal of repressory
modifications on histone residues, such as lysine methyla-
tion; the second entails the recruitment of transcriptional
co-activators (Fig. 2B). While it is still unknown whether
these events are temporally separated or occur simultane-
ously, a number of studies have identified individual signaling
cascades that govern these processes.

The bHLH proteins MyoD and Myf5 have the unique abil-
ity to initiate the myogenic program by promoting chromatin
remodeling at previously silent loci[102]. The exposure to
pro-myogenic cues favors the hetero-dimerization between
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ig. 2. Chromatin and chromatin-interacting proteins at muscle-regulatory g
Y1 recruit to the chromatin of silenced muscle genes co-repressory comple
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ranscription of target genes. Differentiation-activated CaMK pathway and inc
isplace deacetylases from the chromatin and allow hyperacetylation by ac
isplacement of YY1 and methyltransferases, as well as for removal of lys
o-repressory complexes and chromatin marks, the assembly of the myog
istinct enzymatic activities—acetyltransferases, ATP-dependent chromatin-
inases regulate several steps of the transcriptosome assembly, by targeting t
BAF60) by direct phosphorylation. p38 kinases can also regulate the stabil
egions does not appear to be dependent of the p38 pathway, and is likely
ecruited into the myogenic transcriptosome is essential to confer the compe
enes in the repressed (A) or activated (B) conformation. (A) MyoD, MEF2and
xes containing nuclear deacetylases (HDACs) and methyltransferases (e.g. Ezh2),
cific lysines (e.g. K9 and K27) to generate a chromatin conformation repressive
reasing levels of unphosphorylated pRb (resulting from the mitogenwithdrawal)
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regulated by a differentiation-activated parallel cascade. Each of the components
tence to activate transcription.
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muscle-specific bHLH proteins and the ubiquitous HLH
products of the E2A gene, E12 and E47[29,54], and stim-
ulates the dissociation of nuclear deacetylases from MRFs
and MEF2 proteins[32]. A number of signaling pathways
elicited during muscle differentiation contribute to the acti-
vation of the myogenic program by promoting muscle-gene
expression. An important pathway that stimulates muscle
differentiation is the calcium/calmodulin-dependent protein
kinase (CaMK)-mediated pathway. Differentiation-activated
CaMK I and IV phosphorylate class II HDAC members
on conserved serine residues to stimulate interactions with
the chaperon protein 14-3-3, thereby disrupting the asso-
ciation between HDACs and MEF2 proteins and exposing
the nuclear export sequences in the C-terminal of HDACs
[32,88,89]. As result, class II HDACs translocate to the
cytoplasm, and MEF2 becomes competent to activate tran-
scription. It is likely that additional kinases regulate class II
HDAC interactions with 14-3-3[32]. Moreover, CaMK sig-
naling disrupts class II HDAC-HP1 binding independent of
phosphorylation-mediated 14-3-3/HDAC interactions[90].
And CaMK and extracellular signal-regulated kinase 5 sig-
naling pathways prevent MEF2 inactivation by sumoyla-
tion [91]. Recently, it has been reported that the interferon-
related developmental regulator 1 (IFRD1) protein PC4 coun-
ters HDAC4-mediated inhibition of MEF2C, by displacing
HDAC4 from MEF2C[103]. By contrast, HDAC1 repression
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muscle-gene expression[48,108,113]. The acetyltransferases
PCAF and p300 acetylate MyoD on three evolutionary con-
served lysines (K99–K102 and K104), and this acetylation
is a critical event to activate MyoD-dependent transcription
of muscle genes[63,114,115]. MyoD acetylation increases
during the transition from myoblasts to myotubes, and hyper-
acetylated MyoD displays higher affinity for its DNA-binding
consensus motif—the Ebox[63]—and for the bromodomain
of p300 [116]. Recent studies from Dilworth et al., who
exploited an “in vitro transcription system”, demonstrate that
the acetyltransferase activities of p300 and PCAF are not
redundant, with p300-dependent acetylation of histones pre-
ceding promoter recruitment of PCAF; and PCAF-dependent
acetylation of MyoD being necessary for transcription[117].
MEF2 proteins also interact with p300[107], and their acety-
lation at multiple lysines is essential for DNA binding and
transcriptional activity[92]. The recruitment of p160 pro-
teins appears instead to be mediated by individual interactions
of p/CIP and SRC1A with MyoD[111] and GRIP1 with
MEF2 [109]. Likewise, CARM1 selectively interacts only
with MEF2 proteins[110]. Finally, a chromatin-remodeling
activity associated to the myogenic transcriptosome[102]
is provided by the recruitment of the ATPase-dependent
SWI/SNF chromatin-remodeling complexes[112].

How do intracellular pathways coordinate the assembly
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f MyoD is relieved by an indirect mechanism. The c
omitant decline of HDAC1 levels and the down-regula
f cyclin/cdk activity in response to the absence of m
ens, leads to the accumulation of hypo-phosphory
Rb, which has higher affinity for HDAC1, and displa

t from MyoD [62]. The interplay between YY1-associa
o-repressors and SRF-mediated recruitment of MyoD[58]
as been described above. Importantly, along with the
lacement of co-repressory enzymes, it is necessary to

he epigenetic modification generated by these enzym
rder to reset the chromatin for differentiation-related nuc
eprogramming. This is particularly true for lysine methy
ion; thus, differentiation-activated signaling is likely to dir
he erasure of epigenetic silencing either via recruitme
e-methylases or by histone variant exchange[3].

The sub-sequent recruitment of the acetyltransfer
300/CBP, PCAF, GRIP, p/CIP, SRC1A, the argin
ethyltransferase CARM1, and the ATPase-depen
WI/SNF chromatin-remodeling complexes, endows
yogenic transcriptosome with the enzymatic repertoire
ssary to modify the nucleosome structure and initiate

ranscription of target genes[104–112]. The recruitment o
hese co-activators on the regulatory regions of muscle g
s mediated by distinct interactions with MRFs and ME
roteins. For instance, both MyoD and MEF2 proteins re

he acetyltransferases p300/CBP and PCAF by direct p
al interactions mapped on distinct regions[104–108]. Func-
ional and genetic inactivation of p300 and PCAF is suffic
o block the formation of differentiated myotubes, altho
hese studies reported different levels of interference
eading to the transcriptosme formation controlled by
inct signaling cascades? Mitogen-activated cascades
ent MyoD–E12/47 heterodimerization via induction of
r other mechanisms[29,54,55,118,119], and serum-induce
yclinD-cdk4 prevents the association between MEF2
RIP1 into punctate nuclear sub-domains[120]. It is likely

hat other extracellular-signal activated kinases regulate
ctions between the components of the myogenic transc
ome by direct phosphorylation. MRFs, MEF2 proteins
300 are regulated by a variety of kinases, and their p
horylation pattern changes along with the cell cycle

erminal differentiation[29,121–123]. However, the contr
ution of individual pro-myogenic cascades in regulating

nteractions and the activity of these proteins has begun
lucidated only in the last years. Two independent casc

he IGF1-activated Pi3K/AKT signaling and the MKK6/p
athway, exert a critical role in promoting the activity
RFs and MEF2 proteins[17–20,124,125]. Although thes

wo pathways are activated by distinct stimuli and proc
s parallel cascades[19], they are not functionally redu
ant, as inhibition of either pathway is sufficient to prev
uscle-gene expression[17–20,126–128], suggesting tha

hey converge on chromatin elements to regulate dis
teps of the transcriptosome assembly.

The identity of the proteins targeted by these two pathw
s only partially defined. MEF2 are activated via direct ph
horylation by the p38 kinases, which trigger their transc

ional activity[18,19,70,129–133]. p38�/� kinase activity is
lso required for SWI/SNF recruitment by MyoD and ME
roteins to the regulatory regions of muscle genes[57,134].
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Interestingly, p38 blockade does not affect the DNA bind-
ing of MRFs and MEF2 and the recruitment of p300 and
PCAF, as well as their enzymatic activity[57], suggesting
that a parallel pathway regulates these events. Insulin- and
IGF1-activated Pi3K pathway is a candidate regulator of the
assembly of acetyltransferases with MyoD, as in neuronal
cells the Pi3K downstream Akt1/2 kinases promote the inter-
actions between the bHLH protein NeuroD and neurogenin
with p300 and PCAF[135].

Dynamic interactions between chromatin-associated pro-
teins at the regulatory sequences of muscle genes are not
restricted to the initial stages of differentiation, but extend
to later stages of myotube formation, to regulate chromatin
structure and gene expression in response to metabolic and
electrical stimuli. For instance, the NAD+-dependent histone
deacetylase Sir2 forms a complex with PCAF and MyoD to
inhibit muscle-gene expression in response to redox changes
[136]. Radical oxygen intermediates are likely mediators of
this pathway. Furthermore, Mejat et al. showed that mus-
cle innervation by pre-synaptic neurons controls chromatin
acetylation of the myogenin gene by regulating MEF2 inter-
actions with HDAC9 and class I HDACs[137].

6. p38 signaling regulates multiple steps of
muscle-gene expression
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cycle during muscle differentiation. Indeed, activation of p38
kinases by ectopic expression of MKK6EE causes cell cycle
arrest in skeletal and cardiac myocytes[140,141]. And the
role of p38 in the control of cell cycle arrest has been also
reported in response to other stimuli, like stress and DNA
damage[143,144].

Several lines of evidence indicate that p38 targets mul-
tiple components of the myogenic transcriptosome. p38
kinases directly regulate MEF2 function by phosphoryla-
tion of all four members[129–133], and indirectly promote
MyoD-mediated transcription by stimulating MyoD hetero-
dimerization with E47, via phosphorylation of this latter[59].
Interestingly, p38-dependent phosphorylation of E47 has dif-
ferent effects on MyoD function depending on the stage
of cellular differentiation and the environmental context. In
myoblasts, p38-mediated phosphorylation of E47 is stimu-
lated by serum activated Raf-MEEK1, and results in the inhi-
bition of E47-dependent transcription[145]. This inhibition
might have a possible function in restricting the myogenic lin-
eage by impairing E12/47-dependent transcription of genes
specific of the B cell lineage[146]. Since in myoblasts MyoD
binding to E12/E47 is inhibited[55], it can be assumed that
MyoD is spared by the control of p38 kinases at the myoblast
stage. Conversely, when p38 is activated by differentiation-
related cues—that is in the absence of mitogens—p38-
mediated phosphorylation of E47, at serine 140, occurs in
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p38 kinases are the effectors of a master regulatory
ay of myogenic differentiation. Although it is assumed
KK6 and MKK3 are the physiological activators of p

inases in response to differentiation cues, the upstream
lators of p38 during skeletal myogenesis have not prec
een identified. It is known that HMGB1, a chromatin co
onent released by necrotic cells during inflammation[138],

nduces p38 signaling in myoblasts via RAGE-indepen
athway[139]. Importantly, when p38 is induced in the co

ext of differentiation-unrelated cellular responses (e.g
ertain inflammatory cytokines, stress, mitogens), it fai
romote differentiation or even inhibits the myogenic p
ram (140, and PLP unpublished results). Functional bl
de of p38 kinases� and � in myoblasts induced to di

erentiate, is sufficient to inhibit the transcription of m
uscle genes and prevents myoblast fusion into myot

17–19,140]. Deliberate activation of p38 kinases by the c
titutive active form of the upstream activators, MKK3 a
KK6, enforces premature differentiation in myoblasts

ured in the presence of serum mitogens[18,19,140]. This
emarkable property the p38 pathway is unique amon
ther intracellular cascades, and implies that active MKK
an initiate and sustain the whole differentiation progr
ncluding all the steps leading to the formation of the t
criptosome. It remains to be defined if this effect occur
irect action of MKK3/6-activated p38 kinases on chroma
inding proteins, or if the ectopic activation of this pathw

n myoblasts triggers parallel, cytosolic pro-myogenic p
ays [142]. p38 also participates to the regulation of
onditions permissive for MyoD/E47 hetero-dimerizat
nd further stimulates this process[59]. It remains unclea

rom these studies whether E47 phosphorylation occu
he same residues in myoblasts vs myotubes. Interest
DO, an Ig superfamily member activated by cell-to-
ontact, promotes hetero-dimer formation between M
nd E12/47, most likely by inducing hyperphosphoryla
f E-proteins[147]. It will be interesting to know whethe
DO mediates the activation of p38 pathway in resp

o cellular confluence. As myogenic bHLH and MEF2 p
eins synergistically activate muscle-gene expression,
onceivable that p38 promotes the transcription of mu
enes also by targeting a common regulator of these

eins. The demonstration that p38� and � kinases direc
he recruitment of the SWI/SNF complex on muscle-g
egulatory regions[57] has provided a direct link betwe
xtra-cellular signal activated kinases and chromatin re
ling [148]. p38-dependent recruitment of SWI/SNF co

ates with the engagement of hyper-phosphorylated, a
olII holoenzyme to muscle-gene promoters[57]. As poly-
erase II holoenzyme contains SWI/SNF components,
ediated recruitment of PolII could be either a consequ
f SWI/SNF phosphorylation or an independent event.
bility of p38 kinases to recruit chromatin-modifying co
lexes, such as SWI/SNF, to their target promoter
esponse to environmental cues is not unprecedente
east, the p38 functional homologous, Hog1 kinase, acti
TF/CREB-dependent transcription, in response to osm
tress, by favoring the recruitment of SWI/SNF to osmo
nducible promoters[149]. Interestingly, both p38 and Hog
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have been detected on the chromatin of target promoters,
associated with PolII[57,70,149]. And physical interactions
have been described between Hog1 and p38 with PolII and
general components of the transcription machinery[150].

One mechanism by which p38 recruits SWI/SNF to target
promoters can rely on direct phosphorylation of the struc-
tural SWI/SNF sub-unit BAF60[57]. BAF proteins provide
the surface for interactions between SWI/SNF and sequence-
specific transcription factor[151–154]. The heterogeneity
and cell-type specific distribution of SWI/SNF structural
BAF sub-units can account for the specificity of the SWI/SNF
recruitment at discrete loci in response to external signals in
different cell lineages. For instance, there are three BAF60
isoforms (a, b and c) described to date[154], with BAF60c
abundantly expressed in cardiac and skeletal muscles[153].
Genetic ablation of BAF60c in mice selectively impairs car-
diac and skeletal muscle differentiation during embryogen-
esis[155], suggesting that BAF60c is a key molecule in the
activation of differentiation genes of the myogenic lineage.
We have observed that p38� and � kinases preferentially
phosphorylate BAF60c in vitro (SVF and PLP unpublished
results). Thus, an important function of BAF60c could be to
receive the information transmitted by cytoplasmic cascades
(e.g. the p38 signaling) and broadcast it to other SWI/SNF
members and chromatin-bound proteins, thereby allowing
the myogenic transcriptosome to adopt the conformation per-
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keeping with the notion that MyoD–E47 interactions only
occur upon activation of the p38 pathway, it is possible that
MyoD–E12/47 hetero-dimer formation is required for inter-
action with SWI/SNF. MEF2 also interact with SWI/SNF
[59,134], and this binding could take place independent of
MRFs, and could be regulated by p38-dependent phosphory-
lation of both SWI/SNF and MEF2 proteins.

The p38 pathway regulates expression of muscle genes
also by direct phosphorylation of additional regulatory
proteins. p38-mediated phosphorylation of the p160 myb-
binding protein (p160-MBP), a repressor of the PPAR�
coactivator 1� (PGC-1�), disrupts p160/PGC-1� inter-
action, leading to PGC-1�-mediated transcription of genes
involved in the regulation of metabolic processes, (e.g. mito-
chondrial biogenesis and respiration) in response to cytokines
or �-adrenergic signaling[159]. Finally, a role of p38 in the
control of post-transcriptional events is suggested by the abil-
ity of p38 kinases to attenuate the decay of mRNA containing
AU-rich elements (ARE)[160]. As several muscle transcripts
contains ARE, it is possible that p38 regulates the stability of
nascent transcripts. Given the ability of 38 kinases to affects
multiple events of muscle gene transcription, from transcrip-
tosome assembly to mRNA stabilization, they can be defined
the “master-regulators of the muscle-gene factory”.
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SWI/SNF is also implicated in the regulation of cell cy
rrest, when recruited on promoters of proliferation ge
e.g. cyclins), via interaction with pRb[156,157]. In this con-
ext, SWI/SNF provides an inhibitory function on transc
ion of target genes, as part of the pRb-associated com
hich establishes the cell cycle withdrawal during term
ifferentiation[158]. Given the cytostatic activity of the p3
athway in differentiating myoblasts[140,141], it will be

nteresting to determine whether p38 kinases also reg
WI/SNF recruitment into the pRb-associated co-repres
omplex.

A careful analysis of the interactions reported betw
RFs, MEF2 and chromatin-modifying enzymes, and t

egulation by p38 kinases, leads to the formulation
tepwise model of assembly of the myogenic trans
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300, SCR1a or p/Cip occurs in vitro, in the abse
f E12/47 and MEF2 proteins[104,105,107,111], and
yoD/acetyltransferase interactions are detectable alrea
yoblasts[105,107,108,111], suggesting that MyoD hom
imers can bind acetyltransferases. The N-terminal of M
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300, PCAF, SRC and p/CIP[107,108,111]. As p38 block
de prevents MyoD–E47 interaction, but is permissve
yoD binding to the DNA [57,59], it is likely that in

he absence of p38 signaling, MyoD homo-dimers f
nteractions with acetyltransferases on target promote
mpact of the p38 pathway should be considered within
ontext of biological systems, such as somitogenesis
uscle regeneration, which are regulated by a more
lex environmental network—e.g. lateral cues from o

issues. In this respect, it is worthy to note that one in
xperiment of p38 blockade, by its soluble inhibitor S
erformed in limb buds, produced a surprising increas
yotube formation—an effect reproduced by co-cultu
yoblasts with limb mesenchimal cells[161]. In contrast
e Angelis et al. reported that transplacental injection o
38 inhibitor SB203580 resulted in the inhibition of my
enic differentiation in somite cultures and in embryo
ivo [162]. The same study also shows that the commitm
o the myogenic lineage is not appreciably affected by
nhibition, since the activation of an early marker of myoge
ommitment (Myf5) occurs normally when p38 signalin
nhibited. Collectively, the results reported above unders
he importance of the microenvironment in directing the fi
ffect of the p38 pathway in physiological contexts and i
ates that the p38 pathway can provide an ambiguous s
or muscle differentiation. The timing of p38 activation,
ignal-dependent upstream p38 regulators, and the pa
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etermine the final impact of the p38 signaling on the m
enic program. Consistent with such a context-depen
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ion, leading to down-regulation of muscle gene expres
n cardiomyocytes[164]. Cross-talk with other cytoplasm
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Fig. 3. Different stages of myoblast proliferation, with or without hyperacetylated promoters. In myoblasts exposed to mitogens the presence of deacetylase
on muscle regulatory regions inhibit local hyperacetylation. Differentiation is induced by mitogen withdrawal and exposure to IGF or insulin. In the absence of
p38 activity (e.g. by experimental p38 blockade with SB), IGF- or insulin-mediated signaling is sufficient to promote the hyperacetylation at muscleregulatory
regions; however, cell cycle arrest and gene transcription are not induced until the p38 pathway is induced (or is resumed upon SB removal). Thus, the
simultaneous interference with p38 signaling to the chromatin of muscle genes and exposure to IGF1 can expand of population of proliferating myoblasts,
which are “primed” for differentiation by hyperacetylation at muscle loci. An equivalent effect can be obtained by exposing myoblasts to deacetylase inhibitors.
This model can explain the enhanced differentiation potential of IGF- or TSA-treated muscle cells, and can inspire pharmacological strategies to enhance the
efficiency of muscle regeneration.

cascades also contributes to determine the biological out-
come of the p38 signaling. The mutually exclusive pattern
of activation of ERK and p38 pathways during myoblast-
to-myotube transition[19] suggests that these two cascades
can regulate each other’s activity. Indeed, p38 pathway can
inhibit the Ras pathway[165], and MKK6/3-dependent acti-
vated p38 kinases inhibit ERK signaling[166]. On the other
hand, in myoblasts, mitogen-activated Ras signaling can
down-modulate or re-direct the p38 pathway toward other
functions[167]. Furthermore, differentiation-activated p38
induces NF�B-activity in differentiating myoblasts[27].

By contrast, p38 and IGF1/Pi3K pathways proceed as par-
allel pathways in the cytoplasm of differentiating myoblasts
[19,127]. As these two pathways appear to converge in
the nucleus, their functional interdependence could be envi-
sioned at the chromatin level. In this respect, it is interesting
to note that p38 blockade in myoblasts exposed to IGF1-
activated signaling, without the presence of mitogens, allows
the partial formation of a myogenic transcriptosome, contain-
ing muscle-transcription factors and acetyltransferases, and
leading to the hyperacetylation of muscle promoters in prolif-
erating myoblasts[57]. This evidence suggests that the ability
of IGF1 to stimulate both proliferation and differentiation of
muscle cells[168] is strictly dependent on the timing of p38
activation. In the absence of p38 signaling, IGF1 stimulates
proliferation of myoblasts, while promoting hyperacetylation
a tion,
S nic
t scrip-
t n of
t vert
t nic
p table
i ce
o iated
m F1

signaling and p38 pathway during regeneration should be
defined by future studies, as it could provide an interesting
target for pharmacological interventions aimed at expanding
a large population of myoblasts “primed” by IGF to differen-
tiate upon the activation of p38 kinases (Fig. 3). It is obvious
that chromatin targets of the p38 pathway, such as BAF60,
are interesting candidates for screening directed toward the
identification of agents that can modulate the efficiency of
muscle regeneration.

Finally, it will be interesting to establish the relationship
between signal transduction pathways and novel regulators
of gene expression, such as micro-RNA, and how the nuclear
architecture changes in response to environmental cues.

7. Conclusion

The results summarized in this review indicate the poten-
tial importance of transcription modulation in regenerative
medicine. Deacetylase inhibitors provide an example of phar-
macological interference on chromatin events (e.g. deacety-
lation) exploitable for therapeutic purposes. Exposure of
myoblasts to deacetylase inhibitors leads to the anticipated
hyperacetylation of both MyoD and the histones surrounding
MyoD-binding sites, and results in the earlier transcription
of muscle genes and in the formation of hypernucleated
m t
o atin
g of
m gen-
e tors
e ger
t the
c ble
f dies
o d that
t muscle-gene regulatory elements. Upon p38 activa
WI/SNF chromatin recruitment imparts to the myoge

ranscriptosome the competence to activate gene tran
ion, and promotes cell cycle arrest. Thus, the activatio
he p38 pathway during myoblast differentiation can con
he IGF1- from a mitogenic signaling into a pro-myoge
athway. Interestingly, induction of p38 kinases is detec

n activated satellite cells[169], suggesting that this sequen
f events can determine the efficiency of satellite-med
uscle regeneration. The timing of activation of the IG
yotubes with an increased size[170]. A relevant targe
f deacetylase inhibitors in muscle cells is the follist
ene [171]. Follistatin is the physiological antagonist
yostatin—a negative regulator of muscle mass and re
ration[172,173]. Muscles exposed to deacetylase inhibi
xpress high levels of follistatin and form myofibers lar
han normal[171]. Deacetylase inhibitors are used in
linical practice[174,175], and can be therefore exploita
or pharmacological modulation of muscle mass. Stu
n mouse models of neuromuscular diseases showe
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myostatin blockade counters the dystrophic phenotype in
MDX mice [176,177]. Future studies will determine the
suitability of deacetylase inhibitors as a potential pharma-
cological agent to increase muscle mass in the treatment
of muscular disorders via follistatin-mediated blockade of
myostatin.

It should be emphasized that targeting cellular deacety-
lases generally affects gene expression, hence can gen-
erate several side effects. Therefore, the identification of
promoter-specific targets of signaling pathways is imperative
to increase the selectivity of pharmacological interventions.
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