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Mechanisms underlying the transcriptional regulation of

skeletal myogenesis

Vittorio Sartorelli and Giuseppina Caretti

During skeletal myogenesis, chromatin-modifying enzymes are
engaged at discrete genomic regions by transcription factors
that recognize sequence-specific DNA motifs located at
muscle gene regulatory regions. The composition of the
chromatin-bound protein complexes and their temporally and
spatially regulated recruitment influence gene expression.
Recent findings are consistent with the concept that chromatin
modifiers play an important role in regulating skeletal muscle
gene expression and cellular differentiation.
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Introduction

The specification, proliferation and terminal differentia-
tion of skeletal muscle cells is controlled by the combi-
natorial activities of several transcription factors. Pivotal
in the biology of skeletal muscle cells are the myogenic
basic helix—loop-helix (hbHLLH) MyoD, Myf5, myogenin
and Mrf4 proteins. After interaction of these proteins with
the ubiquitously expressed bHLLH E proteins, the result-
ing myogenic bHLH-E heterodimers bind to and reg-
ulate expression from the E-box, a specific DNA motif
present at muscle gene enhancers and/or promoters.
Additional activators such as members of the MEF2
and SRF families of MADS-box transcription factors
co-regulate muscle gene transcription.

The interactions of transcription factors with enzymes
that modify the structure of the nucleosome — the basic
unit of chromatin — enable temporally regulated forma-
tion and recruitment of specific protein complexes at the
chromatin of discrete muscle gene loci. Post-translational
modifications (i.e. phosphorylation, acetylation, methyla-

tion, sumoylation [1], ubiquitination, ADP-ribosylation
and possibly others) induced by the transcription factor-
bound enzymes on nucleosomal and linker histones, and
on transcription factors themselves have profound effects
on gene expression. The binding of specific transcription
factors to chromatin, and the composition and enzymatic
activities of chromatin-bound protein complexes deter-
mine whether a specific gene will be transcribed or not.

In this review, we focus on recent advances in our under-
standing of the role of chromatin modifications as they
pertain to skeletal muscle gene transcription

Absence of gene activation and/or
transcriptional repression in skeletal

muscle cells

MyoD, Myf5 and E proteins are expressed in undiffer-
entiated myoblasts yet, in this cellular context, they do
not activate transcription. Once extracellular cues are
interpreted by the undifferentiated myoblasts as pro-
differentiation signals, MyoD and Myf5 become tran-
scriptionally competent and activate the skeletal
myogenic program. It appears that multiple and distinct
mechanisms ensure that transcription is not prematurely
activated in undifferentiated muscle cells.

Recruitment of actively suppressing protein complexes
on the chromatin of muscle gene regulatory regions

In addition to the mechanisms — such as formation of E—
Id1 protein complexes, and possibly MyoD hypoacetyla-
tion — that prevent binding of MyoD to its DNA targets,
it is of interest to consider those that repress transcription
through the recruitment of actively suppressing protein
complexes on the chromatin.

The silent information regulator 2 (Sir2; the mouse
homolog of human SIRT1) belongs to the histone dea-
cetylase (HDAC) III family of enzymes. The activity of
HDAC III enzymes is stimulated by the cofactor nicoti-
namide adenine dinucleotide (NAD™) and repressed by
nicotinamide (NAM) [2]. Sir2 controls several important
biological processes, including transcriptional silencing,
aging, DNA recombination and repair, and apoptosis.
Some — if not all — of these functions require that
Sir2 be recruited on the chromatin. Given that Sir2 does
not bind specific DNA elements, how is it directed to
specific chromatin domains? In some instances, Sir2
directly interacts with transcription factors such as p53;
in others, Sir2 is ‘piggy-backed’ to chromatin through its
interaction with histone-modifying enzymes, which, in
turn, interact with specific DNA-binding proteins. In cell
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2 Differentiation and gene regulation

extracts derived from undifferentiated myoblasts, Sir2 is
found in a protein complex containing the acetyltransfer-
ase pCAF (p300/CBP-associated factor) and MyoD. This
protein complex might associate with the chromatin of
selected muscle gene enhancer and/or promoters that are
bound by MyoD in undifferentiated myoblasts (Figure 1a
and see also ‘Myogenic bHLH binding not followed by
gene activation’). The ability of Sir2 to deacetylate H3K9
and H3K14 correlates with repression of muscle gene
expression and cell differentiation. Indeed, whereas over-
expression of Sir2 retards muscle differentiation, a Sir2

mutant devoid of deacetylase activity no longer contrasts
myotube formation [3]. Sir2 can also be detected, in
conjunction with pCAF and MyoD, on the chromatin
of actively transcribed muscle gene-specific promoters
and/or enhancers. Given that the [NAD*]/[NADH] ratio
decreases as muscle cells differentiate, the deacetylase
activity of the chromatin-bound Sir2 might decline during
this process. Alternatively, high levels of NAM might
inhibit  Sir2 activity in differentiated myotubes
(Figure 1b). The acetyltransferase activities of pCAF
[4] and p300 [5] are stimulated by autoacetylation and
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The presence of specific protein complexes at the chromatin of muscle loci correlates with defined histone modifications and transcriptional
activity. (@) In undifferentiated myoblasts, a protein complex containing MyoD, pCAF and Sir2 is detected at transcriptionally inactive muscle
regulatory regions. Lysines 9 and 14 of histone H3 are hypoacetylated. Interaction of NAD* with Sir2 is required to stimulate Sir2 deacetylase
activity. (b) Upon induction of muscle differentiation, the protein complex is still detected on the chromatin, but lysines 9 and 14 become
hyperacetylated and transcription is initiated. The [NAD*)/[NADH] ratio is reduced and nicotinamide (NAM) might inhibit Sir2. (c) The transcription
factor YY1 recruits the Polycomb Ezh2 methyltransferase and HDAC1 deacetylase at specific inactive muscle loci. Lysine 27 of histone H3 is
methylated by Ezh2, and several other lysines are hypoacetylated. The transcription factor Msx1 interacts with the linker histone H1 in a region
where lysines 9 and 14 of histone H3 are hypoacetylated and lysine 9 is methylated. (d) Transcriptional activation is associated with loss of the
YY1-Ezh2-HDAC1 complex and recruitment of the transcription factors SRF, MyoD and associated chromatin-remodeling SWI-SNF complex
and histone acetyltransferases (HATs). The p38 kinase interacts with and phosphorylates the BAF60 subunit of SWI-SNF and phosphorylates
E12/E47 and MEF2C, which, in turn, recruits the RNA polymerase Il complex. Formation of the activating protein complex coincides with lysine

hyperacetylation, lysine 27 demethylation and MyoD acetylation.
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Mechanisms underlying the transcriptional regulation of skeletal myogenesis Sartorelli and Caretti 3

are required to activate muscle gene expression. The
ability of Sir2 to deacetylate both pCAF [3] and p300
[6], and the physical proximity of these proteins on
muscle regulatory regions might offer a finely tunable
mechanism for the rapid and reversible adjustment of
muscle gene expression in response to changing meta-
bolic muscle demands that occur during development and
in the adult life.

An additional inhibitory complex found at muscle gene
regulatory regions contains the Polycomb group protein
Enhancer of zeste 2 (Ezh2), a histone lysine methyltrans-
ferase (HKMT) that promotes transcriptional repression.
Overexpression of Ezh2 in either established or primary
skeletal muscle cells contrasts muscle gene expression
and cell differentiation, a phenomenon that is dependent
on the HKM'T activity of Ezh2 [7°°]. A protein complex
comprising the transcription regulator YY1, Ezh2 and
HDACTI can be detected on the chromatin of selected
muscle gene regulatory regions when their correspondent
genes are inactive and lysine 27 of histone H3 (H3K27) is
hypermethylated (Figure 1c). Transcriptional activation
that accompanies skeletal muscle differentiation is char-
acterized by loss of YY1, Ezh2 and HDACI, and recruit-
ment of the transcriptional activators MyoD and SRF
(Figure 1d). Chromatin engagement of Ezh2 relies on
YY1, because reducing the levels of YY1 by RNA inter-
ference results in a lack of Ezh2 recruitment. Intriguingly,
PRC4 (Polycomb repressor complex 4) contains both
Ezh2 and SIRT1 [8], and Sir2 is required for Poly-
comb-mediated silencing [9]. These observations suggest
the possibility that SIRT1 might be recruited on the
chromatin by both MyoD-dependent (mediated by the
MyoD-pCAF-SIRT1 complex) and MyoD-independent
(YY1-Ezh2-SIR'T'1) pathways, and that Sir2 and Ezh2
might cooperate in repressing muscle gene expression.
The Ezh2 complex might not regulate expression of
every muscle-specific gene. For instance, myogenin
expression does not seem to be influenced by Ezh2
[7°°]. The HKMT Suv39H1 and the associated HP-1,
HDAC4 and HDACS proteins might negatively regulate
myogenin expression [10], because its promoter is methy-
lated at H3K9 [11] — a hallmark of Suv39H1 activity —
and is hypoacetylated in undifferentiated myoblasts.
Consistently, Suv39H1 expression plunges in differen-
tiated myotubes [12]. Nonetheless, using RNA interfer-
ence to reduce the levels of SUV39H1 in myoblasts
prevents their differentiation, perhaps through an indirect
mechanism related to the ability of Suv39H1 to silence
S-phase genes [12].

Why would multiple HDACs and HKM'T's be required to
repress muscle gene expression? Muscle gene activation
is a temporally regulated phenomenon, with some genes
being activated earlier than others. The overall pattern of

methylation and acetylation established by a given com-
bination of HKMTs and HDACs might determine

whether histones will assume a conformation that is easily
‘permissive’ to transcription factors — in the case of genes
activated at earlier stages — or more difficult for tran-
scriptional machinery to penetrate — in the case of genes
activated at later stages of myogenesis.

In addition to nucleosomal core histones, linker histones
also participate in muscle gene regulation. Overexpres-
sion of either the homeoprotein Msx1 or the linker
histone H1b represses muscle gene expression. Further-
more, overexpressed Msx1 interacts with histone H1b,
and both proteins are found at the enhancer region of
MyoD, where they increase H3K9 methylation, reduce
acetylation of H3K9 and H3K14, and decrease phosphor-
ylation of H3S10 (Figure 1c) [13°°]. Co-expression of
Msx1 and H1b in Xenopus results in synergistic repression
of MyoD expression. These findings predict that when
muscle-specific transcription is activated H1b and Msx1
will be either removed from the chromatin or inactivated.
Whether association of endogenous Msx1 and H1b with
the MyoD enhancer and regulatory elements of other
genes 1s developmentally regulated in muscle cells
remains to be determined.

Myogenic bHLH binding not followed by gene activation
Chromatin immunoprecipitation (ChIP) coupled with
mouse promoter DNA microarray hybridization (ChIP-
chip) has enabled the identification of approximately 200
genes bound by MyoD and/or myogenin and MEF2 [14°].
Of its approximately 100 target genes, MyoD bound to
half in undifferentiated myoblasts and the other half in
differentiated myotubes. Several targets bound by MyoD
were activated neither in myoblasts nor in myotubes.
Others were activated only in either myoblasts or myo-
tubes. These findings are intriguing and raise several
questions: which are the mechanisms that impede tran-
scriptional activation of some of the target genes bound
by MyoD in myoblasts? How is it that other targets are
recognized and activated by MyoD in myoblasts? Finally,
how does MyoD discriminate, in terms of binding,
between different targets? Several — not mutually exclu-
sive — hypotheses can be formulated to explain these
observations: (i) in myoblasts, MyoD might form tran-
scriptionally futile homodimers that can bind some
targets but are unable to promote transcription; (ii)
MyoD-mediated recruitment of chromatin-remodeling
machines and/or the acetyltransferase p300 and pCAF
might be ineffective in myoblasts; (iii) the presence of
suppressive protein complexes, such as the PcG Ezh2, on
the neighboring chromatin might counteract the activity
of chromatin-bound MyoD complexes; (iv) MyoD might
engage HDACs such as HDAC1 and/or Sir2 on the
chromatin and prevent gene activation; (v) differences
in the composition of DNA modules present in the
regulatory regions and subtle variations in the MyoD
DNA-binding sites might influence the affinity of MyoD
for different targets and/or affect the ability to recruit
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4 Differentiation and gene regulation

additional factors, such as MEF2 and SRF, and distinct
co-activators and/or co-repressors.

Activation of muscle gene expression

MyoD-E protein heterodimer formation

Formation of myogenic-E bHLH heterodimers is
required for productive DNA-binding and transcriptional
activation. CDO (cAMP response element decoy oligo-
nucleotide), a cell surface receptor of the Ig superfamily
that is expressed in muscle precursor cells and other cell
types, favors muscle differentiation, and Cdo™'~ mice
show delayed myogenesis. CDO increases phosphoryla-
tion of the E proteins and enhances formation of MyoD-
E protein heterodimers [15]. Similarly, the p38 kinase
stimulates formation of MyoD-E protein heterodimers
[16]. Given that CDO does not seem to have Kkinase
activity on its own, it is possible that its influence on
MyoD-E heterodimer formation is mediated by p38
kinase.

MyoD binding to chromatin targets — direct and
indirect binding modalities

The binding of MyoD to selected regulatory regions is
followed by chromatin remodeling. Two domains of

Figure 2

MyoD — a histidine- and cysteine-rich region (H/C
domain) at the N terminus, and a C-terminal region
forming an amphipathic o helix (helix III domain) —
are required to mediate chromatin modification. Interest-
ingly, different regions of MyoD mediate activation of
distinct subset of genes during myogenesis. Activation of
the myogenin locus requires the H/C and helix III
domains of MyoD. These two domains of MyoD enable
it to bind stably to the myogenin promoter through a non-
canonical E-box — by protein—protein interaction with an
adjacent complex containing the homeodomain proteins
Pbx and Meis (Figure 2a,b) [17°°]. Given that the Pbx—
Meis complex is bound to the myogenin promoter before
transcriptional activation of the gene (Figure 2a), it might
serve as a mark for recruitment of MyoD and subsequent
gene activation. The H/C and helix IIT domains of MyoD
are not conserved in myogenin, suggesting the possibility
that genes marked by Pbx—Meis in skeletal muscle cells
might be selective targets of MyoD. In a separate
instance, MyoD has been reported to be recruited on
the retinoblastoma promoter through interaction with the
cyclic AMP-responsive element CRE in a protein com-
plex containing CREB, p300 and pCAF (Figure 2c¢) [18].
Therefore, MyoD can interact directly with the E-box,

Retinoblastoma promoter

Activated myogenin promoter

Current Opinion in Genetics & Development

Indirect recruitment of MyoD at specific muscle promoters. (a) The myogenin promoter is constitutively occupied by a protein complex containing
the homeodomain protein Pbx in undifferentiated myoblasts. (b) Interaction of MyoD-E12 heterodimers with non-canonical E-boxes of the
myogenin promoter is stabilized through interaction with the Pbx complex, and coincides with transcriptional activation. (c) MyoD is indirectly
recruited on the promoter of the retinoblastoma gene through interaction with a p300-pCAF complex associated with phosphorylated CREB

bound to a DNA CRE element.

Current Opinion in Genetics & Development 2005, 15:1-8
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Mechanisms underlying the transcriptional regulation of skeletal myogenesis Sartorelli and Caretti 5

with non-canonical E-boxes or with alternative DNA
binding sites, provided that it is assisted by other tran-
scription factors.

Recruitment of chromatin-remodeling and HAT

protein complexes

Binding of MyoD to DNA is required but not sufficient to
promote transcription [14°]. In some instances, MyoD
binding is not followed by transcriptional activation; in
others, there is a significant delay between binding of
MyoD and gene activation [19]. The distinct behavior of
MyoD at different chromatin targets is probably dictated
by the differential engagement of MyoD-associated fac-
tors. The chromatin-remodeling SWI-SNF factor inter-
acts with and promotes MyoD activity. The SWI-SNF
subunit BAF60 is phosphorylated by the p38 kinase,
which can be found at myogenic loci (Figure 1d)
[20°°]. Indeed, forced activation of the p38 kinase path-
way by a constitutively active form of MKK6 favors SWI-
SNF chromatin recruitment, facilitates binding of MyoD
and MEF2, and recruitment of RNA polymerase II
(Figure 1d), and anticipates expression of late-activated
genes at early stages of muscle differentiation [21°].
Pharmacological blockade of p38 prevents SWI-SNF
recruitment and impedes muscle gene expression without
affecting either binding of MyoD or recruitment of
HATTs. Given that the p38 kinase activity is necessary
for the expression of a restricted subset of genes regulated
by MyoD [19], other kinases might regulate recruitment
of SWI-SNF at different myogenic loci. Alternatively,
additional chromatin-remodeling complexes might be
involved in modulating muscle gene expression. In addi-
tion to its recruitment of chromatin-remodeling com-
plexes, MyoD also recruits p300 and pCAF. Both
MyoD and histones are substrates of p300 and pCAF
acetyltransferase activities. The development of a MyoD-
dependent 7z vitro transcription system has enabled the
clarification of the distinct roles played by these two
acetyltransferases in muscle-specific transcription [22°].
Initially, p300 acetylates histones H3 and H4 and, sub-
sequently, pCAF acetylates MyoD, with both proteins
synergistically activating transcription of a nucleosomal
MyoD-target template. Therefore, p300 and pCAF exe-
cute sequential and distinct but coherent functions.
Members of the p160 family of co-regulators impose an
additional level of control on MyoD function. Although
both SRC1A and p/CIP interact with and co-activate
MyoD, GRIP1 inhibits it. Interestingly, GRIP interacts
with MyoD regions that are required to recruit SRC1A,
pCIP and p300, suggesting the possibility that a competi-
tion between these cofactors might regulate MyoD activ-
ity [23]. An indirect mechanism converging on MyoD
activation entails removal of the inhibition exerted by
HDAC4 on MEF2C. The interferon-related develop-
mental regulator PC4 associates with MEF2C and, in
doing so, displaces HDAC4 from MEF2C, thereby indir-
ectly promoting MyoD activity [24].

Role of non-muscle-restricted transcription
factors and cofactors in skeletal myogenesis
SRF regulates muscle gene expression through its inter-
action with a variety of co-regulatory proteins, including
members of the myocardin family. To overcome the
embryonic lethality of §7/~/~ animals, S7f was specifically
inactivated in skeletal muscle, using skeletal muscle-
specific transgenes encoding Cre recombinase. Skeletal
muscles derived from animals lacking 87/ expression
displayed smaller multinucleated muscle fibers, and
the animals died during the perinatal period with severe
skeletal muscle hypoplasia [25]. Skeletal and cardiac-a
actin transcripts were reduced in these animals whereas
other muscle-specific transcripts were not affected. A
similar phenotype was obtained in transgenic animals
overexpressing a dominant negative mutant form of a
myocardin family member [25], thus suggesting that the
effects of SRF on the muscle maturation might be
ascribed to its ability to recruit myocardin.

MEF2C and MEF2D cooperate with myogenic bHLLH to
activate muscle gene expression. Association of class [1a
HDACGCs with MEF2C and MEF2D promotes their
sumoylation by SUMO2 and SUMO3 enzymes, respec-
tively. Sumoylation reduces the transcriptional activity of
the MEF?2 proteins, and, accordingly, the SUMO pro-
tease SENP3 reverses sumoylation and augments the
transcriptional and myogenic activities of MEF2 proteins.
It remains to be determined if and when sumoylation and
desumoylation of endogenous MEF2 proteins occur in
skeletal muscle cells [26].

Members of the Wnt family of secreted glycoproteins
promote expression of Pax3, MyoD and Myf5, and forma-
tion of the trunk skeletal muscles. Recent studies have
established that such induction is mediated by the cAMP-
activated protein kinase A through the activity of the
transcription factor CREB [27°°]. In CREB-deficient
mice, Pax3, MyoD and Myf5 are not expressed, and myo-
tome formation is defective. Furthermore, Wntl or Wnt7
can induce myogenesis in explants containing muscle
precursor cells, and this phenomenon is associated with
increased phosphorylation of CREB. Whether CREB
directly or indirectly regulates expression of the myogenic
bHLH and Pax3 remains to be determined. Nonetheless,
it is of interest to note that CREB phosphorylation
enables recruitment of p300, and that mice lacking either
the CREB protein [27°°] or the acetyltransferase activity
of p300 [28] have impaired expression of the myogenic
bHLH, suggesting the possibility that CREB and p300,
perhaps through direct interaction, might be required for
activation of the myogenic program.

The retinoblastoma (Rb) tumor suppressor protein is
involved in skeletal myogenesis by promoting the expres-
sion of late skeletal muscle differentiation markers.
Results obtained using muscle-restricted and temporally
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Figure 3
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Hierarchical relationships of muscle regulatory factors. (a) Pax3, Myf5 and Mrf4 activate MyoD. Myf5, Mrf4 and MyoD can act as specification
genes, whereas myogenin is required for differentiation of specified myoblasts into myotubes, and Mrf4 is involved in myofiber formation.

Pax7 is required for satellite cell specification. (b) In the absence of both MyoD and Myf5, skeletal muscle is formed as long as expression of

Mrf4 is not perturbed. Functional inactivation of Mrf4 — a consequence of genetic ablation of Myf5 in MyoD ™'~ Myf5~'~ double mutant mice — results

in the lack of skeletal muscle.

regulated ablation of the R/ gene in mice indicate that Rb
is required for the differentiation of myoblasts into myo-
tubes but is dispensable for the maintenance of the
terminally differentiated state of muscle cells [29].
Differentiation of R/-null myotubes and expression of
myosin-heavy chain were indistinguishable from those of
Ro-positive myotubes. Although similar results have been
reported when R/ was excised by adenoviral-mediated
Cre recombinase in cultured myotubes [30], microarray
assays conducted in this study showed that muscle gene
expression was significantly reduced in R6~'~ myotubes,
suggesting that the continuous presence of Rb is required
for optimal muscle transcription.

Hierarchical organization of the myogenic
basic helix-loop-helix proteins: a paradigm
to be revised

Both MyoD and Myf5 are thought to specify the skeletal
muscle phenotype, because double-mutant mice (MyoD '~
Myf5~'7) completely lack skeletal muscle fibers and myo-
blasts, and have precursor cells that remain multipotent
— with the ability to change their fate towards cell
lineages other than muscle. Myogenin and Mrf4 are
hierarchically downstream of MyoD and Myf5 and are
involved in muscle differentiation and myofiber forma-
tion, respectively (Figure 3a). The results of a recent
study challenge this paradigm by demonstrating that
normal skeletal muscle develops in the absence of both

MyoD and Myf5, as long as Mrf4 expression is not
compromised (Figure 3b) [31°°]. Indeed, Mrf4 expression
can be detected, albeit transiently, in muscle progenitor
cells before myotome formation and before MyoD expres-
sion, and might, therefore, have a role in instructing these
cells to adopt the skeletal muscle phenotype. How can
the discrepancies between the phenotype of MyoD ™'~
Myf5~'~ previously described and that reported in this
study [31°°] be reconciled? M7f4lies immediately upstream
of Myf5, and, following insertion of foreign sequences,
sequences regulating Mrf4 expression and located in the
vicinity of the Myf5 locus might be affected [32].

Conclusions and future perspectives
Among several areas of interest, the following are worth
considering for future investigation:

1. Characterization of the transcriptional mechanisms
operating in satellite cells.

2. Re-evaluation of the hierarchical relationships among
the myogenic bHLLH proteins during development.

3. Clarification of the issues related to the phenotype of
resident and non-resident adult muscle stem cells and
their transcriptional circuitries.

4. Use of small molecules that modulate the activity of
chromatin remodeling and HATs and/or HDACs to
influence muscle gene expression, differentiation and
regeneration.

Current Opinion in Genetics & Development 2005, 15:1-8
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The study of the transcriptional regulators governing
myogenesis, and the possibility of pharmacologically
modulating their activities will eventually lead to a de-
tailed understanding of the mechanisms involved in es-
tablishing cell-lineage commitment, with potential
therapeutic implications.

Update

Recently, cells originating from the central dermomyo-
tome and expressing the paired box proteins Pax3 and
Pax7 have been shown to constitute muscle progenitor
cells giving rise to skeletal muscle cells of the trunk and
limbs. Furthermore, Pax3"/Pax7" progenitors adopt a
satellite position from late fetal stages, suggesting that
most, if not all, satellite cells are derived from the central
dermomyotome [33°°-35°°].
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