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Abstract
Muscle regeneration provides a paradigm by which to study how extrinsic signals coordinate gene
expression in somatic stem cells (satellite cells) by directing the genome distribution of chromatin-
modifying complexes. Understanding the signal-dependent control of the epigenetic events
underlying the transition of muscle stem cells through sequential regeneration stages holds the
promise to reveal new targets for selective interventions toward repairing diseased muscles. This
review describes the latest findings on how regeneration cues are integrated at the chromatin level
to build the transcription network that regulates progression of endogenous muscle progenitors
throughout the myogenic program. In particular, we describe how specific epigenetic signatures can
confer responsiveness to extrinsic cues on discrete regions of the muscle stem cell genome.

Self-renewal in adult organisms and genome reprogramming in ‘muscle stem
cells’ by regeneration cues

Tissue and organ progenitors are referred to as adult ‘somatic stem cells’ (SSCs) because of
their functional similarities to embryonic stem cells (ESCs), including the capacity for long-
term self-renewal and the potential to commit to multiple lineages. However, key differences
exist between ESCs, which are totipotent and can adopt virtually all lineages, and SSCs, which
are located within differentiated tissues and organs, have restricted ‘potency’, and provide an
immediate reservoir of tissue-specific progenitors [1].

Satellite cells are adult muscle stem cells (MSCs) that regenerate diseased or injured skeletal
muscles and support the self-renewal of myofibers during post-natal life [2]. Recent studies
have demonstrated a heterogeneous composition within the satellite cell population [3–5].
Moreover, additional populations of putative MSCs distinct from satellite cells have been
described [6,7]. Because all MSCs are exposed to the same cues released in the regenerative
environment [8], a key issue in regenerative medicine is to understand how intracellular
cascades convert regeneration cues into the information that coordinates gene expression in
different sub-populations of MSCs.

The interplay between extrinsic signals and the epigenetic profile of MSCs is an area of
particular interest. The regeneration signals are broadcast at the chromatin level to generate
specific epigenetic signatures which, in turn, contribute to confer responsiveness to
regeneration cues on discrete loci. The reciprocal regulation between extracellular signal-
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activated pathways and the epigenetic events that control gene transcription in MSCs are the
central themes of this review.

Reprogramming of the genome in satellite cells
Upon changes in environmental cues, stem cells extensively reprogram their genome toward
a specific pattern of gene expression that establishes the tissue-specific phenotype. This process
is achieved epigenetically, via the genome re-distribution of chromatin-modifying enzymes,
in response to intracellular cascades activated by the extrinsic cues [9,10]. The epigenetic
profile of MSCs consists of a variety of chromatin modifications that are transmitted along the
transition through sequential stages of the regeneration program and establish the ‘memory’
of an active or repressive gene state. These modifications contribute to reprogram the MSC
genome toward a differentiated phenotype. The recruitment of chromatin-modifying enzymes
and the consequent deposition of epigenetic marks at specific loci are directed by the interplay
between sequence-specific transcription factors, chromatin-associated kinases activated in
response to extracellular signals, and interactions with modified histones [10].

During skeletal myogenesis, the nuclei of MSCs are sequentially reprogrammed to first adopt
and then maintain the myogenic identity (proliferation stage), and eventually to differentiate
into myotubes. Thus, the transition from muscle progenitors to terminally differentiated
muscles entails coordinated repression and activation of specific subsets of genes. The skeletal
muscle lineage is determined by the expression of transcription factors that establish myogenic
identity (e.g. the paired-homeobox Pax3 and Pax7, and the muscle-specific basic helix–loop–
helix [bHLH], MyoD and Myf5) and by the repression of genes associated with the acquisition
of non-muscle lineages – a process termed lineage-commitment [11]. Of note, the asymmetric
division of satellite cells [12,13] poses the interesting issue of how the epigenetic information
is segregated into two daughter cells committed to distinct fates. One cell returns to quiescence
and replenishes the pool of reserve satellite cells. Another cell enters the differentiation
program. Thus, asymmetric division regulates the proportion of cells that repopulate injured
muscles while maintaining the integrity of satellite cell potential to sustain repeated cycles of
regeneration. Recent studies have identified molecular markers that correlate with distinct fates
of MSC progenies generated by asymmetric division. Pax7 expression co-segregates with the
fraction of satellite cells that do not enter the differentiation program, whereas MyoD and Myf5
are expressed in differentiation-committed MSCs [5,14]. Pax7 is the upstream activator of
MyoD and Myf5 [15,16], and co-expression of Pax7 and MyoD is transiently detected in
activated, proliferating satellite cells at an intermediate regenerative stage [17].
Downregulation of Pax7 coincides with the ability of MyoD and Myf5 to induce the
transcription of downstream genes and promote terminal differentiation [18]. This temporal
and functional hierarchy between lineage determination and differentiation genes (Box 1)
suggests that strategies targeting the molecular events linking Pax7, MyoD, Myf5 and
downstream muscle genes are predicted to generate ‘intermediate’ cellular phenotypes.
Pharmacological generation of these phenotypes could be used in regenerative medicine. The
outcomes of such strategies include the expansion of endogenous MSCs available for long-
term regeneration that might counter satellite cell exhaustion and implement the efficiency of
myofiber regeneration. Likewise, this knowledge could be applied to devise strategies that
optimize an in vitro expansion of MSCs before their transplantation.

Box 1

Muscle cell lineage and muscle-gene transcriptional control

The skeletal muscle lineage is specified by the expression of Pax7, Pax3, MyoD and Myf5.
Pax7 is expressed in quiescent satellite cells and persists during the first stages of
regeneration, when it promotes proliferation and survival and induces the expression of
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MyoD and Myf5. Because of the asymmetric division of satellite cells, Pax7 is likely to
drive two distinct transcription networks that determine the fate of satellite cell progeny.
Pax7-mediated activation of MyoD and Myf5 [15,16] specifies the population of MSCs that
enter the differentiation program [5]. By contrast, in the fraction of MSCs that return to
quiescence, MyoD and Myf5 loci seem refractory to Pax7-mediated activation. The
different response of these loci to Pax7 might depend on the epigenetic memory, which is
determined by the presence of different types of histones. On the MyoD promoter, the
presence of histone H3.3 establishes the epigenetic memory conducive for transcription in
differentiation-committed MSCs [74]. By contrast, the presence of the H1b isoform bound
to the homeoprotein Msx1 can induce repressive chromatin on the regulatory elements of
MyoD in MSCs that re-enter quiescence [75].

The bHLH muscle-specific transcriptional activators – MyoD, Myf5, myogenin and MRF4
– initiate and perpetuate the differentiation program in collaboration with the ubiquitously
expressed E2A gene products (E12, E47 and HEB) and MEF2 proteins [22,23]. An
additional level of control is provided by transcriptional co-activators and co-repressors,
which modify the chromatin structure by catalysing post-transcriptional modifications of
histone tails, including acetylation, methylation, phosphorylation and ubiquitylation. The
dynamic exchange of these transcriptional co-regulators imparts to the chromatin the
epigenetic profile that is either repressive (heterochromatin) or permissive (euchromatin)
for gene expression. In undifferentiated myoblasts, the unscheduled activation of the
differentiation program is precluded by the presence of histone deacetylases (HDACs),
which prevent local hyperacetylation (Figure 1a). Class I HDACs preferentially associate
with MyoD, whereas class II HDACs are dedicated repressors of MEF2 [11,27]. At least
two additional events are involved in the formation of the heterochromatin on promoters of
muscle genes in myoblasts: (i) Suv39h1-mediated dimethylation of H3–K9, which mediates
the interaction with the chromodomain-containing heterochromatin protein 1 (HP1) [28];
and (ii) Polycomb-mediated trimethylation of H3–K27 [55] (Figure 1a). These epigenetic
marks are erased by differentiation-induced events that are still unknown but that
presumably involve specific demethylases and histone exchange. At the onset of
differentiation, the chromatin recruitment of the acetyltransferases p300/CBP, PCAF, the
arginine-methyltransferases CARM1 and PRMT5, the ATPase-dependent SWI/SNF
chromatin-remodeling complexes and the MLL/TrxG-associated lysine methyl-
transferases [9–11,23] endows the myogenic transcriptosome with the enzymatic activities
necessary to initiate the transcription of target genes (Figure 1b). The double PHD finger
protein DPF3 associates with the SWI/SNF complex and binds methylated and acetylated
lysines of histones with a proposed function for the methylation ‘reader’ in remodeling
chromatin on promoters of muscle genes [76]. Recent work illustrated a switching of the
core promoter recognition complex that confers specificity on muscle gene transcription.
The prototypic core promoter recognition complex, TFIID, which initiates the pre-initiation
complex (PIC) on target sequences, is present in myoblasts but is replaced by the TAF3–
TRF3 complex in myotubes [77].

An essential prerequisite to pursue such an exciting opportunity relates to our ability to fill the
gap in our knowledge that currently exists between the biological information on MSCs and
the epigenetic regulation of gene expression in these cells.

Transcriptional networks that orchestrate adult skeletal myogenesis
Genome-wide approaches indicate that the progression of muscle progenitors through
sequential stages of skeletal myogenesis is underpinned by epigenetic changes that permit a
coordinated expression of specific subsets of genes [19,20]. A logical extension of these data

Guasconi and Puri Page 3

Trends Cell Biol. Author manuscript; available in PMC 2010 January 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



predicts that distinct epigenetic signatures can discriminate discrete phenotypic stages during
muscle regeneration.

Muscle-specific transcription factors and chromatin-modifying enzymes form the
transcriptional network that establishes a feed-forward circuit, which drives the genome
reprogramming toward terminal differentiation [21–23].

When ectopically introduced into several somatic cells (such as fibroblasts, keratinocytes and
other non-muscle cell types), MyoD reprograms the genome toward the expression of muscle-
specific genes, a process referred to as ‘myogenic conversion’ [24]. The potential of MyoD to
induce the myogenic lineage depends on its ability to penetrate and remodel the chromatin at
previously silent loci [25] and to activate the transcription of muscle genes [26]. This ability
is conferred by the heterodimerization with E2A gene products, by functional interaction with
myocyte enhancer binding factor 2 (MEF2) proteins and by the recruitment of chromatin-
modifying enzymes, such as acetyltransferases, methyltransferases and complexes implicated
in chromatin modifications [9,22,23]. Displacement of transcriptional co-repressors of muscle
bHLH and MEF2 proteins is also necessary to activate muscle-gene transcription [27,28]
(Figure 1 and Box 1).

The sequential interactions between muscle-specific bHLH and MEF2 factors and co-
repressors or co-activators have been determined in vitro using established muscle cell lines,
which are typically synchronized by changing the culture conditions. This experimental setting
creates an artificial boundary between proliferation and differentiation that might not entirely
reflect the in vivo conditions. Consequently, it is difficult to transfer the information obtained
from genome-wide studies performed in cultured myoblasts, which fairly recapitulate
myogenic differentiation, to the heterogeneous population of MSCs that participate in muscle
regeneration.

Signal-dependent assembly of the muscle transcriptosome
Changes in chromatin structure and gene transcription in tissue progenitors are typically
induced by external cues, such as those released in the stem cell microenvironment – the stem
cell niche [29]. Likewise, muscle regeneration is accompanied by the local release of cues that
govern satellite cell transition from quiescence to terminal differentiation [11,30].

The complex role of environmental signals in the regulation of gene expression during
myogenesis is well illustrated by the impact of inflammatory cues, which can either block or
promote the myogenic program. An example of such a biological complexity is provided by
the effect of tumor necrosis factor α (TNFα). Circulating levels of TNFα increase in conditions
associated with muscle wasting, such as chronic diseases, cancer cachexia and aging [31]. In
these conditions, TNFα inhibits skeletal myogenesis via activation of downstream nuclear
factor (NF)-κB and Jun N-terminal kinase (JNK) signaling, as reported by in vitro studies
[32,33]. Conversely, the TNFα that is released within the regenerative environment promotes
muscle differentiation, by activating the p38 pathway in cooperation with other stimuli [34]
(Figure 2). The final effect of inflammation on skeletal myogenesis also depends on the
combination of pathways activated in response to other locally released substances, such as
insulin growth factor 1 (IGF1), hepatocyte growth factor (HGF) and transforming growth factor
β (TGFβ) family proteins [34].

Chromatin-associated kinases
How are signal-activated intracellular cascades integrated at the chromatin level and converted
into epigenetic modifications? Direct phosphorylation of sequence-specific transcription
factors is one known regulatory mechanism of gene transcription. The discovery that
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extracellular signal-activated kinases can also phosphorylate histones and chromatin-
associated proteins [35] has established a direct biochemical link between intracellular
pathways and epigenetic modifications. Chromatin-immunoprecipitation (ChIP) studies have
permitted the detection of kinases on the chromatin of target genes [36–39]. These chromatin-
associated kinases are predicted to regulate the enzymatic activity of chromatin-modifying
complexes (CMCs) via direct phosphorylation of some of their individual components [40,
41].

The p38 signaling is triggered in satellite cells by regeneration cues (Figure 2). The active
p38α kinase can be detected in activated satellite cells [42] and has an essential role in muscle
regeneration [43]. ChIP analyses showed that p38α was associated with the chromatin at
regulatory elements of muscle genes in coincidence with the recruitment of the SWI/SNF
complex [36]. Likewise, in yeast, the p38 functional homolog, Hog1 kinase, regulates the
response to osmotic stress by favoring the recruitment of SWI/SNF, RNA polymerase II and
other components of the general transcription machinery to target promoters [44–46].

Although the precise mechanism accounting for the kinase-dependent regulation of chromatin
conformation is currently unknown, some potential targets of chromatin-associated kinases
have been identified in muscle progenitors. p38 kinases α and β phosphorylate the BRG1- or
BRM-associated factor 60c (BAF60) subunits of the SWI/SNF complex in vitro [36]. BAF60-
a, -b and -c are structurally related variants that mediate protein–protein interactions between
SWI/SNF and sequence-specific transcriptional activators [47]. BAF60c (encoded by
Smarcd3 gene) is induced in the developing heart and somites during early mouse
embryogenesis, and BAF60c knockout embryos show impaired cardiac and skeletal
myogenesis [48], indicating an essential role for BAF60c in myogenic commitment. Future
studies should define the impact of p38-mediated phosphorylation of BAF60 subunits on SWI/
SNF recruitment to muscle-gene promoters.

Other direct targets of p38 α and β kinases are the HLH E2A gene product, E47, and MEF2
proteins [49]. p38-mediated phosphorylation of E47 favors the heterodimerization between
E47 and muscle bHLH proteins [50]. CDO (for CAM-related or -downregulated by oncogenes)
is a member of the Ig–fibronectin type III repeat subfamily of transmembrane proteins.
Activation of p38 by CDO (for CAM-related or -downregulated by oncogenes) – a member of
the Ig–fibronectin type III repeat subfamily of transmembrane proteins (Figure 2) – leads to
the formation of MyoD–E47 heterodimers, which productively bind the E-box sequences on
the regulatory regions of muscle genes [51,52]. It would be interesting to establish whether or
not p38-mediated formation of MyoD–E47 heterodimers and SWI/SNF recruitment on MyoD-
responsive promoters are two related events. MEF2 phosphorylation by p38 kinases was
described by many groups [49]. However, only recently this event has been linked to specific
epigenetic modifications. Studies from the Dilworth laboratory showed that phosphorylation
of MEF2D by p38 α and β kinases mediates the recruitment of the Ash2L-containing mixed-
lineage leukemia (MLL) methyltransferase complex (functionally related to Trithorax group
[TrxG]) to the chromatin of muscle genes, thereby promoting H3–K4 trimethylation
(H3K4me3), an epigenetic event that promotes transcription [53]. Interestingly, the catalytic
subunits of SWI/SNF and TrxG are functionally linked [54]. These data suggest a model of
p38-activated chromatin signaling to broadcast functionally related chromatin-remodeling
complexes (SWI/SNF and MLL/TrxG) via distinct biochemical events (e.g. direct
phosphorylation of BAF60 and MEF2D).

Signaling convergence to the chromatin on muscle-gene regulatory sequences
The finding that a p38 blockade in myoblasts still enables the recruitment of muscle
transcription factors and acetyltransferases, and the consequent hyperacetylation on muscle-
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gene promoters [36,39], suggests that a pathway distinct from p38 signaling regulates
acetyltransferase recruitment.

Recent studies have revealed that p38 and IGF1– protein kinase B(AKT) pathways are two
parallel cascades that converge to the chromatin on regulatory elements of muscle genes [39].
IGF1-activated AKT1 and AKT2 kinases phosphorylate the C-terminal region of the
acetyltransferase p300, thereby promoting the association with MyoD. The consequent local
hyperacetylation at muscle loci enables the chromatin-remodeling activity of the p38-recruited
SWI/SNF complex [39]. These data reveal the functional interdependence between the p38
pathway and IGF1 signaling during muscle differentiation.

Chromatin re-configuration in differentiation-committed myoblasts
Recruitment of transcriptional co-activators to muscle genes must be preceded by or take place
simultaneously to the displacement of co-repressor enzymes and the deletion of pre-existing
epigenetic modifications generated by these enzymes (Figure 1 and Box 1). However, the
signaling that resets the chromatin of myoblasts toward the formation of a productive
transcriptosome is partially known. The interplay between histone deacetylases (HDACs) and
repressive histone methyltransferases contributes to the formation of the heterochromatin at
repressed loci. In undifferentiated myoblasts, HDACs prevent the acetylation of H3–K9 on
promoters of muscle genes and this condition facilitates H3–K92me and the formation of
heterochromatin. Displacement of class II HDACs by calcium/calmodulin-dependent kinase
(CaMK) and of class I HDACs by cell-cycle-related events are necessary for local
hyperacetylation [27].

A recent report contributed to extend our knowledge of the mechanism that regulates muscle-
gene repression in myogenic precursors [55]. In myoblasts, the chromatin at muscle genes
adopts a conformation repressive for transcription, owing to the recruitment of the Polycomb
group (PcG) methyltransferase Ezh2, which silences transcription by catalysing trimethylation
of H3 Lys27 (H3K273me). Ezh2 is recruited to the muscle regulatory regions via interaction
with yin yang 1 (YY1). Further association with HDAC1 forms a repressive complex. At the
onset of differentiation, Ezh2 and HDAC1 proteins are downregulated and YY1 is replaced
with serum response factor (SRF), thus enabling the binding of MyoD and the recruitment of
the positive co-activators, to form a transcription-competent complex [55]. Future studies
should elucidate the signaling that controls PcG function in MSCs.

The involvement of histone methylation in the dynamic regulation of muscle-gene expression
implicates a role for histone demethylases in the control of myogenesis. Proteins containing
the Jumonji (Jmj) domain catalyse histone demethylation and are involved in the switching of
the epigenetic profile of discrete genes in response to environmental changes [56–59]. This
regulation includes the removal of both epigenetic marks of repression (H3–K273me) and
activation (H3–K43me), which are typically located at transcription start sites. Recent studies
have revealed the existence of a cross-talk between histone methyltransferases and
demethylases. H3–K27 demethylases associate with the TrxG to generate the epigenetic profile
of active promoters (H3–K43me) [59], and H3–K4 demethylases, such as RBP2, associate with
PcG to promote selective H3-K273me enrichment on repressed promoters [60]. Thus,
coordinate activity of PcG and TrxG methyltransferases and Jmj demethylases are predicted
to generate the epigenetic profile that restricts the expression of target genes to specific stages
of cellular differentiation. Importantly, coexistence of H3–K43me and H3–K273me is found on
silent promoters in stem cells and is considered to be a ‘bivalent mark’ that maintains these
promoters in a ‘poised’ state accessible for the activation of lineage-specific genes [61,62].
When extended to muscle regeneration, this knowledge leads to the speculation that, in
endogenous MSCs, the bivalent status defines the promoters of signal-responsive genes. This
concept could provide the epigenetic basis for the selective gene responsiveness to regeneration

Guasconi and Puri Page 6

Trends Cell Biol. Author manuscript; available in PMC 2010 January 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



cues in MSCs and might inspire the design of epigenetic drugs that manipulate the expression
of specific genes in MSCs.

Processivity, redundancy, cooperation and variability: shaping epigenetic
signatures

One conceptual challenge in the field of skeletal myogenesis concerns the mechanism that
ensures the temporal sequence of expression of muscle genes (e.g. early and late genes) in
response to one initial event. This concept applies well to MyoD-dependent myogenic
conversion [24]. Approximately 10 years ago, the prevailing model was that MyoD–E12/47
heterodimers could directly activate the transcription of all muscle genes containing E-box
sequences on the regulatory sequences. This model has recently been revised, based upon
discoveries that revealed the complexity of the epigenetic regulation of muscle-gene
transcription. A seminal finding was the demonstration of the existence of discrete sub-
programs that coordinate the temporal expression of muscle genes in fibroblasts converted by
MyoD [26]. An integrated analysis of genome-wide ChIP and expression profiling in muscle
cells revealed a stepwise progression of skeletal myogenesis through a variety of events that
amplify the initial induction by preexisting bHLH factors, MyoD and Myf5 [25]. Several
favorable conditions must enable transcriptional activation by MyoD and Myf5, which are
otherwise inactive in myoblasts. These conditions include interactions with transcription
factors that bind DNA sequences in proximity to E-box motifs, within the promoters of early
muscle genes. For example, MyoD interacts with an adjacent protein complex containing the
homeodomain protein Pbx/Meis, which is constitutively bound at the chromatin of the
myogenin promoter [63,64]. These interactions might facilitate the binding of MyoD to non-
canonical E-box sequences and ‘poise’ the chromatin of target genes for rapid induction upon
differentiation cues. MyoD acetylation [65] is another important regulatory signal for the
temporal pattern of gene expression in cultured myoblasts [66] and during muscle regeneration
[67]. Other proteins that collaborate with MyoD in the activation of early muscle-gene
transcription are MEF2 and Six1 [68], which are directly induced by MyoD and can activate
other muscle genes through cooperative interactions.

Activation of myogenin is an early crucial event in the differentiation program because the
absence of myogenin precludes muscle development [69]. Thus, MyoD-mediated activation
of myogenin illustrates an example of ‘processive’ activation within muscle bHLH proteins
that propagates the myogenic program. Despite the structural and functional similarities among
muscle bHLH proteins, the degree of ‘redundancy’ with regard to their ability to activate target
genes is still not completely understood. Recent studies showed that MyoD and myogenin
occupy the chromatin of overlapping genes, but have distinct functions [20]. Chromatin
recruitment of MyoD at late genes initiates local epigenetic modifications that facilitate the
recruitment of myogenin, which in turn is required for transcriptional activation of these genes
in collaboration with MEF2D [70], an example of co-operation between transcriptional
activators. Additional targets of MyoD seem to contribute to the activation of late muscle genes
[19,20]. This implies that MyoD downstream genes confer on MyoD the competence to induce
the transcription of genes that would otherwise be refractory to activation. One candidate
mechanism by which MyoD downstream genes participate in the activation of muscle genes
entails the recruitment of transcriptional co-activators, either via direct interaction with bHLH
and/or MEF2 proteins or by the occupancy of adjacent chromatin domains. Thus, newly
synthesized proteins might generate the ‘epigenetic variability’ that permits discrimination of
different muscle genes, despite the redundant presence of E-box and MEF2 sites on their
promoters. This model postulates that additional transcription factors enable bHLH and MEF2
factors to activate target genes by promoter recruitment of CMCs with complementary
enzymatic activities that impart the epigenetic modifications conducive for transcription.
Examples of different modalities of muscle-gene activation are illustrated in Figure 3.
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An additional level of control is provided by intracellular pathways, which are elicited in
response to MyoD activation. MyoD-dependent expression of surface receptors, signaling
components (kinases or phosphatases) and scaffold proteins can re-shape the intracellular
signaling network to prepare stage-specific signal responsiveness. The same mechanism can
confer on myoblasts an autonomous control of the myogenic program. One notable example
is provided by the persistent induction of the p38 pathway by MyoD [21,71], which extends
the initial activation of p38 kinases by regeneration cues to late stages of skeletal myogenesis.
It is likely that the interplay between signaling pathways and epigenetic changes induced during
myogenic differentiation selects the repertoire of active loci in the genome of MSCs.

Concluding remarks
The application of genome-wide technologies to complex systems such as muscle regeneration
promises to elucidate the regulatory mechanism underlying signal-dependent distribution of
epigenetic marks in the genome of muscle progenitors. This technology has revealed the
existence of particular epigenetic modifications that regulate gene expression in stem cells
[61,62] and might dictate the domains of the MSC genome that respond to extrinsic signals.
In this respect, the elucidation of the functional inter-play between histone methyltransferases
and demethylases on promoters of genes such as Pax7, MyoD and Myf5, which regulate MSC
proliferation and differentiation, seems to be of key importance (Box 2). Likewise, modulation
of Pax7-mediated activation of downstream genes can be used to control muscle regeneration
and, in particular, the proportion of cells committed to differentiation versus those that
replenish the pool of quiescent, reserve MSCs.

Another relevant issue relates to the promoter selectivity of CMCs and the epigenetic regulation
of individual genes. Recent works are revealing a different composition of complexes
associated with promoters of early versus late muscle genes. For instance, the PcG catalytic
subunit EzH2 is found on the regulatory regions of late but not early muscle genes [55]. The
arginine methyltransferases PRMT5 and CARM1 also show a specific distribution to the
promoters of early and late muscle genes, respectively [72]. This evidence suggests that
different epigenetic signatures contribute to coordinate the temporal expression of different
subsets of genes. Future investigation should determine the precise composition of CMCs at
individual promoters, and whether changes in composition can provide the surface variability
to adapt to dynamic protein– protein interactions and to respond to signaling activated by
external cues.

Box 2

Chromatin targets of epigenetic drugs for potential therapeutic interventions

The elucidation of the epigenetic events that regulate gene transcription in MSCs might
reveal the target for pharmacological manipulation of muscle regeneration. In this regard,
several speculations can be formulated on the potential application of drugs that interfere
with key events in the control of gene transcription at different stages of MSC progression
to differentiated muscles. Pax7 occupies a nodal position in MSC biology because its
expression specifies the satellite cell identity [78]. Thus, pharmacological induction of
endogenous Pax7 has the potential to convert ESCs or SSCs into satellite cells.
Understanding the mechanism that restricts Pax7 expression to satellite cells will help to
devise such a pharmacological approach. Likewise, molecular insight into the control of
Pax7 expression in satellite cells is awaited to devise strategies that control the proportion
of cells that regenerate muscles or restore the reserve pool.

Recent studies shed light on the mechanism by which Pax7 activates downstream genes in
satellite cells. Pax7-mediated activation of Myf5 is mediated by the association with the

Guasconi and Puri Page 8

Trends Cell Biol. Author manuscript; available in PMC 2010 January 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Wdr5– Ash2L–MLL2 histone methyltransferase complex (TrxG), which directs H3–
K43me on the chromatin of Myf5 locus [15]. Activation of MyoD in satellite cells requires
cooperation between Pax7 and FoxO3 [16]. The transcriptional activation of Myf5 and
MyoD commits satellite cells to the differentiation program and is therefore a candidate
target for interventions that implement the ability of satellite cells to regenerate muscles.

Current knowledge of the molecular mechanism that regulates muscle-gene transcription
has already inspired pharmacological interventions to boost muscle regeneration. Histone
acetyltransferases and deacetylases regulate the acetylation status of target genes and are a
target of epigenetic drugs. Inhibition of histone deacetylase in MSCs by drugs currently
used in clinical practice (deacetylase inhibitors) implements muscle regeneration and
counters the progression of muscular dystrophy in dystrophic mice [79].

The temporal relationship between promoter occupancy by transcription factors, epigenetic
changes and signal-responsiveness should also be clarified. The discovery that the p38 and
IGF1–AKT cascades direct two distinct epigenetic events on the chromatin of muscle genes –
the recruitment of SWI/SNF and acetyltransferases, respectively – suggests that
pharmacological dissociation of these pathways could generate interesting cellular phenotypes.
Indeed, blockade of p38α and p38β kinases in satellite cells exposed to IGF1 resulted in the
expansion of satellite cells in which the chromatin at muscle promoters is hyperacetylated but
not remodeled [39]. This ‘poised’ conformation can be readily converted into a productive
state by restoring p38 signaling, which rapidly promotes muscle-gene expression. This
evidence suggests that intermittent blockade of the p38 pathway can generate intermediate
cellular phenotypes that are exploitable to increase the efficiency of muscle regeneration.
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Figure 1.
Chromatin re-configuration at muscle loci during myogenic differentiaiton. (a) In myoblasts,
the regulatory regions of muscle genes are occupied by CMCs, such as class I and II histone
deacetylases (HDACs; pink), the Polycomb repressive complex (PRC)-associated H3–K27
methyltransferase EzH2, and the H3–K9 methyltransferase Suv39h1 (red). These enzymes
catalyse histone modifications (deacetylation, H3–K9 dimethylation and H3–K27
trimethylation) that establish a chromatin conformation repressive for transcription
(heterochromatin). Transient interactions of MyoD homodimers and MEF2 proteins
presumably direct these enzymes to the chromatin on the regulatory regions of muscle genes.
(b) The expression of muscle genes is induced by differentiation cues via chromatin
reconfiguration into a conformation permissive for transcription. This process entails the
sequential erasure of the chromatin repressive marks (by HDAC displacement, histone
demethylases and histone exchange mechanism), which are replaced by modifications that
correlate with gene expression (H3–K4 trimethylation, H3–R8 dimethylation and H3–17
dimethylation; green). These modifications are catalysed by the interdependent activity of a
variety of chromatin-modifying enzymes recruited by muscle bHLH–E12/47 heterodimers and
by MEF2 proteins. Chromatin-modifying enzymes detected in the muscle transcriptosome
include the acetyltransferases p300 and PCAF (blue and turquoise), the histone
methyltransferases PRMT5 and CARM1, MLL (green), and the SWI/SNF chromatin
remodeling complex (orange). The initiation of transcription at muscle loci is also promoted
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by the recruitment of TATA-associated factor 3 (TAF3) and TBP-related factors 3 (TRF3), the
levels of which increase in differentiating muscle cells.
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Figure 2.
p38 signaling to the chromatin in muscle progenitor cells. Extracellular cues released in the
regenerative environment, such as TNFα, Amphoterin or HMGB1, and the engagement of the
cell-surface receptor CDO [51], are transduced in MSCs by combinations of intracellular
signaling that culminate with the activation of p38 kinases [73]. It seems that p38α has a major
role in the control of muscle-gene transcription [49]. Important determinants of p38 activity
include the combination of external cues, the magnitude of activation, the intracellular
distribution of p38 isoforms and the substrate availability. The nuclear translocation and
chromatin localization of p38 is controlled by the TGF-β signaling via transforming-growth-
factor-β-activated protein kinase (TAK), the transforming-growth-factor-β-activated 7 protein-
kinase-1-binding protein (TAB) and possibly by other intracellular cascades. Potential
effectors of the p38 pathway are downstream kinases, such as mitogen and stress activated
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protein kinase-1 (MSK-1) and p38-regulated/activated protein kinase (PRAK). In
differentiating muscle progenitors, p38 kinases (and possibly other downstream kinases) are
detected on the chromatin of target genes, where they control key events leading to the assembly
of productive muscle transcriptosome [36]. In particular, the simultaneous recruitment of the
Ash2L-containing methyltransferase complex (MLL/TrxG) via p38-mediated phosphorylation
of MEF2D [53], and the SWI/SNF CMCs via p38-mediated phosphorylation of BAF60 [36]
promote local H3–K4 trimethylation and chromatin remodeling – two crucial events for
activation of transcription. It is possible that the formation of the MyoD–E47 homodimer –
which is stimulated by p38-depndent phosphorylation of E47 [50] – contributes to the
recruitment of MLL/TrxG and SWI/SNF to muscle-gene promoters.
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Figure 3.
Mechanisms of activation of muscle-gene transcription. Muscle-gene transcription can be
activated by different mechanisms. Cross-activation between muscle bHLH proteins, such as
MyoD and myogenin, is an example of processivity by which myoblasts expand the number
of master regulators of differentiation. They can, in turn, activate the same target genes because
of their structural and functional redundancy or synergize to activate late genes in a model of
cooperation that might also require other direct targets of MyoD, such as MEF2 and Six1.
Genome-wide studies indicate that different subsets of genes are expressed according to a
temporal regulation owing to the intervention of additional factors that are often induced by
muscle regulatory factors at earlier stages. Although the identity of these factors remains to be
established (indicated by X), they can provide the variability that permits the activation of
promoters containing similar motifs (Ebox and MEF2) at different times. A key element in the
cooperation model is provided by the recruitment of different CMCs, possibly with
complementary enzymatic activities. In this regard, the recruitment of additional transcription
factors in the vicinity of Ebox and MEFs sites offers an obvious advantage. These different
models of transcriptional activation are not mutually exclusive and can all fit into one unified
general model that enables coordination of the temporal pattern of gene expression.
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