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Abstract SWI/SNF chromatin-remodeling complexes are
key regulators of the epigenetic modifications that deter-
mine whether stem cells maintain pluripotency or commit
toward specific lineages through development and during
postnatal life. Dynamic combinatorial assembly of multiple
variants of SWI/SNF subunits is emerging as the major
determinant of the functional versatility of SWI/SNF. Here,
we summarize the current knowledge on the structural and
functional properties of the alternative SWI/SNF com-
plexes that direct stem cell fate toward skeletal muscle
lineage and control distinct stages of skeletal myogenesis.
In particular, we will refer to recent evidence pointing to
the essential role of two SWI/SNF components not
expressed in embryonic stem cells—the catalytic subunit
BRM and the structural component BAF60C—whose
induction in muscle progenitors coincides with the expan-
sion of their transcriptional repertoire.
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Introduction

Chromatin is the central component of the nuclear land-
scape that controls the expression of genes, which regulate
stem cell pluripotency and ability to differentiate into
specialized cell types that compose tissues and organs of
multicellular organisms. As such, chromatin modifications
are regarded as major epigenetic underpinning that
orchestrates transcription in stem cells during develop-
mental transitions.

Chromatin results from the 3D arrangement of DNA
and histones in the nuclei of eukaryotic cells. The basic
unit of chromatin is the nucleosome, which consists of a
segment of duplex DNA wrapped around a histone octamer
comprised of two of each of the conventional histone
proteins: H2A, H2B, H3, and H4 [1]. The histone proteins
help compacting and strengthening the DNA, and are
subjected to conformational changes upon a variety of
post-translational modifications to ultimately alter nucleo-
some structure and position, thereby regulating gene
expression and DNA replication. Chromatin remodeling is
an active process, which represses or enables access of the
transcription machinery to genes. Chromatin-remodeling
complexes (CRCs) provide specialized enzymatic activities
that are able to disrupt the chromatin structure using ATP
hydrolysis that destabilizes nucleosomes and regulates
DNA accessibility to transcription factors and other pro-
teins [2].

There are four major families of ATP-dependent CRCs:
SWI/SNF (switch/sucrose non-fermentable), ISWI (imita-
tion switch), CHD (chromodomain helicase DNA-binding),
and INO8O (inositol). The SWI/SNF complex was first
identified in 1984 from genetic screens in yeast [3]. Fol-
lowing this discovery, homologs of the SWI/SNF subunits
in higher organisms were identified and purified leading to
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the biochemical isolation of multi-protein complexes.
The Drosophila SWI2/SNF2 homolog Brahma (BRM) was
identified as one of the trithorax group proteins, which
antagonize the function of polycomb group (PcG) proteins
in repressing gene expression [4, 5]. In 1996, Wang et al.
purified mammalian SWI/SNF complexes and identified
approximately ten subunits [6]. SWI/SNF complexes typ-
ically contain one enzymatic subunit—either the ATPase
Brahma (Brm) or Brgl—and a collection of Brgl/Brm-
associated factors (BAFs) [7]. Many of the subunits are
conserved from yeast to human, with an increased number
of components and the appearance of multiple variants for
each subunit. The evolutionarily expansion of SWI/SNF
subunits indicates that dynamic combinatory assembly can
accommodate the demand of transcriptional control of a
more complex genome. Currently, there are at least 14
documented subunits of the mammalian SWI/SNF com-
plex, also known as mBAF complex (BRGI/BRM-
associated factors), encoded by 25 genes, whose products
can be combinatorially assembled in multiple ways to
promote hundreds combinations of distinct SWI/SNF
complexes [8, 9]. The catalytic core of the SWI/SNF
complex consists of two mutually exclusive ATPase sub-
units, Brgl and Brm, which are alternatively incorporated
into large complexes that also include non-enzymatic,
structural subunits. While the presence of one of these
catalytic subunits endows the SWI/SNF complex with the
ATPase activity necessary to remodel the chromatin, the
presence of few “core” structural components—Baf47,
Baf155, and Bafl70—appear required for minimal SWI/
SNF enzymatic activity in vitro [10]. Still, the precise
composition of SWI/SNF complexes present in different
cell types has not conclusively been determined.

Combinatorial SWI/SNF assembly controls stem
cell pluripotency and lineage specification

ATP-dependent CRCs have been shown to be involved in
most biological processes and studies over the last decade
unraveled their fundamental role in regulating crucial
aspects of embryonic stem cell (ESC) pluripotency and
differentiation [11, 12]. In particular, the contribution of
SWI/SNF-mediated chromatin remodeling in directing the
alternative ability of ESC to either maintain pluripotency or
to undergo lineage commitment and differentiation has
been intensively investigated.

Seminal studies have revealed a peculiar feature that
defines the chromatin structure in ESCs, consisting of
bivalent domains at the regulatory regions of develop-
mental genes that poise them for activation upon specific
developmental cues [13—15]. Bivalent domains are typi-
cally defined by large regions of tri-methylation of histone
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3 lysine 27 (H3K27me3) harboring smaller regions of tri-
methylation of histone 3 lysine 4 (H3K4me3). Promoters
under these conditions are kept transcriptionally silenced,
yet prone to activation. ATP-dependent CRCs contribute to
generate this unique chromatin structure, thereby partici-
pating both to transcriptional repression of genes involved
in early development and to the chromatin reorganization
that allows specific patterns of gene expression upon dif-
ferentiation [16, 17]. Accordingly, changes in SWI/SNF
subunit composition appear to determine tissue or cell-type
specific gene expression, thereby regulating lineage com-
mitment during embryonic development. As such, the
incorporation or exchange of specific subunits generates
cell context-dependent sub-complexes that are competent
to trigger different transcriptional programs, following
specific differentiation stimuli. For instance, the specific
assembly of chromatin-remodeling complex that has been
detected in ESC (esBAF) includes the core components
BRGI, BAF155, BAF250a, BAF60a/b, and BAF53a [18].
EsBAFs are devoid of two alternative variants—the
ATPase and Brm—and the structural component—
Baf60c—and play a crucial role to maintain pluripotency in
ESCs, as indicated by its detection on the regulatory ele-
ments of genes downstream of the master pluripotency
factors Oct4, Sox2, and Nanog [8, 19]. Surprisingly,
experiments of genetic inactivation of SWI/SNF subunits
indicate that SWI/SNF-mediated chromatin remodeling in
pluripotent ESCs is predominantly directed at establishing
repressive chromatin toward preventing differentiation
[16]. An additional “repressive” function of esBAF has
been revealed by a recent study reporting on the suppres-
sion of pervasive transcription from open chromatin
regions in ESCs [20]. This study revealed that esBAF
generates an open nucleosome-depleted region (NDR) at
many of its binding sites throughout the genome, to permit
binding of transcription factors. Within this context, esBAF
operates to suppress transcription of ncRNAs, via mainte-
nance of defined nucleosome-free and nucleosome-bound
segments within small open chromatin domains (~200 bp
NDRs plus a few flanking nucleosomes) throughout the
genome. Given that esBAF complexes interact directly
with key regulators of pluripotency in ESC [18], the
function of BAF complexes in pluripotency might be to
coordinate access of pluripotency factors and pervasive
transcription, by generating specific patterns of chromatin
conformation that support the maintenance of pluripotency.

In response to developmental cues and generation of the
three germ layers, different progenitor cells from ectoderm,
endoderm, and mesoderm show distinct SWI/SNF com-
plexes with a specific combination of components that
imparts cell-type specific patterns of chromatin remodel-
ing, in concert with tissue-specific transcriptional activators
[16]. The heterogeneity in composition and dynamic
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exchange of subunits conceivably endows the SWI/SNF
complex to adopt the conformation for an optimal response
to developmental cues instructing stem cells to commit
toward specific lineages.

A striking example is provided by the incorporation of
BAF60c subunit that coincides with the competence to
activate mesoderm-derived lineages, such as skeletal and
cardiac muscle. During cardiac development, BAF60c
marks the region of the embryo with cardiogenic potential
[21]. Complexes containing BAF60C promote the forma-
tion of heart tissue from pre-cardiac mesoderm by
interacting with cardiogenic transcriptional activators, in
response to coordinate changes of Nodal and BMP sig-
naling [21-23]. In this circumstance, the expression of
homologous subunits could not compensate for the loss of
the correct subunit, highlighting the importance of the
specificity of each subunit in instructing cell fate decisions.
On the other hand, the absence of BAF60c in ESCs restricts
their competence to activate skeletal myogenesis [23, 24].
The role of BAF60c in the activation of the myogenic
program is described in detail in the following sections.

Likewise, the expression of BAF250a and BAF250b—
two other mutually exclusive subunits of the BAF com-
plex—appears to influence the formation of SWI/SNF
complexes with specific functions. Indeed, BAF250a-null
ES cells fail to differentiate into mesodermal lineages,
including cardiomyocytes, adipocytes, and, to a lesser
extent, skeletal muscles [25], suggesting that BAF250a is a
key component of the SWI/SNF complex that controls
gene expression during ESC cell lineage commitment and
differentiation.

Moreover, during neural differentiation, esBAF under-
goes a dramatic change in composition, accompanied by an
extensive switch of BAF components, including the
repression of BAF53a in post-mitotic neurons and the
induction of BAF53b, BAF45b, and BAF45c¢ variants,
which are required for activity-dependent dendrite growth
[26, 27]. Importantly, this essential transition is mediated
by miR-9* and miR-124 which are selectively expressed in
post-mitotic neurons and target BAF53a. These miRs are
repressed in proliferating neural progenitors by the
repressor-element-1 silencing transcription factor (REST,
also known as NRSF). This pivotal study shed light on the
crosstalk among these different epigenetic proteins to form
the critical regulatory network that regulates neuronal
development, by translating environmental cues into the
control of the neurogenic process [26, 28].

Finally, studies with mouse ESCs showed that members
of SWI/SNF complexes, Brgl, BAF57, BAFI155, and
BAF47, are required to repress Nanog expression during
lineage formation, with Baf155 expression being necessary
for heterochromatin formation and chromatin compaction
during mESC differentiation [29].

Thus, in stem cells, the coordinated activation and
repression of pluripotency and cell-type specific genes,
respectively, relies on the assembly of specific SWI/SNF
complexes. It is likely that signal-dependent regulation of
SWI/SNF activity plays a fundamental role in this process.
This concept has been well illustrated by studies from
Crabtree lab showing that Brgl “instructs” STAT3 binding
across the genome of pluripotent stem cells, by establishing
the chromatin accessibility and binding to target genes in
response to the activation of leukemia inhibitory factor
(LIF) signaling, thereby promoting pluripotency. At the
same time, Brgl also cooperate with PcG to repress
developmental genes in ESCs [30].

SWI/SNF and embryonic stem cell commitment
to the myogenic lineage

Exchange of SWI/SNF subunits plays a pivotal role in
establishing muscle during embryonic development [19].
Although cardiac and skeletal muscles arise from different
embryonic compartments, they share a common mecha-
nism for the activation of their respective muscle-specific
loci. This relies on the function of the SWI/SNF-associated
BAF60c variant, encoded by SMARCD3 gene that, unlike
the other BAF60 variants (Baf60a and Baf60b), is prefer-
entially expressed in embryonic heart and somites [23].
Remarkably, Baf60c knockout mice show embryos with
impaired cardiac and skeletal myogenesis [23]. Consis-
tently, Baf60c has been further identified as the factor
required to “prime” the chromatin of cardiac and skeletal
muscle regulatory region to be accessed by tissue-specific
transcription factors and actively transcribed [21, 24].

The skeletal muscle differentiation program is activated
by the members of the basic helix-loop-helix (bHLH)
myogenic regulatory factors (MRFs) [31]. MyoD and Myf5
act as the master transcriptional activators of the myogenic
program in Pax3/Pax7-expressing muscle progenitors from
paraxial mesoderm to promote differentiation into myo-
tubes [31, 32]. MRFs activate transcription by
heterodimerization with ubiquitously expressed bHLH
proteins—termed E-proteins (E12/E47) [33]—that facili-
tates binding to consensus E-box sequence (CANNTG)
found in the regulatory region of many muscle-specific
genes [31]. By contrast, commitment to cardiac lineage
relies on the activity of a transcriptional network composed
by GATA4, HAND2, MEF2C, MESP1, NKX2.5, and
TBXS [34].

The functional relevance of SWI/SNF in the activation
of the myogenic program has been anticipated by former
seminal studies, showing the requirement of SWI/SNF
complexes in MyoD-mediated activation of muscle-speci-
fic genes during fibroblast conversion into muscle cells [35,
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36]. Further studies led to the discovery that Baf60c is the
subunit that converts myogenic extracellular cues, such as
those transduced by the p38 kinases alpha and beta, into
changes in chromatin conformation, by promoting the
recruitment of the Brgl-containing containing complex on
muscle-specific loci [37, 38]. In proliferating myoblasts,
BAF60C associates with MyoD to form “pioneer” com-
plexes that pre-assemble on the chromatin at regulatory
elements of muscle genes, such as myogenin. Upon dif-
ferentiation, BAF60c phosphorylation by the p38 kinase
leads to the incorporation of pre-assembled BAF60c/MyoD
sub-complex into a Brgl-based SWI/SNF complex
enabling MyoD to activate muscle-specific genes [37, 38].
This two-step model (Fig. 1) highlights the importance of
BAF60c in priming the chromatin of differentiation genes
for subsequent activation via a prior interaction with MyoD
on E-box sequences [31]. This evidence paved the way to
further investigate BAF60C role in muscle lineage deter-
mination during embryonic development. Albini and
colleagues identified BAF60C as a key epigenetic deter-
minant of human ESC commitment to the myogenic
lineage [24]. Indeed, ESCs are resistant to the myogenic
conversion upon the ectopic expression of physiological
amounts of MyoD that are otherwise capable of converting
a variety of somatic cells into muscle [39]. ESC resistance
to myogenic conversion is conferred by the absence of
BAF60C, which unlike the other BAF60 variants, is not
expressed in ESCs [18, 24]. Forced expression of BAF60C
enables MyoD to directly activate skeletal myogenesis in
hESCs, by instructing MyoD positioning and allowing
chromatin remodeling at target genes [24] (Fig. 2).
Importantly, ESC epigenetically reprogrammed with
BAF60C and MyoD that were competent to generate 3D
contractile myospheres [19, 24].

A similar role for BAF60c as a key SWI/SNF target of
signaling has been found in the heart, where BAF60c is
essential to commit mesodermal-derived multipotent pro-
genitors into cardiomyocytes, by mediating interactions
between lineage-specific transcription factors Gata4 and
Tbx5 and SWI/SNF to promote the expression of cardio-
genic genes, upon nodal and BMP inhibition by
endodermal-derived Cerberus 1 [22, 40].

The exchange of BAF60 variants can also impact cell
fate decision of mesoderm-derived cells in both embryo
and adults [9]. Recent works showed that the selection of
specific BAF60 variants determines the myogenic lineage
during somitogenesis [41] and directs the fate and the
biological activity of fibro-adipogenic progenitors
(FAPs)—a population of mesenchimal cells reside in the
interstitium between myofibers and contributes to the
regenerative environment of skeletal muscles [42, 43]. In
particular, the alternative usage of BAF60 variants deter-
mines whether FAPs adopt a pathogenic phenotype, which
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mediates the formation of fibrotic scars and fatty deposition
in dystrophic muscles, or a pro-myogenic fate, which
promotes compensatory regeneration. Interestingly, BAF60
variant selection and incorporation into SWI/SNF complex
are regulated by the expression of muscle-specific micro-
RNA—the myomiRs miR-1.2, miR-133, and miR-206 [41,
44]. In FAPs, from dystrophic muscles, BAF60C and
myomiRs are repressed by HDAC activity, and therefore,
the SWI/SNF complexes are largely based on BAF60A or
B variants, which appear to promote their pro-fibrotic and
adipogenic phenotype; however, upon exposure to HDAC
inhibitors (HDACI), the de-repression of BAF60C and
myomiRs activates a feed forward circuit, whereby selec-
tive targeting of BAF60A and B by myomiRs favors the
formation of BAF60C-based SWI/SNF complex, which
further amplifies this process by inducing the expression
BAF60C and myomiRs [44]. These events account for the
observed ability of HDACi to promote regeneration and
prevents fibrosis and fat deposition in dystrophic muscles
[45, 46], activating a pro-myogenic program that antago-
nizes the constitutive fibro-adipogenic lineage adopted by
FAPs in dystrophic muscles [43].

SWI/SNF complex and control of gene expression
in adult muscle (satellite) stem cells

Both embryonic and adult skeletal myogenesis rely on two
sequential and interconnected events: the expansion of
committed skeletal muscle progenitors (myoblasts) and
their subsequent differentiation into multinucleated myo-
tubes. These events are coordinated by molecular networks
that are responsive to developmental cues (for embryonic
myogenesis) or regenerative signals (for adult myogene-
sis), which regulate the activity of the MRFs [31]. Among
MRFs, MyoD and its functional paralog Myf5 are
expressed in proliferating myoblasts, prior to the activation
of the differentiation program. For instance, during muscle
regeneration, MyoD and Myf5 expression identifies the
fraction of “activated” muscle stem (satellite) cells
(MuSCs) that proliferate toward differentiating into new
fibers [32, 47]. As MyoD and Myf5 are transcriptionally
“latent” in proliferating myoblasts [31], a currently
unsolved issue regards the mechanism by which these two
transcriptional activators establish and maintain the myo-
genic lineage without activating transcription of muscle
genes in proliferating myoblasts.

A number of studies revealed the potential contribution
of SWI/SNF-mediated chromatin remodeling at different
stages along the transition from MuSCs to terminally dif-
ferentiated skeletal myofibers. The involvement of specific
combinations of SWI/SNF subunits in the establishment of
the myogenic lineage during myoblast proliferation has
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Fig. 1 Schematic representation of muscle gene activation in hESC.
a hESC is resistant to MyoD-mediated conversion and the ectopic
expression of both MyoD and Baf60C to be converted into myotubes
[24]. b Molecular mechanism of the Baf60C-mediated MyoD
activation of myogenin (and possibly other muscle genes) expression.
MyoD-BAF60C complex is pre-assembled at E-box sequences, and
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Fig. 2 Schematic representation of skeletal muscle differentiation
steps mediated by Brm and Brgl-SWI/SNF complexes. During
proliferation of myoblasts Brm is required for Cyclin D1 repression
possibly in cooperation with Rb-E2F factors. At the onset of
differentiation, Brgl is required for the activation of Myogenin,
which in turn cooperates with other muscle bHLH proteins (i.e.,

been suggested by the finding that MyoD and BAF60C
associate to form a complex detected on the regulatory
elements of MyoD-regulated genes, without activating
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together with additional pioneer factors (e.g., PBX/Meis) [36] favors
the recruitment of SWI/SNF chromatin-remodeling complex. Signal-
dependent phosphorylation of Baf60C (e.g., by cytokine-activated
p38 kinases alpha/beta) promotes MyoD-BAF60C incorporation into
the SWI/SNF complex that remodels chromatin and disrupts nucle-
osome to allow the activation of gene expression [37, 38]
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MyoD) and MEF?2 to activate late muscle genes. Brm is also involved
in the activation of late muscle genes. A potential interaction between
Brm, myogenin/MyoD, MEF?2 is proposed in this illustration. RB has
been postulated to contribute to late myogenesis [74-76] and can
potentially cooperate with SWI/SNF on the activation of muscle late
genes [78, 79]

transcription [38]. While this complex does not appear to

have any chromatin remodeling activity, as it is devoid of
the enzymatic SWI/SNF subunits, it likely provides the
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“platform” for signal-activated recruitment of Brgl-based
SWI/SNF complex upon exposure to regeneration cues that
elicit the p38 signaling [37]. As such, BAF60C-MyoD
complex might “pre-set” the optimal nuclear landscape for
the activation of the myogenic program in the fraction of
committed muscle progenitors. This hypothesis fits with
the preferential segregation of active p38 in the subsets of
activated MuSCs [48, 49] and suggests that asymmetric
partitioning of SWI/SNF components might regulate divi-
sion symmetry in MuSC exposed to regeneration cues. An
additional indirect evidence supporting the potential con-
tribution of SWI/SNF heterogeneity to the regulation of
MuSC division symmetry is the recent finding that cyto-
kine-activated JAK-STAT3 signaling is preferentially
activated in differentiation-committed MuSCs [50, 51].
Indeed, studies in ESCs have revealed a role of Brgl-based
SWI/SNF in directing STAT3 genome-wide chromatin
binding, by establishing the chromatin accessibility at
STAT3 binding targets, thereby preparing for a proper
response to regeneration signals that activate JAK-STAT
pathway (i.e., IL6 signaling) [30]. Experimental deletion of
Brgl precludes STAT3-mediated activation of target
genes, by promoting polycomb (PcG) binding and
H3K27me3-mediated silencing [30]. Since STAT3 acti-
vates MyoD expression in MuSCs [51], it is possible that
the mechanism by which Brgl/SWI/SNF-mediated chro-
matin remodeling at STAT3 binding sites can be extended
to the early commitment of MuSCs to the myogenic lin-
eage. On the other hand, Brgl is required for maintaining
Pax7 expression that supports proliferation and survival of
the expanding population of MuSCs that has broken qui-
escence [52]. Interestingly, it appears that the SWI/SNF
complex implicated in establishing the landscape con-
ducive for MuSC quiescence relies on the activity of the
other ATPase and Brm, which has the unique ability to
interact with critical components of the notch signaling
[53]—an essential pathway for keeping MuSC quiescence
[54-56]. Consistently, recent evidence has revealed a
specific role of Brm in the control of cell cycle in MuSCs,
via CyclinD1 repression [57]—see paragraph below for
details.

Overall, distinct SWI/SNF complexes appear to regulate
the nuclear landscape conducive for cell cycle arrest and
retention of stemness in quiescent MuSCs or for the
commitment to the myogenic lineage in the fraction of
MuSCs activated during regeneration [58]. This regulation
occurs in concert with the activity of Polycomb Repressive
Complex 2 (PRC2) [59], to coordinate gene expression, as
in the case of differentiation-committed MuSCs, in which
p38-mediated targeting of PgC to Pax7 locus mediates the
repression of Pax7 transcription [60]. The concerted
activities of SWI/SNF and PgC are complemented with
that of other chromatin-modifying complexes activated in
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response to regeneration cues [61-64], thereby generating a
network of functional interactions that shape the epigen-
ome of asymmetrically dividing satellite stem cells [65,
66]. Impairment of these networks might be implicated in
loss of symmetric division that has been associated to the
functional exhaustion of MuSCs during chronic muscular
diseases and aging [65, 67, 68].

Stage-specific functions of the two SWI/SNF
ATPases Brgl and Brm during skeletal myogenesis

As skeletal myogenesis proceeds through multiple stages,
including myoblast proliferation, differentiation-associated
irreversible cell cycle arrest and formation of terminally
multinucleated myotubes, a longstanding question regards
the potential existence of stage-specific SWI/SNF com-
plexes with defined combinations of subunits. In particular,
an individual role of the two alternative SWI/SNF ATPases
Brgl and Brm has been postulated, based on the different
domains that they contain, on their non-redundant function
observed in the previous studies and on the different phe-
notypes shown by Brgl and Brm null mice [53, 69, 70].
Seminal studies from Imbalzano and Tapscott labs have
revealed an essential role of Brgl-based SWI/SNF in
mediating the ability of MyoD to remodel the chromatin at
target genes [35, 71]. Further evidence indicated that Brgl-
remodeling activity is required to activate the transcription
of muscle-specific genes (myogenin) and myogenic
microRNAs (myomiRs) miR-1 and miR-133 [72, 73] by
allowing MyoD access on their regulatory regions. By
contrast, the specific role of the Brm ATPase has not been
addressed by parallel studies. Only recently, our group
unveiled a previously unrecognized role for Brm during
skeletal myogeneis, distinct from that played by Brgl.
Indeed, C2C12 depleted of either Brm or Brgl displayed
distinct phenotypes. While Brgl knockdown completely
inhibited myoblast differentiation into multinucleated
myotubes, Brm knockdown led to incomplete myogenesis,
with the formation of sporadic and shorter myotubes [57].
Importantly, Brm depleted myoblasts failed to undergo cell
cycle arrest, leading to the presence of an abundant pop-
ulation of proliferating cells even upon serum withdrawal,
which typically triggers irreversible cell cycle arrest in
wild-type myoblasts. Overall, these studies showed that
Brgl is required at the early stage of differentiation, by
activating a key MyoD downstream target—myogenin—
while Brm is required at two distinct stages of myogenesis:
at the onset of differentiation by regulating cell cycle arrest
through Cyclin DI repression, and at the later stage by
activating the expression of late muscle genes. Importantly,
these two functions appear to be independent from each
other [57]. In vivo analysis of Brm null mice shows
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impaired muscle regeneration after injury, with aberrant
proliferation of muscle stem cells, satellite cells, and
delayed formation of new myofibers. This phenotype
coincides with the intrinsic defect of muscle stem cells to
arrest the cell cycle and complete the differentiation pro-
gram in culture, which was due to a deregulated expression
of Brm-target genes. This evidence supports the conclusion
that Brm plays an essential role in the activation of the
myogenic program of muscle stem cells at both early and
late stages of adult myogenesis [57]. It also emphasizes
once again the functional versatility of SWI/SNF com-
plexes conferred by the alternative incorporation of Brgl or
Brm (Fig. 2).

The function of Brm during skeletal muscle differenti-
ation is somehow reminiscent of that one described for the
retinoblastoma protein (pRb) in the previous studies [73—
76]. Indeed, during skeletal myogenesis, pRb is a critical
regulator of myogenesis, as it directs the irreversible
withdrawal of myoblasts, presumably through the repres-
sion of E2F genes, [74] and controls the late phase of
myogenesis by activating the transcriptional function of
myocyte enhancer family 2 (Mef2) in cooperation with
MyoD [75]. While its role in the establishment of the post-
mitotic state has been documented [74], the role of pRb in
promoting terminal differentiation remains puzzling [76,
77]. Similar to Brm null muscles, pRb —/— muscle cells
show the normal expression of p21 and myogenin, but no
expression of late markers of muscle differentiation and
compromised formation of myotubes [75]. As such, such as
Brm, pRb appears to be specifically required for the exe-
cution of the later steps in skeletal mitogenesis and its
differentiation-promoting function might not be linked to
its cell-cycle regulatory activity. An interesting hypothesis
would be that pRb and Brm cooperate to coordinate the
activity of bHLH and MEF2 muscle regulatory factors,
possibly by assembling transcriptional co-factors. More-
over, the functional link between Brm and pRb could also
be extended to the repression of cell-cycle-related genes
[78-80]. Our and other studies have recently shown the
importance of SWI/SNF complex in mediating CyclinD1
repression [57, 81]. Albini et al. showed that in differen-
tiating myoblasts, Cyclin D1 promoter is occupied
specifically by Brm [57]; in contrast, Joliot et al. reported
on the enrichment in Brgl at the same elements [81]. While
future studies should better establish the relative enrich-
ment of Brgl and Brm at Cyclin D1 promoter, it should be
noted that the Brm-mediated repression of Cyclin D1 is
consistent with the reported anti-proliferative activity of
Brm in myoblasts [57]. Interestingly, Brm binding to the
chromatin at Cyclin D1 promoter correlated with an enri-
ched in H3K27 tri-methylation (H3K27me3) in
correspondence of putative YY1 and E2F binding sites
[57]. It is, therefore, tempting to speculate that Brm

recruitment on Cyclin D1 promoter could coincide with the
formation of a repressive complex also containing pRb and
PRC2 [82, 83]. This hypothesis is supported by recent
evidence showing that SWI/SNF complexes can act in
cooperation with PRC2 to repress certain target genes by
facilitating PRC2 binding and activity [30].

Interestingly, in a very recent study, Ruijtenberg and
Heuvel have uncovered in C. elegans a tissue-type specific
regulatory mechanism for cell-cycle arrest that depends on
multiple functional interactions between the SWI/SNF and
the cell-cycle machinery. When disrupted, these interac-
tions can cause tumorous over-proliferation of somatic
cells [84]. These findings further reinforce the idea that
SWI/SNF chromatin-remodeling complex regulates cell
cycle and gene expression independently and possibly
through distinct subunits that are capable of mediating
interactions with different proteins.

Conclusion and perspectives

Collectively, the information reported in this review
demonstrates the importance of a balanced and coordinated
activity of the different SWI/SNF assemblies in regulating
stem cell lineage-specific gene expression. Currently, the
importance of CRCs subunit heterogeneity to drive lineage
specification seems well established. However, we lack a
better understanding of the complete mechanism and sig-
nals that controls the subunit selection during this process.
Advance in new technologies, as genetic models, genome-
wide binding studies and more accurate and sensitive
biochemical analysis, may provide us the tools necessary to
identify the precise composition of SWI/SNF assembly at a
particular stage and the gene targets. Answering to those
open questions will anticipate future directions directed
toward the identification of the specific regulation of SWI/
SNF dynamic exchange. Given the well-established role of
SWI/SNF complexes during development, adult home-
ostasis and cancer progression under different signaling
and cellular contexts [85], further elucidations of the
mechanisms that regulate SWI/SNF composition, may
provide a new foundation for the development of drugs
targeting CRCs in human disorders, including muscular
diseases.
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