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ABSTRACT
The early 1980s revelation of cis-acting genomic elements, known as transcriptional enhancers, is still regarded as one of the fundamental
discoveries in the genomic field. However, only with the emergence of genome-wide techniques has the genuine biological scope of enhancers
begun to be fully uncovered. Massive scientific efforts of multiple laboratories rapidly advanced the overall perception that enhancers are
typified by common epigenetic characteristics that distinguish their activating potential. Broadly, chromatin modifiers and transcriptional
regulators lay down the essential foundations necessary for constituting enhancers in their activated form. Basing on genome-wide ChIP-
sequencing of enhancer-related marks we identified myogenic enhancers before and after muscle differentiation and discovered that MyoD
was bound to nearly a third of condition-specific enhancers. Experimental studies that tested the deposition patterns of enhancer-related
epigenetic marks in MyoD-null myoblasts revealed the high dependency that a specific set of muscle enhancers have towards this
transcriptional regulator. Re-expression of MyoD restored the deposition of enhancer-related marks at myotube-specific enhancers and
partially atmyoblasts-specific enhancers. Our proposedmechanisticmodel suggests thatMyoD is involved in recruitment ofmethyltransferase
Set7, acetyltransferase p300 and deposition of H3K4me1 and H3K27ac at myogenic enhancers. In addition, MyoD binding at enhancers is
associated with PolII occupancy and with local noncoding transcription. Modulation of muscle enhancers is suggested to be coordinated via
transcription factors docking, including c-Jun and Jdp2 that bind to muscle enhancers in a MyoD-dependent manner. We hypothesize that
distinct transcription factors may act as placeholders and mediate the assembly of newly formed myogenic enhancers. J. Cell. Biochem. 115:
1855–1867, 2014. © 2014 Wiley Periodicals, Inc.
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One of the major milestones in the field of genomics over the
last half century is the discovery of transcriptional enhancers,

made by two independent laboratories in the early 1980s [Banerji
et al., 1981; Moreau et al., 1981]. Originally identified in the DNA of
the mammalian simian virus (SV40), enhancers were established as
cis-acting DNA segments that could stimulate Pol-II-mediated
transcription over long-ranges, independently of their orientation
relative to their corresponding promoter site. The discovery was
demonstrated to be a widespread genomic phenomenon when
Schaffner et al. showed for the first time that the 72 base pairs (bp)
repeated viral sequence element, which they identified in the SV40
genome, could amplify the transcription of the rabbit b-globin gene
in human Hela cells by nearly 200 times [Banerji et al., 1981]. Due to
their capability to enhance the transcription of their respective
distally located target gene these genomic elements were labeled by
Schaffner and his colleagues as “enhancers” [Banerji et al., 1981].
Shortly afterward, the same group of scientists identified a novel

enhancer within a murine immunoglobulin heavy chain gene, and
demonstrated that transcriptional enhancers exist in the genome of
metazoan organisms as well [Banerji et al., 1983]. Soon after this, the
Tjian laboratory provided new mechanistic insights regarding the
function of transcriptional enhancers by demonstrating that
enhancer activation is governed by specific transcription factors
that selectively bind distinct recognition sequences within en-
hancers and control their activity [Lee et al., 1987].

In the following decade, a new question was posed regarding the
genomic mechanism that restrains enhancers from activating
improper genes. This conundrumwas elegantly addressed by Kellum
and Schedl, using their early identification of novel “specialized
chromatin structures” (also known as “scs domains”) flanking the
Drosophila melanogaster heat shock cytogenetic locus 87A7. They
then developed an enhancer-blocking assay, which demonstrated
that the stimulatory activity of the yolk protein-1 enhancer could be
blocked by several scs-like elements that were cloned between the
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enhancer region and its corresponding promoter [Kellum and
Schedl, 1992]. The functional concept of “genomic insulators” was
then coined and delineated the strong linkage between long-range
chromatin domains and transcriptional control. Nevertheless, it was
only with the advent of state-of-the-art genome-wide approaches
such as chip-on-ChIP and ChIP-seq (by the years 1999 and 2009,
respectively) that the scope of transcriptional enhancers could be
vastly explored to reflect their unequivocal importance in
phenotypic diversification and lineage specification, manifested
by cell-type-specific gene expression, as discussed further below.

Comparative genomic studies in metazoans pointed to a
paradoxical anti-correlation between the number of genes per
organism (genome size) and the relative level of phenotypic
complexity, characterized by the diversity of the organism0s
behavior and the number of different cell types present. Thus for
example, both the Caenorhabditis elegans nematode and the Homo
sapiens genomes harbor approximately 20,000–25,000 genes each,
and yet the Human genome is roughly 30 times larger than that of the
nematode, implying that the developmental complexity of the
Human and other complex mammalian genomes must be achieved
through alternative mechanisms related to the noncoding portion of
the genome rather than by a simple increment in the number of genes
[Bulger and Groudine, 2011]. In addition, only a small fraction (less
than 2%) of the mammalian genome encodes for protein-coding
genes, suggesting that the surrounding noncoding regions acquired
through evolution in higher organisms, must carry vital attributes
that can expand the potential of information concealed within the
coding dimension. Essentially, it is now being recognized that
the utilization of protein-coding genes is completely impacted by the
noncoding dimension, which confers phenotypic subtleties that
ultimately yield the profound differences that distinguish higher
organisms from lower ones [Salmena et al., 2011]. At the same event,
it is important to note that these noncoding genomic portions are
generally not conserved among species (as the total genome size
among species may differ significantly), and could reflect an
important functional layer that contradicts the central dogma
linking evolutionary conservation with function. Therefore, given
that the noncoding dimension may play a vital role in dictating the
uniqueness of complex genomes, and that unlike the coding genes
this portion is not conserved among all species, it is important to be
cautious when attempting to extrapolate between results obtained
by mouse models to the phenomena manifested by human,
especially when the observations are related to the noncoding
dimension. Thus, from a translational research perspective, it would
become more coherent and informative, in general, to utilize mice
model for studying the coding portion of the genome rather than the
noncoding portion.

Indeed, genomic mechanisms that can boost diversification of
transcriptome and proteome by generating numerous mRNA
products from a single gene and expanding the usage of the
template code have been characterized, and include alternative
splicing [Kim et al., 2007], epigenetic signals [Bonasio, 2014], RNA
editing [Farajollahi and Maas, 2010], microRNAs [Heimberg
et al., 2008], and ceRNAs [Salmena et al., 2011]. In this respect, it
is important to note to a comparative multispecies study that
revealed a higher frequency of alternative splicing in vertebrates as

compared to invertebrates, suggesting that introns accumulation
confers an evolutionary advantage [Kim et al., 2007]. Nevertheless,
alongside these genomic mechanisms, temporal and spatial
diversification of the transcriptional program can contribute
enormously to the uprising of phenotypic complexity within a
specific organism. In particular, inmetazoans cellular differentiation
of multiple lineage-specific embryonic stem cells (ES cells) demands
a precise and firmly controlled gene expression patterning of
developmental genes. For facilitating the complex demand of
cellular differentiation, including the temporal and spatial arrange-
ment of transcription factors, combinatorial transcriptional regula-
tory dynamics that involve distal cis-regulatory transcriptional
enhancers that decoupled from the confines of the promoter-
proximal region, have been evolved [Bulger and Groudine, 2011]. By
distributing the regulatory sites further away, up-stream or down-
stream from the promoter regions complex organisms were able to
circumvent the intrinsic bottleneck existing in more primitive
organisms in which transcription is exclusively regulated by the
promoter region alone.

The advent of massively parallel sequencing and the fact that
enhancer regions could be identified by their well-characterized
epigenetic signature, as will be further discussed below, has
enabled the elucidation and mapping of enhancers in numerous
cell types and uncovered their complex but largely invariant
chromatin arrangement. Seminal next-generation sequencing
(NGS) studies by the laboratories of Ren and Pennacchio have
brought about the revolutionary finding that chromatin states at
promoters are highly correlated even among distinct cell types,
whereas at enhancers histone modifications are largely cell-type
specific and highly associated with transcriptional patterns
[Heintzman et al., 2009; Visel et al., 2009]. These novel
observations, certainly marking a crucial milestone in the genomic
field, prompted scientists to consider transcriptional enhancers as
a fundamental determinant that markedly influences cell-type-
specific transcription patterning in the genomes of complex
creatures. Indeed, a body of scientific evidence suggests that due to
the central role that enhancers play in orchestrating transcription
they also emerge as prominent players in a range of molecular
networks influencing major cellular characteristics such as nuclear
and chromosomal architecture [Chepelev et al., 2012] and stem cell
pluripotency [Creyghton et al., 2010]. Accordingly, transcriptional
enhancers have been distinguished as an essential layer of cellular
regulation, which contributes immensely to acceleration of
behavioral and morphological diversification in multicellular
organisms.

UNIQUE EPIGENETIC CHARACTERISTICS OF
ENHANCERS ENABLE THEIR GENOME-WIDE
MAPPING

Due to the imperative role of transcriptional enhancers in regulation
of tissue-specific genes, it is essential to obtain a full assembly of
their genomic locations in each cell type. For doing so, it is important
to recognize certain enhancer characteristics that provide the basis
for enhancer identification in recent genome-wide studies. Similarly
to promoters, enhancers are typified by sets of DNA sequences
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(also referred to as “binding sites”) that attract multiple transcription
factors that can activate or suppress transcription. Concomitantly
with the recruitment of transcription factors to their cognate binding
sites, the recruitment of chromatin-modifying coactivators or
corepressors take place, facilitating the way for decoration of the
enhancer region with unique histone modifications, as further
described below [reviewed in Bulger and Groudine, 2011; Ong and
Corces, 2011; Spitz and Furlong, 2012; Calo and Wysocka, 2013].
Historically, the main characteristic hallmark of transcriptional
enhancers that has been repeatedly validated and determined by
changes in sensitivity of chromatin to DNase I, restriction enzymes,
or enzyme micrococcal nuclease (MNase), is that enhancer regions
are typically devoid of nucleosome—the basic structural unit of
eukaryotic chromatin [Crawford et al., 2006]. This unique structural
arrangement of nucleosome-free regions allows the DNA fiber to
become accessible to the binding of various transcription factors.
Lately, genome-wide studies paved the way for uncovering specific
enhancer blue prints that are currently being applied in defining
active cis-regulatory elements in a tissue-selective manner.
Nucleosomes that flank the genomic region of active enhancers
often carry post-translational modifications. It is now clear that
monomethylated H3K4 (H3K4me1) deposition, coupled with high
levels of acetylation of histone H3K27 (H3K27ac), form a
predominant epigenetic signature for enhancers associated with
actively transcribed genes [Heintzman et al., 2007; Shlyueva et al.,
2014]. In addition, several studies have identified a disparity in
typical chromatin patterns that appear on active enhancers and
promoters. For example, trimethylation of histone H3 on lysine 4
(H3K4me3) is highly enriched across the promoters of active genes,
while at activated enhancers this mark is typically absent. By
contrast, unlike active enhancers that are robustly marked by
H3K4me1, active promoters often lack this mark [Koch et al., 2007;
Rada-Iglesias et al., 2011]. Indeed, an important study recently
revealed an unexpected roles for H3K4me1 in gene repression and
also restricting the recruitment of chromatin-modifying complexes
to specific locations within promoters [Cheng et al., 2014]. It is
interesting however to note that both enhancers and promoters at
their repressed or silent states are both generally occupied by
H3K27me3-modified nucleosomes, a process mediated by the
Polycomb repressive complex [Simon and Kingston, 2009]. By
utilizing the virtue of predictive histone mark signature of active
enhancers many genome-wide studies were able to re-confirmed the
firm concordance between epigenetic patterns at enhancers and their
transcriptionally active state that was confirmed by activity assays
[Bonn et al., 2012; Arnold et al., 2013].

CHROMATIN MODIFYING ENZYMES AND
TRANSCRIPTION FACTORS DICTATE THE
ACTIVATION STATUS OF ENHANCERS

Although there are remarkable differences between promoters and
enhancers, both recruit an extremely diverse set of chromatin-
modifying enzymes to promote the formation of distinctive patterns
of histone modifications. Deposition of H3K4me1 at enhancer
regions is largely catalyzed by the Trr/MLL3/MLL4 COMPASS-like
complexes [Herz et al., 2012; Hu et al., 2013; Lee et al., 2013],

although it has also been shown that additional methyltransferase
enzymes, including MLL1/2 [Jeong et al., 2011; Kawabe et al., 2012]
and Set7/9 [Tao et al., 2011; Blum et al., 2012] can mediate H3K4
monomethylation within enhancer regions in specific cellular
contexts as well. It is known that acetylation of H3K27ac is mainly
mediated by the two homologous acetyltransferases – CREB binding
protein (CBP) and p300 [Tie et al., 2009; Pasini et al., 2010; Jin et al.,
2011]. Importantly, deposition of H3K27ac at distal enhancers
demarcates enhancers in their active state and distinguishes them
from poised enhancers. Thus, through the recent years numerous
laboratories, studying various cell types, have performed genome-
wide mapping of enhancer regions based on the characteristic
localization patterns of these two enzymes [Heintzman et al., 2009
Ghisletti et al., 2010; Kim et al., 2010; Rada-Iglesias et al., 2011].
Altogether, these studies captured unique set of enhancers that
uncover tissue-specific transcriptional patterns, suggesting that
tissue-specific occupancy of enhancers by p300 or CBP governs
unique developmental circuits in numerous tissues [Heintzman et al.,
2009]. It is important to note that although H3K27ac is one of the
main substrates of CBP/p300, other lysine residues such as H3K18
could be subjected to acetylation mediated by these enzymes [Jin
et al., 2011] and are indeed detectable at enhancer regions as well
[Wang et al., 2008b]. Along these lines, recent studies revealed that
in metazoans the acetyltransferase GCN5/PCAF complex, ATAC is
targeted to p300-unbound enhancers, defining a separate class of
enhancers modified independently of p300 [Krebs et al., 2011]. In
accordance to these findings, H3K9ac, which is mainly deposited by
GCN5/PCAF, was detected together with H3K14ac on a specific
subset of active enhancers in embryonic stem cells [Karmodiya et al.,
2012].

The systematic profiling of histone modifications at enhancers
revealed the presence of a histone modification, H3K79me3, which
was previously characterized as localizing to gene bodies [Barski
et al., 2007], to be at the core of developmental enhancers [Bonn
et al., 2012]. This finding suggests that active enhancers may become
transcribe by themselves as indeed, distal enhancers have been
shown to recruit RNA polymerase II, and to be associated with
transcription of large noncoding RNAs (ncRNAs) and enhancer-
derived RNAs (eRNAs) [De Santa et al., 2010; Kim et al., 2010]. The
mechanistic role of eRNAs is still ambiguous, as studies suggest their
involvement in long-range transcriptional activation through
association with the Mediator complex [Lai et al., 2013], or a
functional role in the maintenance of accessible chromatin [Natoli
and Andrau, 2012], while other studies claim that the generation of
eRNAs is part of non-specific events that could be best described as
the “ripple effect” [Ebisuya et al., 2008].

These canonical and non-canonical observations, triggered by the
applicability of different forms of massively parallel sequencing
methods for identifying enhancers, such as DNase-seq [Boyle et al.,
2008], MNase-seq [Yuan et al., 2005], FAIRE-seq [Giresi et al., 2007],
and FIREWACh [Murtha et al., 2014], have expedited enhancer
profiling and investigation. As a result, genomic scientists in many
laboratories around the world have acquired the precise mappings of
enhancers in numerous cell types, including heart [Narlikar et al.,
2010;May et al., 2012], forebrain [Visel et al., 2013], cortical neurons
[Kim et al., 2010], skeletal muscle [Blum et al., 2012], adipocytes
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[Mikkelsen et al., 2010], and macrophages of the bone marrow
[Ghisletti et al., 2010].

Another crucial layer of active enhancers is portrayed by
enhancer-binding tissue-specific transcription factors, which facili-
tating in the recruitment of histone-modifying enzymes [Creyghton
et al., 2010]. ChIP-seq coupled with the computational survey of
putative binding motifs across enhancer regions uncovered the
localization of multiple cell-type-specific transcription factors to
enhancers. These factors, formerly discovered and characterized as
crucial regulators of lineage-specific differentiation were recently
bestowed a renewed attention due to their rediscovery in the context
of enhancer regulation. These factors, including PU.1 in pro-B
lymphocytes [Ghisletti et al., 2010], Foxa1 and Foxa2 in hepatocytes
(liver cells) [Xu et al., 2009; Creyghton et al., 2010], STAT1, 4, and 6
proteins in T lymphocytes [Vahedi et al., 2012], and Rfx1 in neural
progenitors [Creyghton et al., 2010], among others. Therefore, these
factors are now referred to as master regulators of enhancer activity.
Future basic studies as well as translational studies exploring
therapeutic strategies are on the horizon to uncover their function
and implication in genomic regulation.

Epigenetic landscape studies of enhancer elements during
differentiation revealed that depending on the combinatorial pattern
of histones at enhancers in a given state, transcriptional enhancers
could be segregated into a few functional groups: enhancers in their
active state (“activated” enhancers), deposited with H3K4me1 and
H3K27ac; enhancers in their inactive state (“poised” enhancers),
deposited with H3K4me1 but lack H3K27ac; and “latent” enhancers
that in terminally differentiated cells, which are devoid of any of the
hallmarks of enhancers but are still competent of repossessing these
histone features and transcription factor binding upon selective
cellular stimulation [Creyghton et al., 2010; Rada-Iglesias et al.,
2011; Bogdanovic et al., 2012; Ostuni et al., 2013]. Accordingly,
prior to terminal differentiation, in embryonic stem cells (ESCs) the
enhancers regulating lineage specific genes are found in a poised
state. These, upon receiving of proper differentiation stimuli turn
active and allow the transcriptional stimulation of their cognate
developmental genes [Creyghton et al., 2010]. Complementary
insights obtained by recent developmental studies disclosed
intriguing features related to poised enhancers. Similar to the
bivalent domains marked by a combination of H3K4me3 and
H3K27me3 at promoters of developmental genes in embryonic stem
cells [Bernstein et al., 2006], poised enhancers in embryonic stem
cells or undifferentiated cells were established as possessing both,
H3K27me3 and H3K4me1 modifications, which associated with
active and repressed states, respectively [Asp et al., 2011; Rada-
Iglesias et al., 2011].

Finally, developmental studies that focused on epigenetic
regulation in ES cells have demonstrated that through the earliest
phase of development, poised enhancers are accessed by pioneering
factors (also called “placeholders”), which are capable of directly
binding to nucleosomal DNA and remodeling of the enhancer region,
leading to recruitment of activating transcription factors. Triggering
transcriptional competency at conjugated promoters by enhancers is
a sequential process that typically includes nucleosomes reposition-
ing, DNA demethylation, and recruitment of chromatin modifiers
that subsequently induce histone methylation and acetylation

[Ghisletti et al., 2010; Serandour et al., 2011; Zaret and Carroll,
2011]. Following differentiation and dependent on the lineage
trajectory that is selected, the occupancy of pioneer factors at
enhancer regions declines, and coordinately with their replacement
by tissue-specific master regulators, the enhancer is prompt to its
active state. Thus for an instance, upon adaptation of the endodermal
lineage, the levels of pioneering factor FoxD3 in differentiating ES
cells are greatly reduced, as this factor is superseded by the activating
transcription factor FoxA1 [Xu et al., 2009]. Similarly, in
differentiating neurons Sox2 is replaced at enhancers by Sox3
and Sox11 [Bergsland et al., 2011], and in macrophages binds
primarily to de novo enhancers bound by the pioneering factors PU.1
and C/EBPa [Kaikkonen et al., 2013]. As would be further discussed
below, an important facet of the biology of placeholders is the
replacement of these transcription factors in a timely dependent
manner by enhancer activating master regulators.

In this article, we report on the theoretical basis and the scientific
process that led us to the genome-wide identification of active
enhancers in skeletal muscle cells, before and after terminal
differentiation. We uncover general aspects related to enhancer
biology and specific details related to the myogenic system in
particular that enable us to place our discoveries in a relevant
functional context. We further propose that studies of placeholders
that regulate myogenic enhancer activation could contribute greatly
to understanding of enhancer-regulated myogenesis and advance
our understanding of muscle-related malignancies such as
rhabdomyosarcoma.

MyoD—A MASTER REGULATOR OF MUSCLE
ENHANCER ACTIVATION

Development and formation of skeletal muscle is primarily regulated
by the MyoD family of myogenic regulators, also known as MRFs
(myogenic regulatory factors). The four members of this basic-helix-
loop-helix (bHLH) family of transcription factors include MyoD,
Myf5, Mrf4, and Myogenin are all capable of activating the
myogenic program when forcedly expressed in nonmuscle cells
[Moncaut et al., 2013]. The discovery that MyoD is capable of
imposing myogenic trans-differentiation was historically the first
demonstration of cellular reprogramming. The first experimental
exemplification was performed in fibroblasts [Davis et al., 1987] and
subsequently was followed by additional demonstrations performed
in various cell types, including retinal epithelial cells, adipocytes,
hepatoma, neuroblastoma, and melanoma [Weintraub et al., 1989].
Nevertheless, in the absence of the first three master regulators
skeletal muscle is not formed, whereas in the absence of myogenin
myoblasts form but fully functional muscle does not [Buckingham
and Rigby, 2014], suggesting that while MyoD, Myf5 and Mrf4 are
responsible of determination of myogenic lineage, myogenin is in
charge of dictating more advanced phases of myogenesis [Nabe-
shima et al., 1993]. The greater efficiency of the three master
regulators to impose differentiation through the myogenic lineage,
as compared to myogenin, is explained by their possession of a C-
terminal domain [Gerber et al., 1997], which enables to recruit the
ATP-dependent chromatin remodeling enzymes SWI/SNF for
induction of myogenic target genes [de la Serna et al., 2005].
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To become transcriptionally active at the onset of muscle
differentiation,MyoD forms heterodimers with E-proteins (including
E12, E47, E2-2, and HEB), which allow its docking to a minimal DNA
binding site that composed of two E-boxes motifs. The E-box
consensus motif, comprised of the VCASCTGT sequence (V¼A/C/G,
S¼C/G) is enriched within DNA sequences of both, promoter and
enhancer regions of muscle-lineage genes [Blais et al., 2005; Cao
et al., 2010]. The cooperative binding ofMyoD and E-proteins, which
confers synergistic affinity, allows MyoD to become stably bound to
DNA and recognizable by the transcription machinery [Weintraub
et al., 1990]. Concomitantly with its DNA-docking, MyoD recruits
histone acetyltransferase enzymes and chromatin remodeling
enzymatic complexes, which increase histone acetylation and
chromatin accessibility, respectively [de la Serna et al., 2005;
Forcales et al., 2012]. In addition, functional studies have shown that
MyoD, through its helix 3 domain interacts with the homeodomain
proteins Pbx andMeis, which tether it to inaccessible E-box domains
[Berkes et al., 2004]. Thus, prior to myogenic differentiation, at the
myoblastic stage, Pbx occupies specific docking sites within the
myogenin promoter and recruits MyoD during the entry into the
differentiation stage. Interestingly, suppression of Pbx function by
morpholino injection to zebrafish fast muscle resulted in repression
of myogenin and fast-muscle genes expression [Maves et al., 2007].

Despite the fact that numerous studies have been focused
primarily on the mechanistic aspects related to the function of
MyoD at promoter regions, traditional enhancer assays, utilizing
enhancer-driven expression of a reporter gene, have demonstrated
that MyoD plays a crucial role in the activation of a specific set of
enhancers linked to myogenic genes. Such myogenic enhancers,
enriched by E-box binding motifs that are necessary for the
recruitment ofMyoDwere found in the distal regions of several well-
recognized myogenic genes including MyoD itself [Goldhamer et al.,
1995], myogenin [Yee and Rigby, 1993], Myf5 and Mrf4 [Carvajal
et al., 2008], Ckm [Johnson et al., 1989], g-sarcoglycan [Wakabaya-
shi-Takai et al., 2001], and myosin chain 1 [Wentworth et al., 1991].

To obtain a comprehensive assembly of active enhancers that
drive the myogenic transcriptional program prior to and post
differentiation, and to uncover their prominent molecular mecha-
nisms, we recently conducted genome-wide ChIP-seq and gene
expression studies. To enhance the rigor of our scientific
observations, we identified active enhancers based on the net
assembly of five well-defined enhancer markers, which include three
histone marks (H3K4me1, H3K18ac, and H3K27ac) and two
transcriptional enzymes (p300 and PolII) [Blum et al., 2012]. To
focus on genomic regions that are likely to represent active
enhancers we generated 10 subsets, each composed of genomic
regions that associate with a different combination of at least three
of the five enhancer marks that were originally mapped. Because
genomic regions that fulfill regulatory roles, such as enhancers, are
subjected to evolutionary selection [Siepel et al., 2005] we
determined the conservation level of each of the 10 subsets and
pooled the 4 subsets that were the most highly conserved. Our
analysis indicated that the strongest conservation sequences were
arrayed in the central portion of enhancer regions that were typically
marked by a combination of H3K4me1, H3K27ac, p300, or PolII. In
line with other tissue-specific genomic regions whose evolution

occurs in a rapid manner [Prabhakar et al., 2006], our analysis
pointed to a strong, but not ultra-strong conservation among the
genomic sequences of the newly identified muscle-specific
enhancers [Blum et al., 2012]. The deposition of the four enhancer
marks (H3K27ac, H3K4me1, PolII, and p300), which were previously
shown to be associated with active enhancers in ES cells [Creyghton
et al., 2010], neuronal cells [Kim et al., 2010] and macrophages [De
Santa et al., 2010], was validated by conventional ChIP assays, and
the activating potential of a representative subset of myogenic
enhancers deposited with combinations of these active marks was
validated by a set of traditional enhancer–reporter assays.

Several studies have demonstrated that the number of active
enhancers is increases throughout differentiation. In zebra fish, for
example, the number of detectable active enhancers was increased
by more than 10-fold between the blastula stage and the gastrula
stage [Bogdanovic et al., 2012], and a similar increase was observed
within differentiation of embryonic stem cells (ESC) to neuronal
progenitor cells (NPC) [Creyghton et al., 2010]. In accordance, an
overall expansion in the number of active muscle enhancers was
found to characterize the myogenic differentiation program—as the
number of mappable enhancers was increased by nearly 150%
between the myoblastic stage (4,315 enhancer) to the myotube stage
(6,313 enhancers). Of these, approximately 65% of myoblast and
75% of myotube enhancers were active in a condition exclusive
manner, while the remaining was marked as constitutively active.
These findings imply that the complex transcriptional program
associated with the transition from pre-differentiated cells to fully
differentiated cells is propelled by a potent increase in distal
enhancer activity. Notably, our genome-wide inventory of muscle
enhancers recovered multiple genomic segments previously estab-
lished as enhancer regions, and broadly there was a significant
correlation between the transcription levels of genes and the activity
of their adjacent condition-specific enhancers, indicating that
myogenic enhancers contribute to transcriptional amplification of
thousands of target genes. Interestingly, the promoter–enhancer
distances of myotube-specific enhancers (�40 kb) were significantly
shorter compared to the distances of myoblast-specific enhancers
(�53 kb), suggesting that shortening in the enhancer–promoter
rangesmay reflect a structural attribute of chromatin associatedwith
muscle differentiation.

Similarly to other studies who showed the concomitant expres-
sion of noncoding RNAs emanating from a subset of enhancer
regions [De Santa et al., 2010; Kim et al., 2010], roughly 10% of
condition-specific myogenic enhancers paired with noncoding
transcripts [Trapnell et al., 2010] and nearly 60% of these enhancers
were loaded with distinct levels of PolII. Computational analysis
revealed that approximately half of the myoblast-specific and
roughly 80% of the myotube-specific enhancers harbor putative
MyoD binding sites [Blum et al., 2012]. Nevertheless, superimposi-
tion of our myogenic enhancer catalog against previously mapped
MyoD-binding sites [Cao et al., 2010] indicated that only third of the
condition-specific enhancers were bound by MyoD. This finding
strengthens the notion that MyoD recruitment to myogenic
enhancers is dependent and limited by a combinatorial contribution
of sequence-specific regulators, histone modifiers, and chromatin
formation.
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The ability of MyoD to activate muscle enhancers is likely
modulated through synergistic interactions with different transcrip-
tion factors that recognize DNA sequences within the proximity of
MyoD binding sites. Indeed, our in silico analysis of enriched binding
motifs that are spatially localized near MyoD uncovered a few
transcription factors that are known to be myogenic regulators,
among them c-Jun [Bengal et al., 1992], Meis [Knoepfler et al., 1999],
Runx1 [Wang et al., 2005], and Jdp2 [Ostrovsky et al., 2002].
Computational analysis of putative binding sites revealed that MyoD
and c-Jun co-localize to 54% of myoblasts enhancers. Interestingly,
our biochemical studies comparing MyoD-null myoblasts to normal
myoblasts show that there is a significant decrease in the recruitment
of c-Jun to myogenic enhancers in the absence of MyoD. This
suggests that MyoD plays a central role in enhancer assembly via the
stabilization of transcription factors that have been previously
implicated in myogenic differentiation on chromatin. In addition,
depletion of c-Jun in the myoblast stage caused a significant
decrease in deposition of H3K27ac and H3K4me1 at myoblast
enhancers that are normally bound by c-Jun, but did not affect the
enhancers that do not recruit c-Jun [Blum et al., 2012]. These
epigenetic studies therefore revealed the strong association of MyoD
and c-Jun in their ability to activate myogenic enhancers, which is
consistent with their binding interaction that was demonstrated in
vitro [Bengal et al., 1992].

Previous investigations have shown that once recruited to
sequence-specific DNA motifs at gene promoters, MyoD interacts
with the acetyltransferases PCAF and p300 to promote acetylation of
histone H3 and histone H4 [Puri et al., 1997; Cao et al., 2006; Cao
et al., 2010], and acetylation ofMyoD by itself [Sartorelli et al., 1999;
Dilworth et al., 2004]. Our analysis discovered that most of the
condition-specific enhancers that were occupied by MyoD were also
occupied by the acetyltransferase p300. In fact, the fraction of
MyoD-bound enhancers that were co-occupied by p300 was found
to be significantly larger than the fraction of MyoD enhancers that
were deficient of this enzyme, indicating that the presence of MyoD
at enhancers may confer a strong impact on the engagement of p300
to active myogenic enhancers. Further biochemical studies in
MyoD�/� myoblasts displayed significantly reduced levels of
H3K27ac and p300 at a selected set of MyoD-bound enhancers.
Moreover, to further investigate the cause and effect relationship, we
re-expressed MyoD in null myoblasts and discovered that
reintroduction of MyoD in myoblasts caused a partial restoration
of myoblast enhancers, as evidenced by increased PolII binding and
deposition of H3Kme1 but not H3K27ac. At the same time a more
complete restoration was demonstrated across myotube-specific
enhancers in which the enrichment of all three enhancer-related
marks was up-regulated upon introduction of MyoD. These findings
suggest that there is a great importance in the timely manner in
which MyoD acts to establish myogenic enhancers. Uncoordinated
binding of MyoD to myogenic enhancers in a specific stage may
result in poor recruitment of enhancer-activating regulators, and
therefore may lead to incorrect enhancer assembly. Moreover, it is
possible that the plasticity of chromatin at enhancer regions is
limited to specific stages during differentiation and could become
irreversibly temporally and developmentally constrained [Blum
et al., 2012].

Additionally, our study investigated the role of methyltransferase
Set7 at muscle enhancers. qChIP assays showed that both, Set7
recruitment and H3K4me1 deposition at MyoD-bound enhancers,
sharply decreased at MyoD-bound enhancers in MyoD-null
myoblasts, as compared to their wild-type counterparts—indicating
that the manner in which Set7 was tethered to myogenic enhancers
was MyoD dependent [Blum et al., 2012]. These results are in good
accordancewith a previous report that revealed physical interactions
between MyoD and Set7 at the enhancer segment of MCK, and
marked the vital role of Set7 in the induction of myoblast
differentiation through the control of the levels of H3K4 mono
methylation [Tao et al., 2011]. Along these lines, our experimental
data indicated that in addition to being recruited to MyoD-bound
enhancers, Set7 was also recruited to MyoD-unbound enhancers,
suggesting that other transcription factors aside from MyoD are
actively involved in the recruitment of this methyltransferase to
muscle enhancers.

SIGNALING PATHWAYS THAT CONTROL
MYOGENESIS AND MAY IMPLICATED IN
ENHANCER REGULATION

An accumulated body of research from the recent years has paved
the way for deciphering the molecular signaling pathways
controlling the differentiation of mesodermal precursor cells to
myoblasts and consequently to terminally differentiated myotubes
[Charge and Rudnicki, 2004; Buckingham and Rigby, 2014]. The
myogenic precursor cells, which are confined to the dermomyotome
(the dorsal region of the somites), are being nourished by the
surrounding tissues, which transmit multiple signaling pathways
aiming to specify the differentiation conditions to support a muscle
formation. Ultimately, these intracellular signals are being conver-
gent into the nucleus, where they converted by transcription factors
into epigenetic signals thatmodulate the chromatin landscape. These
regulatory pathways, including the activating Sonic hedgehog
(SHH), Noggin and theWnt, and repressive BMP4 pathways, regulate
the transcriptional program dictated by Myf5 and MyoD and
therefore establish the commitment of myogenic precursor cells to
proceed through the muscle lineage. Myoblasts are located in the
lateral portion of the demomyotome, become committed by
expressing increasing levels of MyoD, and then migrate laterally
to form the myotome that subsequently evolves into the skeletal
musculature. Subsequently, the timed expression of myogenin and
Mrf4 help to accelerate the more advanced myogenesis steps, which
includemyoblasts fusion, to formmultinucleated elongated bundles,
and formation of well-aligned myotubes [Charge and Rudnicki,
2004; Buckingham and Rigby, 2014]. In addition to the four MRFs
that define the myogenic program, an additional supportive network
of transcriptional factors, comprised by Pax3, Pax7, Six1, and Six4,
is involved in the preliminary steps of the myogenic program [Liu
et al., 2013; Buckingham and Rigby, 2014]. The two factors, Pax3
and Pax7 are expressed in the dermomyotome, where Pax3 plays
significant roles during embryonic myogenesis [Bober et al., 1994;
Tremblay et al., 1998], and Pax7 plays a predominant role during
postnatal myogeneis [Seale et al., 2000; Oustanina et al., 2004]. In
the subpopulation of self-renewing myogenic stem cells, both Pax7
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[Soleimani et al., 2012] and the polycomb repressive complex 2
(PRC2) [Caretti et al., 2004] play essential roles in keeping myoblasts
at their proliferative state� Pax7 through the induction of
proliferation genes, and PRC2 via repression of genes involved in
muscle differentiation. In addition, during myoblast proliferation,
two classes of histone deacetylases oppose the activity of the histone
acetyltransferases p300 and PCAF. Direct interactions between
HDAC1 and MyoD were shown to promote hypoacetylation of
MyoD, consequently reducing its activity [Mal et al., 2001; Puri et al.,
2001], while on the other hand, Class-II HDACs, such as HDAC4 and
HDAC5, were shown to repress MEF2 activity and consequently
reduce the expression of MEF2 target genes [Lu et al., 2000a,b;
McKinsey et al., 2000]. Other signals supporting the myoblastic cell
population in its proliferative stage are obtained by the miRNAmiR-
31, which controls the translation of Myf5 by sequestering its
transcripts inside cytoplasmatic mRNP storage granules [Crist et al.,
2012].

Upon receiving myogenic-committing signals, Pax7 mediates the
recruitment of the histone methyltransferase complex, Wdr5–
Ash2L–MLL2, to the promoter of Myf5, resulting in increased
deposition of H3K4me3 and elevated expression of Myf5 [McKinnell
et al., 2008]. One of the dominant pathways that known to promote
muscle differentiation is the p38 MAP kinase signaling pathway.
Upon acquiring differentiation-commitment signals, p38 becomes
activated and phosphorylates E47, leading to dimerization of MyoD
and E47, which allows the subsequent recruitment to E-box elements
found at the promoters of multiple muscle genes [Lluis et al., 2005].
Moreover, p38a/b phosphorylates the SWI/SNF component, BAF60,
and via this mechanism accelerates the recruitment of this
chromatin-remodeling complex to the promoters of myogenic genes
[Simone et al., 2004]. In addition, blockade of p38a/b by a chemical
inhibitor abrogated the interaction between the twoATPase subunits
of SWI/SNF, BRM and BRG1, and MyoD [Simone et al., 2004]. An
additional facet of how p38 plays a role in stimulating myogenic
differentiation is demonstrated by its ability to phosphorylate
MEF2A and MEF2C on their transactivation domain. Consequently,
the affinity of these transcription factors to interact with MyoD
increases enhancing their transcriptional activity [Zhao et al., 1999;
Puri et al., 2000].

One of the well-established signaling circuits characterizing
differentiated skeletal muscle cells is the loss of enzymatic activity of
the PRC2-EZH2-YY1 complex, which leads to H3K27 hypomethy-
lation, the activation of MyoD, and an increase in histone
hyperacetylation at chromatin regulatory region of myogenic genes
[Caretti et al., 2004; Asp et al., 2011]. Complementary studies have
linked this loss in enzymatic activity to the combinatorial function of
three miRNAs—miR26a [Wong and Tellam, 2008], miR29 [Wang
et al., 2008a], and miR214 [Juan et al., 2009]—that become active
during myogenesis and inhibit the expression of EZH2, the catalytic
subunit of PRC2.

Another signaling cascade that is known to regulate myogenesis
and to function in parallel to the p38 kinase pathway is the PI3K/AKT
signaling pathway, which translates extracellular cues emanating by
growth factors such as IGF1, into intracellular signals [Wu et al.,
2000]. Importantly, in addition to dictating muscle differentiation
this signaling pathway has been implicated in regulating muscle

regeneration [Barton et al., 2002] and muscle cell survival [Lawlor
and Rotwein, 2000].

Conclusively, the vast majority of the signaling pathways
mentioned here are ultimately affecting MyoD activity. Therefore,
since MyoD was shown to be actively involved in the regulation of
activated myogenic enhancers, alterations in these signaling
pathways should be well correlated with changes in the activation
status of myogenic enhancers. Given the profound nature of the
myogenic program, it is expected that certain subtleties would exist.
Future studies would have to closely examine the implications of
specific signaling pathways on the activation of distinct subsets of
myogenic enhancers.

ENHANCER PLACEHOLDERS AS POTENTIAL
REGULATORS OF MYOGENIC LINEAGE

An intriguing aspect that remains largely uncharacterized is the fact
that within the developing limb bud and regenerating satellite cell
populations myogenic precursor cells (myoblasts) already express
MyoD at high levels but are kept in an undifferentiated state prior to
receiving the proper differentiating cues that induce their transfor-
mation from myoblasts to myotubes. Efforts to pinpoint a distinct
molecular modification that could alter MyoD from an inactive state
to operative state failed to identify such mechanism [Ludolph and
Konieczny, 1995]. Interestingly, our epigenetic studies of myogenic
enhancers have indicated that approximately 72% of MyoD-bound
enhancers, which turn active only inmyotubes, are already bound by
MyoD in the myoblastic stage. Particularly, our data indicate that
deposition of the marks associated with active enhancers (H3K4me1,
H3K27ac, PolII, and p300) occurs only after differentiation on
myotube-specific enhancers, suggesting that that binding of MyoD
alone to enhancers does not guarantee activation [Blum et al., 2012]
(Fig. 1). Instead, these observations indicate that additional
molecular signals besides MyoD are necessary for prompting the
enhancer to its activate stage. These results imply that during
proliferation, myotube-specific enhancers are bound by additional
transcription factors that negate the action of MyoD. Therefore
binding ofMyoD to enhancer regionmay not be sufficient in order to
prompt their activation, but rather the eviction of negative
regulators is also required. Thus, we hypothesize that specific
placeholders that bind to myogenic enhancers prior to the binding of
MyoD may act as co-repressors that suppress the activity of
myogenic enhancers even in face of MyoD binding [Sekiya and
Zaret, 2007; Zaret and Carroll, 2011].

Thus far, studies to identify specific transcription factors that act
as placeholders in muscle have not been carried out. Nevertheless,
previously, our survey to identify such factors led us to two
candidates that have the potential of acting as placeholders in
muscle cells—Msc (also known as musculin or MyoR (myogenic
repressor)), and Stat1. Msc is a basic helix-loop-helix factor known
to be a marker of undifferentiated muscle precursor cells [von
Scheven et al., 2006]. This factor functions as a lineage-restricted
transcriptional repressor of myogenesis since (i) throughout the
skeletal muscle lineage it is specifically expressed between days 10.5
and 16.5 of mouse embryogenesis, and at the onset of myogenesis its
expression level drops; and (ii) in culture conditionsMsc is expressed
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in undifferentiated myoblasts and its expression declines during
differentiation [Lu et al., 1999]. Luciferase reporter assays in 10T1/2
fibroblasts showed that wild-type Msc blocks MyoD from activating
transcription. These experiments further indicated that Msc-
mediated transcriptional inhibition that was not relieved by
supplementing ectopic E proteins, suggesting that sequestration of
E proteins is not the major mechanism by which Msc suppresses
MyoD [Lu et al., 1999]. Conversely, a mutated form of Msc that lacks
the basic DNA-binding domain but that can heterodimerize with
E2A, only modestly reduced transcriptional activation by MyoD,
indicating that the major mechanism for repression by Msc involves
DNA binding [Lu et al., 1999]. Importantly, mobility shift assays in
the C2C12 skeletal muscle cells indicated that Msc binds to an E-box
elements located in the Ckm (muscle creatine kinase) enhancer [Lu
et al., 1999]. Additional support for the role of Msc as a negative
regulator of myogenic enhancers was provided by ChIP experiments
that were employed with isolated cells from the branchial arch of
10.5 dpc embryos that give rise to muscles of mastication. These
studies showed that at this developmental stage, Msc binds to the
enhancer regions of both Myf5 and MyoD located approximately 1
and 5.2 kb upstream of their TSSs, respectively [Moncaut et al.,
2012].

Recent studies have pointed to a plausible role for Msc in
rhabdomyosarcoma (RMS), a neoplasm composed of skeletal
myoblast-like cells, which is the most common soft tissue sarcoma
in children. Ample evidence suggests that an unbalanced regulation
of various inhibitory transcription factors that typically suppress

MyoD activity is keeping RMS cells trapped in a proliferative state
that is similar to that of myoblast cells. Importantly, RMS cells are
characterized by the expression of myogenic specification genes,
such as MyoD and Myf5, however, they fail to progress properly
through the myogenic lineage. Interestingly, knockdown of Msc in
the presence of retroviral expression of MyoD in RMS RD cells
resulted in 10-fold higher levels of Ckm expression [Yang et al.,
2009]. In addition, supportive evidences point to the suppressive
effect that Msc can imposes on miR-206, a muscle-specific
microRNA that is known to promote muscle differentiation [Kim
et al., 2006]. Recent studies have shown that Msc suppresses the
activation of miR-206 by binding to a critical E-box, located
�400 bp upstream of its promoter, which is required for its
transcriptional induction by MyoD [Macquarrie et al., 2012].
ChIP-seq analysis of Msc and MyoD in undifferentiated RD cells
revealed their distinct peaks over two adjacent E-boxes, indicating
that MyoD binds an E-box domain located adjacently to another E-
box, which bound by Msc. Thus, these results further suggest that
Msc may play an important role in preventing the transcriptional
activation of the DNA-bound MyoD. The fact that Msc binds in
proximity to the promoter of miR-206 could suggests that it plays an
active role as a placeholder in both promoter and enhancer regions.

An additional candidate that may play a role as a myogenic
placeholder is Stat1. Several studies have shown that the signaling
pathway Jak1–Stat1–Stat3 is required formyoblast proliferation and
for preventing premature differentiation [Sun et al., 2007; Jang et al.,
2011; Trenerry et al., 2011; Xiao et al., 2011]. Specific knockdown of
either Stat1 or its transducer Jak1 in both immortalized and primary
myoblasts caused a dramatic reduction in cell proliferation and
induction of precocious myogenic differentiation [Sun et al., 2007].
Interestingly, among all the Stat encoding genes that are known to
be transcribed in C2C12 cells (i.e., Stat1, 2, 3, 5A, and 5B), only the
knockdown of Stat1 led to an early induction of myogenin, an effect
reminiscent of Jak1 knockdown. Interestingly, our motif binding
studies have shown that Stat1 binding site were enriched at
myotube-specific enhancers, including those that are bound by
MyoD exclusively after differentiation [Blum et al., 2012]. The idea
that Stat1 may play an active role as a placeholder at enhancers is
reinforced by genome-wide mapping studies of Stat1 performed in
human HeLa S3 cells that indicated that approximately 25% of Stat1
binding occurs in intergenic regions that could be flanked by
enhancers [Robertson et al., 2007]. Notably, Stat1 was not enriched
at myoblast-specific enhancers, suggesting that Stat1 may be
involved in regulation of the myotube enhancers activity prior to the
period where they become active and bind MyoD [Blum et al., 2012].

In the future, it would be important to closely examine whether
Msc and Stat1 are indeed playing a role as placeholders of myogenic
enhancers. It would be especially interesting to identify new
candidate factors that may act as placeholders of myotube-specific
enhancers since perturbation of such proteins due to mutation or
deletion may result in abrogation of myotube enhancer assembly.
Consequently, myotube-specific enhancers are likely to remain in
their inactive/poised stage and therefore the induction of key
myogenic genes would be delayed or completely abolished, thus
locking myoblast cells in their proliferative state. To identify new
candidates, we propose that to clone the genomic regions of

Fig. 1. A large fraction of myotube-specific enhancer that is bound by MyoD,
becomes bound by MyoD already in the proliferative stage. Myotube-specific
enhancers become active exclusively after muscle differentiation as manifested
by the presence of p300, PolII, H3K4me1, and H3K27ac. Clustering of
myotube-specific enhancers that are bound by MyoD before or after muscle
differentiation indicates that the majority (�72%) of these condition-specific
enhancers becomes bound by MyoD already in the proliferative stage and prior
to the point in which they turn active, suggesting that throughout the
myoblastic stage these myotube-specific enhancers could be co-bound by
MyoD and another placeholder that negates the activity of MyoD and preserves
these enhancers as inactive/poised. MB, myoblasts; MT, myotubes.
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myotube-specific enhancers into a reporter plasmid. Expression of
this plasmid exclusively under non-differentiating conditions (in
myoblasts) should result in a lack of activity due to the expression of
inhibitory placeholders, which block the activation of myotube-
specific enhancers. Loss of the placeholder through genetic targeting
would relive the inhibitory effect on the enhancer construct and then
should lead to promiscuous expression of the reporter plasmid. Such
a myotube specific enhancer-derived reporter could be further
utilized in the context of high-throughput RNAi screening, and
under appropriate conditions and proper controls, lead to the

identification of new genes that prevent the early activation of
myotube-specific enhancers. Further genome-wide mapping studies
would help to determine the binding patterns such placeholder
candidates and would assist in investigating the manner in which
placeholders may restrain the transcriptional activity of MyoD and
possibly of other myogenic regulatory factors. Identification and
functional exploration of transcription factors that behave as
placeholders during myoblast proliferation will remarkably advance
our perception of the mechanistic layers that govern myogenic
differentiation.

Fig. 2. A hypothetical model for the involvement of placeholder in regulation of myotube-specific enhancer assembly and activation. A: A putative placeholder (pioneering
factor) is bound to myotube-specific enhancer during the myoblastic stage and maintains the enhancer in its poised state. B: During the proliferative stage MyoD becomes co-
bound to the poised enhancer conjointly with the placeholder that negates the activity ofMyoD and retains the enhancer as inactive. C: Upon termination of the myoblastic stage
and concomitantly with accumulating differentiation signals, enhancer-bound placeholder becomes inactive or evicts the enhancer, enabling MyoD to become active and to
facilitate the recruitment of histone modifiers that reshape the poised enhancer and convert it to active. D: In its active state, deposited with H3K4me1 and H3K27ac, the
activated enhancer becomes occupied by transcription factors that co-bind in conjunction with MyoD and stimulate the enhancer activity.
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CONCLUSION

Our current studies indicate that while MyoD occupies multiple
promoters that induce the transcription of genes vital for establish-
ing the myogenic fate, an additional new role for this master
regulator is recognized due to its enhancer binding capacity.MyoD is
implicated as a mediator of numerous chromatin modifying
enzymes, among them p300 and Set7, that upon their recruitment
to myogenic enhancers facilitate the deposition of histone marks
that promote enhancer activation (Fig. 2). Our observations support
enhancer-associated interaction between MyoD and multiple
transcription factors such as c-Jun. The recruitment of such factors
seems to be reduced in the absence ofMyoD and therefore dependent
on its presence. However, we find that in some cases the presence of
MyoD alone is not sufficient for enhancer activation. We suggest
that specific placeholders co-localized with MyoD to enhancer
regions and may contribute directly to its functional status.
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