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To identify the compendium of distal regulatory elements that govern myogenic differentiation, we generated
chromatin state maps based on histone modifications and recruitment of factors that typify enhancers in
myoblasts and myotubes. We found a striking concordance between the locations of these newly defined
enhancers, MyoD1-binding events, and noncoding RNA transcripts. These enhancers recruit several sequence-
specific transcription factors in a spatially constrained manner around MyoD1-binding sites. Remarkably, MyoD1-
null myoblasts show a wholesale loss of recruitment of these factors as well as diminished monomethylation of
H3K4 (H3K4me1) and acetylation of H3K27 (H3K27ac) and reduced recruitment of Set7, an H3K4 monomethylase.
Surprisingly, we found that H3K4me1, but not H3K27ac, could be restored by re-expression of MyoD1 in MyoD1–/–

myoblasts, although re-expression of this factor in MyoD1-null myotubes restored both histone modifications.
Our studies identified a role for MyoD1 in condition-specific enhancer assembly through recruitment of
transcription factors and histone-modifying enzymes that shape muscle differentiation.
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Exquisitely orchestrated gene expression programs re-
sulting from the concerted interplay of regulatory ele-
ments at promoters and enhancers mediate differentiation
and development. Although the regulation of promoters
has been studied extensively, the function of distant reg-
ulatory elements remains less well understood, and it is
likely that diverse mechanisms will drive enhancer func-
tion. For example, enhancers could interact with pro-
moters through looping (Bulger and Groudine 2011) and
erase Polycomb proteins and attendant trimethylation of
histone H3 Lys 27 (H3K27me3) from the CpG islands of
associated genes (Vernimmen et al. 2011). The observation
that small RNAs (eRNAs) and large noncoding RNAs
(ncRNAs) are transcribed across enhancers adds another
level of regulation and suggests additional modes of en-
hancer function (De Santa et al. 2010; Kim et al. 2010).
Although the function of eRNAs is currently unknown,
they are thought to be distinct from long ncRNAs, which
have been shown to regulate expression largely in trans
(Cabili et al. 2011; Guttman et al. 2011).

Enhancers are associated with recruitment of RNA
polymerase II (Pol II) and the histone acetyltransferase
p300 as well as enrichment of several histone modifica-

tions (monomethylation of H3K4 [H3K4me1] and acety-
lation of H3K27 [H3K27ac]). These observations have
accelerated enhancer identification and analysis, particu-
larly in embryonic stem (ES) cells (Heintzman et al. 2007;
Visel et al. 2009; for review, see Bulger and Groudine 2011).
Recent studies have also begun to define enhancers as
‘‘active’’ or ‘‘poised’’ based on the combinations of chro-
matin marks observed in a given state. Thus, H3K27ac and
H3K4me1 at distal elements correlate with genes in an
active state, whereas H3K4me1 alone or the combina-
tion of this mark with H3K27me3 could dictate a poised
or inactive state (Creyghton et al. 2010; Rada-Iglesias
et al. 2011). Chromatin marks at enhancers are not static
and can be dynamically regulated during differentiation.
For example, H3K27me3 is replaced by H3K27ac as ES
cells differentiate into neurons or as myoblasts differen-
tiate into myotubes (Asp et al. 2011; Rada-Iglesias et al.
2011). Tissue-specific transcription factor (TF) binding
is another hallmark of enhancers (Creyghton et al.
2010), and one prediction is that such factors will assist
in the condition-specific recruitment of histone-modifying
enzymes.

Genome-wide analyses have identified the location of
MyoD1-binding events at promoters and intergenic re-
gions in myoblasts and myotubes (Blais et al. 2005; Cao
et al. 2010). Binding of MyoD1 appears to correlate with
locally enhanced acetylation of histone H4 (Cao et al.
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2010). However, since MyoD1 was shown to bind consti-
tutively to many sites, the extent to which these MyoD1-
binding sites contribute to deposition of active histone
marks, enhancer function, and gene expression is not
known. In addition, genome-wide studies have not yet
revealed the mechanisms through which MyoD1 regu-
lates enhancers. Here, using methods to detect enhancer
signatures, we identified a compendium of regulatory
elements that regulate skeletal muscle differentiation.
We report a strong association between these enhancers
and recruitment of MyoD1. We found that these regula-
tory elements are associated with recruitment of Pol II
as well as ncRNAs. MyoD1 plays a pivotal, genome-wide
role in recruiting ancillary sequence-specific factors, re-
sulting in enhancer assembly and concomitant recruit-
ment of histone-modifying enzymes (p300 and Set7) that
effect deposition of H3K4me1 and H3K27ac, marks that
fail to accumulate at enhancers in MyoD�/� cells. We pro-
pose a model in which MyoD1 acts to coordinate the
precise timing of specific chromatin-associated events
during myogenic differentiation.

Results

Genome-wide identification of active enhancers
in muscle

Our previous genome-wide studies allowed us to focus on
differentiation-dependent changes in chromatin modifi-
cations over coding regions and promoters (Asp et al.
2011). We expanded these studies by investigating epige-
netic modifications at transcriptional enhancers (Fig. 1A).
To identify these elements genome-wide, we examined
features strongly associated with distal enhancers (namely,
H3K4me1 and Pol II binding) (Asp et al. 2011) and per-
formed additional chromatin immunoprecipitation (ChIP)
combined with deep sequencing (ChIP-seq) experiments in
C2C12 myoblasts and myotubes to map the deposition of
H3K27ac and binding of p300, which acetylates H3K27 (Jin
et al. 2011). In addition, we analyzed H3K18ac, as this
mark is associated with p300 activity and is known to
overlap with enhancers (Wang et al. 2008). In agreement
with previous studies, we showed that the occurrence of
p300 and H3K27ac on gene promoters strongly correlated
with gene expression in both states (Fig. 1B).

To identify marked genomic regions that could func-
tion as constitutive or condition-specific enhancers of
expression in muscle, we adopted several stringent crite-
ria (Supplemental Material). This analysis resulted in a
group of genomic regions that was distributed nearly
equally between myoblasts and myotubes (Fig. 1C). Next,
we selected a panel of genomic regions that were marked
by combinations of enhancer marks in a condition-de-
pendent manner. By employing luciferase reporter assays,
we showed that each genomic region marked in myo-
blasts increased basal expression in myoblasts when in-
serted at a distance (Fig. 1D). In contrast, none of the
regions marked in myotubes augmented transcription in
myoblasts, indicating condition-specific function for these
putative myoblast-enhancing regions and reinforcing a

correlation between the deposition of these marks and
potent enhancer activity.

To further confirm our ChIP-seq data, we randomly se-
lected a subset of condition-specific enhancers that were
associated with genes expressed in a condition-specific
manner and validated each with quantitative ChIP (qChIP)
(Fig. 1E; Supplemental Fig. S1A). To rigorously identify
peaks with the hallmarks of active enhancers, we consid-
ered regions that were marked by a combination of at least
three enhancer-related features and classified 5-kb regions
as myoblast- or myotube-specific (uniquely marked in the
indicated condition) and constitutive (marked in both
conditions) enhancers (Supplemental Fig. S1B; Supplemen-
tal Table S1; Supplemental Material).

Conservation and condition specificity of enhancers

In keeping with recent studies in ES cells (Creyghton
et al. 2010), bone marrow cells (De Santa et al. 2010), and
cortical neurons (Kim et al. 2010), we speculated that
peaks associated with H3K4me1, H3K27ac, p300, and
Pol II represent ‘‘active’’ enhancers. Since regulatory ele-
ments such as enhancers are subject to purifying selection
(Siepel et al. 2005), we evaluated conservation of these
regions across 30 placental mammalian genomes using
phastCons scoring (Siepel et al. 2005). We found that the
most highly conserved elements clustered within the
central regions corresponding to the sequences associ-
ated with distinct combinations of at least three marks
(Fig. 2A). To enrich for regions with the greatest regula-
tory potential, we pooled all peaks belonging to the four
most highly conserved groups, and all subsequent anal-
yses focused on this group of potentially active enhancers.
Overall, we identified 4315 and 6313 potential enhancers
in myoblasts and myotubes, respectively. Among this
group, 2844 and 4826 were marked in a condition-specific
manner in myoblasts and myotubes, respectively, whereas
the remaining enhancers were constitutively marked in
both conditions (Fig. 1A; Supplemental Table S1).

To further determine the degree of sequence conserva-
tion, we compared our potential enhancers with a pub-
lished set of nearly 172,000 noncoding sequences that are
highly conserved between humans and rodents (Prabhakar
et al. 2006). We found that 34% of myoblast enhancers and
36% of myotube enhancers overlapped conserved non-
coding sequences (CNSs) (Fig. 2B; Supplemental Material).
Association of condition-specific enhancers with CNSs
was statistically significant for CNSs with cutoff values
higher than a P-value #10�20. However, no statistical sig-
nificance was found when elements with an extreme
degree of evolutionary conservation, mostly correspond-
ing to developmental genes (Visel et al. 2008), were con-
sidered. Therefore, muscle-specific enhancers are strongly
conserved but not ultraconserved, consistent with other
tissue-specific elements whose evolution occurs at higher
rates (Ponting 2008).

We performed several studies to determine whether
our compendium overlapped with previously described
regulatory elements. First, we took advantage of the
VISTA enhancer project—a well-curated database of
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distant-acting enhancers identified based on evolution-
arily conserved noncoding sequences (Visel et al. 2007).
We discovered 34 muscle enhancers that were also re-
ported to be active enhancers in mice, and this correspon-
dence was statistically significant when compared with
random genomic sets (Supplemental Fig. S1C; Supple-
mental Table S2). In addition, consistent with reports of

verified skeletal muscle enhancers, Myl1, Myod1, and
Sgcg distal enhancers showed prominent enhancer sig-
natures in myotubes (Supplemental Fig. S1D).

Interestingly, we found that although each of the in-
dividual enhancer-related marks was equally enriched
in myoblasts and myotubes, the ratio of enhancers was,
on average, twofold higher in myotubes versus myoblasts

Figure 1. Genome-wide identification of muscle enhancers. (A) Approach used to elucidate myogenic enhancers. (B) ChIP-seq analyses
of p300 and H3K27ac indicate strong correlations with gene expression levels. The average ChIP-seq enrichment per 50-base-pair (bp)
bin for the total population of genes in the four expression groups (see the Supplemental Material) was plotted with respect to the TSSs
of coding genes. The Y-axis presents the average log2 enrichment value. (C) Distribution of enhancer-related peaks (triply marked) in
myoblasts and myotubes. Peaks that satisfy the criteria for enhancer identification are depicted quantitatively as described in the
Materials and Methods. (D) A series of putative enhancer regions were tested using a luciferase reporter assay. Genomic regions were
marked by the indicated enhancer-related features. (E) qChIP was used to validate H3K27ac deposition at condition-specific enhancers
associated with genes that were highly expressed in a condition-dependent manner. Enriched DNA was analyzed by quantitative PCR
(qPCR). ChIP enrichment is shown as percent of input. Error bars depict the standard error of the mean (SEM) derived from three
independent experiments. (MB) Myoblasts; (MT) myotubes.

Role of MyoD1 in assembly of muscle enhancers
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(Fig. 2C), suggesting that the concerted accumulation of
multiple marks at enhancers is more tightly associated
with the differentiated state. Indeed, most of the enhancers
we detected were myotube-specific (53%), whereas a

smaller fraction appeared to be marked exclusively in
myoblasts (31%) or constitutively throughout differentia-
tion (16%). The median distance of enhancers to the
transcription start sites (TSSs) of their nearest associated

Figure 2. Conservation and condition specificity of muscle enhancers. (A) The average phastCons conservation scores per base pair
were plotted 62 kb of the center of condition-specific triply marked peaks. The four most highly conserved and four least well-
conserved groups are indicated as highly and poorly conserved, respectively. The panel of highly conserved groups refers to the
following enriched combinations of marks: H3K4me1/H3K27ac/p300 (3442 and 5054), H3K4me1/H3K27ac/Pol II (1213 and 2219),
H3K4me1/p300/Pol II (477 and 1051), and H3K27ac/p300/Pol II (333 and 932), where the indicated numbers of genomic fragments are
shown parenthetically for myoblasts and myotubes, respectively. (B) Enrichment of myoblast and myotube enhancers at CNSs. A
database of noncoding genomic human–rodent conserved sequences was intersected with myoblast or myotube enhancers or 1000
random sets of sequences of similar length and composition. The fractions of myoblast and myotube enhancers (green and red lines,
respectively) and the respective distributions of control random sequences (cyan box plots) overlapping annotated CNSs are presented
as a ranked series (shown from left to right) based on the increasing degree of CNS sequence conservation (where the smallest P-values
indicate the most extreme degree of conservation). Muscle enhancers are associated with CNSs that are highly conserved (left end of
the graph), but statistical significance is lost when they are compared with sets of extremely conserved CNSs (far right on the graph). (C)
Coordinated accumulation of multiple marks at enhancers is higher in the differentiated state. Quantitation of triply marked enhancer-
related peaks of the four most highly conserved groups. (D) Distributions of the median distance from the center of condition-specific
enhancers to the TSS of their nearest associated condition-specific gene (Student’s two-sample t-test).
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known genes was ;50 kb (Supplemental Fig. S1E), consis-
tent with previous reports (Kim et al. 2010; Rada-Iglesias
et al. 2011). Since active, condition-specific enhancers are
likely to amplify expression of associated genes, we linked
enhancers with their nearest condition-specific genes
(expressed $1.5-fold higher in one condition vs. the other)
and discovered that the median enhancer–promoter dis-
tance for myotubes was significantly shorter (P < 0.045)
than the corresponding distance in myoblasts (median
distances were 39.7 kb vs. 53 kb for myotube and myoblast
enhancers, respectively) (Fig. 2D). Since nearly twice as
many condition-specific enhancers were identified in myo-
tubes as in myoblasts, we performed a series of random
sampling analyses that confirmed our original observation
and ruled out the possibility that our observation was
affected by the unequal number of enhancers analyzed
(Supplemental Fig. S1F). This observation indicates that
a reduction in the distances between active enhancers and
their active linked promoters may be a feature of muscle
differentiation.

Enhancers are associated with spatially constrained
chromatin marks and gene expression

We next generated chromatin state maps for condition-
specific and constitutive enhancers, plotting H3K4me1,
H3K27ac, p300, and Pol II enrichment, together with
several other histone acetylation and methylation marks
that we investigated previously (Fig. 3A; Supplemental
Fig. S2A; Asp et al. 2011). We found that the four most
conserved enhancer-related features (H3K4me1, H3K27ac,
p300, and Pol II) had overlapping patterns, concentrating
within 60.5 kb of the center of our defined enhancers.
H4K12ac, H3K9ac, and H3K18ac were noticeably less
focused within this region, and the latter mark contrasts
strongly with H3K27ac, although both modifications are
catalyzed by p300 (Jin et al. 2011).

To determine whether these enhancer signatures are
specific for muscle, we examined existing ChIP-seq data
for enhancer-associated marks in several other mouse
tissues (Visel et al. 2009; De Santa et al. 2010; Kim et al.
2010; Mikkelsen et al. 2010). In these tissues, we identi-
fied relatively fewer marks or binding events correspond-
ing with our identified muscle enhancers, and in those
cases, their binding pattern was considerably more dif-
fuse (Fig. 3B). Interestingly, however, H3K27ac deposi-
tion in murine adipocytes and preadipocytes (Mikkelsen
et al. 2010) concentrated near the center of muscle en-
hancers and most strongly resembled the pattern in mus-
cle (Fig. 3B). Gene ontology (GO) analysis of the nearest
genes linked with this common set of muscle/adipocyte
enhancers pointed to an association with functional cate-
gories related to both adipocyte and muscle cell function,
including adipocytokine, insulin, and Wnt signaling, as
well as muscle development (Supplemental Table S3; Liu
et al. 2010; Mikkelsen et al. 2010). Indeed, since adipocytes
and skeletal muscle cells are derived from a common
precursor (mesenchymal stem cells ([MSCs]) and fat cells
share a common gene expression program or ‘‘myogenic
signature’’ (Seale et al. 2008), our data suggest that these

two related cell types also share a set of enhancers that
may be relevant for the expression of these genes. Other
studies have shown cell type specificity in the partitioning
of H3K4me1 and H3K27ac (Heintzman et al. 2007, 2009),
and our data extend these findings to other enhancer-
associated marks. Furthermore, our data reinforce the
notion that we identified functionally relevant muscle-
specific regulatory elements.

Next, we clustered our condition-specific enhancers
based on histone modifications and, overall, observed sim-
ilar patterns in both conditions (Fig. 3C). Notably, 40% of
myoblast-specific enhancers and 51% of myotube-specific
enhancers were marked by Pol II. While enhancers with
Pol II were almost always marked with H3K4me1 and
H3K27ac and generally bound by p300, the majority of
enhancers marked with p300 were devoid of Pol II (Fig. 3C).

We merged our ChIP-seq data with genome-wide ex-
pression profiles of C2C12 myoblasts and myotubes (Liu
et al. 2010) to determine whether the appearance of en-
hancer marks correlated with condition-specific changes
in gene expression. First, we assigned enhancer peaks to
individual genes (‘‘linked genes’’) #20 kb from a known
TSS to reduce the frequency of arbitrary annotation (Fig.
4A). When compared with a control group, the set of genes
associated with myoblast-specific enhancers was strongly
enriched for genes that are more highly expressed in
myoblasts as compared with myotubes (Fig. 4A). An even
stronger association was found between myotube-specific
enhancers and genes that are more highly expressed in
myotubes. We next clustered linked genes using GO func-
tional categories (Fig. 4B). Genes associated with myo-
blast-specific enhancers and constitutive enhancers were
primarily associated with cell cycle, cell migration, cyto-
skeleton, tube development, and regulation of myofibril
and sarcomere structure. Myotube-specific enhancers
were associated with genes required for muscle differenti-
ation, including muscle and myofibril development, as
well as nitrogen metabolism. Indeed, our data suggest that
all muscle regulatory factors (MRFs), MyoD1, Myog, Myf5,
and Myf6, are under the control of myotube-specific en-
hancers (Supplemental Fig. S1D; Asp et al. 2011; data not
shown). Thus, our data indicate that condition-specific
enhancers play a strong inductive role in expression of
their associated genes vital to initiation and completion of
myogenic differentiation (Supplemental Table S4).

Noncoding transcripts are linked with muscle
enhancer activity

Enhancers are known to recruit Pol II, which results in
transcription of short (<2-kb) eRNAs and long ncRNAs
(Creyghton et al. 2010; De Santa et al. 2010; Kim et al.
2010). We found a significant association between Pol II
enrichment and combinations of enhancer marks (Fig.
3A,C). In addition, ;7% of condition-specific enhancers
were trimethylated on H3K36 in a condition-specific man-
ner throughout the entire enhancer region, indicative of
prominent extragenic transcriptional activity that could
be associated with large intervening ncRNAs (lincRNAs)
and enhancer activity (Fig. 3A,C; Guttman et al. 2009).

Role of MyoD1 in assembly of muscle enhancers
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Figure 3. Muscle enhancers are uniquely associated with spatially constrained chromatin marks. (A) Chromatin state maps of
enhancer-related markers and several other histone marks within a region 63 kb of the center of condition-specific enhancers. Data for
MyoD1-binding events were obtained from Cao et al. (2010). p300- and H3K27ac-binding events (enriched tags) were identified using
Qeseq (Supplemental Material). ChIP-seq data for p300 and H3K27ac were generated in this study, and all other data were published
previously (Asp et al. 2011). The number of condition-specific enhancers significantly enriched with the indicated mark is indicated in
the top left corner of each map. (B) Correspondence between muscle enhancers and enhancers in nonmuscle tissues. Enriched binding
events of enhancer-related marks obtained from several nonmuscle mouse tissues (Visel et al. 2009; De Santa et al. 2010; Kim et al.
2010; Mikkelsen et al. 2010) corresponding to condition-specific muscle enhancers are plotted as indicated. (C) Clustering of MyoD1,
enhancer features, and other histone marks based on their deposition at condition-specific muscle enhancers. (D,E) Recruitment of
p300 and Pol II to MyoD1-bound enhancers. Recruitment of p300 (D) and Pol II (E) is significantly higher on enhancers bound by MyoD1
(two-proportion z-test). (F) Enrichment of condition-specific enhancers with transcribed ncRNAs deduced from RNA-seq (Trapnell et al.
2010). ncRNAs were overlapped with condition-specific enhancers or random data sets (Supplemental Material). The fractions of
condition-specific enhancer and the respective distributions of random, control sequences (cyan box plots) overlapping ncRNAs are
presented. (G) Coincidence of ncRNAs with enhancers is significantly higher on MyoD1-bound enhancers.
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Figure 4. Correlation between assembly of condition-specific enhancers and levels of transcripts of associated protein-coding genes.
(A) Condition-specific enhancers (top panel) and constitutive enhancers, along with random genomic regions (bottom panel), are
shown. Observed (Obs) and expected (Exp) fractions for each group of genes (highly expressed in myoblasts, highly expressed in
myotubes, and constitutively expressed) are shown together with their respective P-values, as calculated using a x2 statistical test.
Asterisks indicate statistical significance as compared with expected fractions (P-values <0.05). Expected fractions were calculated for
each of the four examined data sets on the basis of the relative frequency of each group of associated genes (located at a distance #20 kb
from a known TSS) with respect to all genes associated with the tested data set. Observed frequencies were determined by quantifying
the entire list of genes represented by the microarray based on the three gene categories. (B) GO categories for genes associated (located
at a distance #20 kb from a known TSS) with condition-specific and constitutive enhancers. GO categories with P-values <0.05 are shown.
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To further investigate whether muscle enhancers co-
incide with ncRNA, we merged our enhancer compen-
dium with transcriptome profiling (RNA-seq) data for
C2C12 cells before and after differentiation (Trapnell et al.
2010) and filtered out transcripts with coding potential
(Supplemental Material). Association of condition-specific
enhancers with myoblast and myotube ncRNAs was
statistically significant and more than twofold enriched
compared with random genomic sets (Fig. 3F; Supplemen-
tal Table S5). Strikingly, these results indicated that ;10%
of condition-specific muscle enhancers are characterized
by sites of active, noncoding transcription, consistent with
a previous report linking enhancers with overlapping
ncRNAs in a variety of cell types (Fig. 3F; Supplemental
Table S5; Cabili et al. 2011). Importantly, we confirmed the
expression of several ncRNAs that overlapped with our
condition-specific enhancers (Fig. 5F). Approximately 60%
of condition-specific enhancers that overlapped with tran-
scribed regions (based on RNA-seq) displayed significant
levels of Pol II recruitment. Notably, genes associated with
these transcriptionally active myoblast enhancer regions
were enriched for GO categories related to muscle forma-
tion (including positive regulation of growth and myofibril
and skeletal muscle development clusters) (data not
shown). Several key regulators, such as Msx1, Pax7, Fgfrl1,
and Six1, which are transcribed in myoblasts (Liu et al.
2010), were among these genes. Similarly, genes associated
with transcriptionally active myotube enhancers such as
Tnnt2, Myod1, Neb, and Myog are linked to muscle-
related functions, including sarcomere organization, mus-
cle cell differentiation, and cell morphogenesis. Although
we cannot rule out the possibility of limited coding po-
tential of some of the ncRNAs analyzed here, our studies
indicate that we identified a substantial group of muscle
enhancers associated with noncoding transcripts.

Enrichment of TFs on muscle enhancers

One prediction is that active muscle enhancers should be
enriched for TF-binding sites (TFBSs) associated with fac-
tors required for the execution of muscle differentiation
programs, such as MyoD1 and Mef2c, since it is known
that co-occupancy by multiple TFs can assist in the as-
sembly of active tissue-specific enhancers. We used the
CLOVER algorithm (Frith et al. 2004) to examine which
TFBS (represented by position weight matrices [PWMs])
are enriched in our collection of condition-specific en-
hancers (Supplemental Material; Supplemental Table S6).
We found that the majority of TF motifs were signifi-
cantly clustered within a 1-kb region centered around the
middle of the enhancers, supporting the notion that en-
hancers could be assembled within constrained genomic
regions bound by specific sets of TFs. MyoD1 and related
E-box-binding motifs were significantly enriched within this
restricted 1-kb window (Supplemental Table S6). Indeed,
46% of myoblast-specific and 80% of myotube-specific
enhancers exhibited enrichment for MyoD1 PWMs within
this window. In addition, a consensus MEF2A-binding
motif was enriched in ;27% of myoblast- and myotube-
specific enhancers. An alternative MEF2A-binding motif

recently identified in cardiomyocytes (He et al. 2011) was
exclusively enriched in myotube-specific enhancers (Sup-
plemental Fig. S2B; Supplemental Table S6).

Our analyses further implicated binding by several TFs
with roles in myogenesis. For example, myoblast-specific
enhancers were exclusively enriched with Pbx1 and p53
(Supplemental Fig. S2B; Supplemental Table S6). Myo-
tube-specific enhancers were exclusively enriched with
PPARg and c-Myb (Supplemental Fig. S2B; Supplemental
Table S6). Other TFs previously implicated in the regula-
tion of myogenesis, such as RP58, Runx, and Jdp2, were
predicted to bind muscle enhancers in both conditions.
Our results suggest that these TFs could execute their
function through direct binding to muscle enhancers.

MyoD1 recruitment to muscle enhancers

MyoD1 is known to play a key role in myogenesis, and
genome-wide studies have revealed binding events in
promoters as well as intergenic regions in myoblasts and
myotubes (Blais et al. 2005; Cao et al. 2010). MyoD1
binding is generally associated with gene activation (Cao
et al. 2006). We therefore took advantage of experimen-
tally determined MyoD1-binding sites (23,271 and 25,956
in C2C12 myoblasts and myotubes, respectively) estab-
lished through genome-wide ChIP-seq analysis (Cao et al.
2010) and found that ;20% of our predicted MyoD1-
binding sites were occupied by MyoD1. This finding
suggests that additional sequence-specific factors and/or
the chromatin environment, dictated by histone modifi-
cations described here (and possibly others), play an
important role in MyoD1 recruitment at enhancers.

To explore a role for MyoD1 at enhancers, we used these
previously published MyoD1 ChIP-seq data and confirmed
condition-specific binding to a subset of our muscle
enhancers (Supplemental Fig. S2C). To determine whether
genome-wide correlations exist between MyoD1 binding,
a given set of chromatin modifications, factor recruitment,
and acquisition of an active enhancer state, we merged the
experimentally determined MyoD1-binding events with
our data (Fig. 3C). We found that MyoD1 was recruited to
27% of myoblast-specific and 31% of myotube-specific
enhancers (Fig. 3C), and, remarkably, the binding of this
factor was concentrated very close to the center of these
enhancers (Fig. 3A). Among 855 myoblast-specific en-
hancers that were bound by MyoD1 in either condition,
the majority was bound exclusively in myoblasts (31%)
or in both myoblasts and myotubes (60%) (Supplemental
Fig. S2D). Thus, in myoblasts, the presence of MyoD1 was
highly correlated with assembly of enhancers. Similarly,
MyoD1 binding was also strongly correlated with assem-
bly of myotube enhancers, since the majority of enhancers
bound this TF in either myotubes specifically (28%) or
both myoblasts and myotubes (57%) (Supplemental Fig.
S2D). Given the striking overlap between MyoD1 and
muscle enhancers, we focused the remainder of our studies
on MyoD1-mediated regulation of these enhancers.

Genes linked to upstream MyoD1-bound enhancers
included Mef2c, MyoD1, Myl2, Myog, Msx1, and other key
regulators of skeletal muscle development and sarcomere
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formation (Supplemental Fig. S2D). Interestingly, 15% of
myotube-specific enhancers were bound by MyoD1 exclu-
sively in myoblasts, suggesting that assembly of a specific
set of myotube enhancers might be suppressed by MyoD1
prior to differentiation and that enhancers could be acti-
vated during differentiation upon MyoD1 removal. Alterna-
tively, MyoD1 may be required to be present in myoblasts to
‘‘prime’’ these enhancers for complex assembly during the
initial stages of differentiation (Supplemental Fig. S2D).

We found that ;90% of condition-specific enhancers
bound by MyoD1 were co-occupied with p300, in agree-
ment with the known biochemical interactions between
p300 and MyoD1 (Fig. 3C,D; Yuan et al. 1996). Among
myotube-specific (but not myoblast-specific) enhancers,
the fraction of MyoD1-bound enhancers co-occupied by
p300 was significantly higher (P < 3 3 10�6, by two-
proportion z-test) than the fraction of enhancers without
MyoD1 that were bound by p300 (Fig. 3D), suggesting
that MyoD1 might play a more important role in p300
recruitment during differentiation. In addition, and con-
sistent with a role for MyoD1 in promoting Pol II en-
gagement at promoters of skeletal muscle genes (Cao
et al. 2006), we found that 47% of myoblast-specific and
55% of myotube-specific enhancers that were bound by
MyoD1 were co-occupied by Pol II (Fig. 3E). MyoD1 bind-
ing significantly increased Pol II recruitment at enhancers
(by 24% and 9% in myoblasts and myotubes, respectively)
as compared with enhancers that were not bound by
MyoD1 (Fig. 3E). However, overall, the majority of Pol II-
bound enhancers was not bound by MyoD1, suggesting
that recruitment of Pol II to muscle enhancers may be
largely mediated through MyoD1-independent mecha-
nisms. Taken together, these analyses point toward a com-
pelling association between MyoD1 binding and recruit-
ment of p300 and Pol II to muscle enhancers and suggest
an important and widespread role for this MRF in pro-
moting deposition of these factors.

A functional role for MyoD1 recruitment to enhancers

In the embryo, MyoD1 is expressed in myoblasts, which
are committed to the myogenic lineage (Sassoon et al.
1989). Muscle development is not abolished in mice
lacking MyoD1, likely due to functional compensation
by another MRF, Myf5, which is strongly up-regulated in
null animals (Rudnicki et al. 1992). Nevertheless, MyoD1
knockout (MyoD1�/�) animals exhibit marked differenti-
ation defects, including significant delays in the expression
of muscle-specific genes, such as myogenin (Megeney et al.
1996). Therefore, we investigated the effects of MyoD1
ablation on the assembly of muscle enhancers. We isolated
primary myoblasts from wild-type and MyoD1�/� mice
(Rudnicki et al. 1992) and confirmed that MyoD1 was
depleted from a subset of enhancers in null myoblasts
(Supplemental Fig. S2E). Next, we assessed the impact of
MyoD1 depletion on the acquisition of enhancer signa-
tures by examining deposition of H3K4me1, H3K27ac,
Pol II, and p300 (Fig. 5A–D) at selected myoblast-specific
enhancers bound by MyoD1. Interestingly, we detected
striking reductions in each of these marks at the MyoD1-

bound enhancers. In sharp contrast, enrichment was not
altered at any enhancers that were not bound by MyoD1.
These controls indicate that diminution of each histone
mark and recruitment of Pol II and p300 was a direct result
of MyoD1 ablation and strongly suggest that MyoD1 plays
a prominent role in the acquisition of an enhancer state
(Fig. 5A–D).

Furthermore, we analyzed expression of a group of
protein-coding genes closest to myoblast-specific enhancers
that recruited MyoD1. Importantly, we found that ex-
pression of several associated genes was significantly re-
duced in the absence of MyoD1 as compared with wild-
type myoblasts (Fig. 5E). Furthermore, we discovered that
MyoD1 binding significantly increased the frequency
with which condition-specific enhancers coincided with
ncRNA transcripts (by 41% and 67% in myoblasts and
myotubes) as compared with enhancers that were not
bound by MyoD1 (Fig. 3G). We therefore examined the
impact of MyoD1 loss on the transcription of ncRNAs
that coincided with muscle enhancer regions. To this
end, we used RT–PCR to measure expression of several
ncRNAs in wild-type and MyoD1�/� primary myoblasts
(Fig. 5F). Interestingly, we found that in the majority of
cases, expression of these ncRNAs was significantly al-
tered in cells lacking MyoD1. In contrast, we found that
the expression of ncRNAs transcribed from enhancers
that did not bind MyoD1 was not affected in MyoD1�/�

myoblasts (Fig. 5F). We conclude that MyoD1 acts (1) lo-
cally to direct expression of ncRNAs at enhancers and (2)
at a distance to drive expression of linked, downstream
protein-coding genes.

MyoD1 is mechanistically linked to recruitment
of Set7, an H3K4 monomethylase

Next, we sought to elucidate the mechanisms responsible
for MyoD1-dependent assembly of enhancers. First, given
the accumulation of H3K4me1 at enhancers, we examined
the recruitment of Set7/Set9, an enzyme that catalyzes
H3K4 monomethylation. We used qChIP to examine the
recruitment of this enzyme to a subset of our enhancers
and determined whether the enzyme was recruited in a
MyoD1-dependent manner. We found that Set7 was re-
cruited to a cohort of enhancers (Fig. 5G). Interestingly, in
MyoD1�/� myoblasts, the recruitment of Set7 was signif-
icantly diminished at each MyoD1-bound enhancer but not
at enhancers without MyoD1, indicating that recruitment
of Set7 to this group of enhancers depends on MyoD1.
These results are consistent with a recent study dem-
onstrating direct MyoD1/Set7 interactions on the MCK
enhancer and the importance of Set7 for promoting myo-
blast differentiation via regulation of H3K4me1 deposition
(Tao et al. 2011). Moreover, we detected MyoD1-independent
recruitment of Set7 to enhancers, suggesting that this
methyltransferase may be recruited by additional TFs.

MyoD1 recruits a cohort of TFs to assemble enhancers
in muscle

To further investigate MyoD1-bound enhancers, we sought
to identify binding motifs that are uniquely and specifi-
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cally overrepresented at these enhancers. We searched for
TF-binding motifs enriched within a restricted window
(6250 bp) around the center of MyoD1-binding sites. Our
analysis demonstrated that the predicted distributions of

several TFs, including Jdp2, Meis, c-Jun, Ascl2, RP58, and
Runx, strikingly paralleled the experimentally identified
MyoD1-binding sites in myoblasts (Fig. 5H; Supplemental
Material), although they were more broadly distributed

Figure 5. MyoD1 loss results in reduced assembly of MyoD1-bound enhancers. (A–D) qChIP was performed to detect enhancer-related
marks—H3K4me1 (A), H3K27ac (B), Pol II (C), and p300 (D), as indicated—on MyoD1-bound myoblast-specific enhancers in primary
MyoD1�/� and wild-type myoblasts. Several myoblast-specific enhancers not bound by MyoD1 were tested as negative controls and
showed insignificant alterations in the levels of all marks tested. (E) RT-qPCR showing the effect of MyoD1 loss on a cohort of genes
that are associated with MyoD1-bound, myoblast-specific enhancers. Data from wild-type and MyoD1�/� primary myoblasts are
indicated. Relative expression of each gene is plotted with respect to primary wild-type myoblasts. (F) MyoD1 depletion significantly
alters expression of ncRNAs transcribed across myoblast-specific enhancers. RNA was obtained from wild-type and MyoD1�/� primary
myoblasts. Expression levels of ncRNAs coinciding with MyoD1-bound enhancers were measured by qPCR. As a control, we measured
the expression levels of several other ncRNAs that coincide with enhancers that are not bound by MyoD1. (G) qChIP comparing Set7
recruitment with MyoD1-bound enhancers and enhancers that do not bind MyoD1. (H) Distributions of PWMs enriched in MyoD1-
bound myoblast-specific enhancers. For each predicted binding motif, the accumulative number of matches per 1 bp was plotted across
the region (6250 bp) surrounding the center of observed MyoD1-binding sites (Cao et al. 2010). Error bars for all qChIP and RT-qPCR
data represent the standard error of the mean (SEM).
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than MyoD1 within this window. This analysis prompted
us to examine whether MyoD1-bound enhancers are
indeed populated by these TFs. We initially selected a set
of 20 myoblast-specific enhancers bound by MyoD1 that
were predicted to recruit Jdp2, Meis, c-Jun, and Runx,
since these factors play a role in myogenesis, and per-
formed qChIP experiments in C2C12 myoblasts and
myotubes. As controls, we also included myotube-specific
enhancers that were not enriched for the predicted
signatures and genomic regions upstream of genes that
were never expressed in muscle. Interestingly, we
showed that each of these factors was bound specifi-
cally in the vicinity of their predicted binding sites
in a condition-specific manner (Fig. 6A–D). In contrast,
controls lacking these predicted TFBSs showed no
enrichment for any factor. Furthermore, qChIP analysis
using antibodies against a factor that was not predicted
to bind these enhancers (E2F4) confirmed the specificity
of these binding events (Fig. 6A–D). These findings in-
dicate that our in silico approach, coupled with genome-
wide ChIP-seq data, was able to accurately predict the
binding of several TFs to enhancers in a condition-
specific manner.

The proximity of each of these factors to MyoD1-
binding sites suggested that they could be recruited
cooperatively to enhancers. To test such a dependence
on MyoD1 binding, we performed qChIP studies in
primary wild-type and MyoD1�/� myoblasts. Interest-
ingly, we found that binding of c-Jun, Jdp2, and Runx
was significantly reduced in the absence of MyoD1 (Fig.
6E–G), indicating that all three TFs bind to myoblast
enhancers in a MyoD1-dependent manner. Thus,
MyoD1 could play a pivotal role in enhancer assembly
by recruiting other key TFs with established roles in
muscle growth and differentiation. Given the fre-
quency with which these sites occur in our muscle en-
hancers, we propose that combinations of these TFBSs
could constitute new signatures for skeletal muscle
enhancers.

To test this assertion in a genome-wide manner, we
performed ChIP-seq to identify c-Jun-binding sites in
growing myoblasts, since c-Jun has been shown to phys-
ically interact with MyoD1 in vivo (Bengal et al. 1992).
We found that c-Jun was preferentially enriched in inter-
genic regions, but, most importantly, >37% of our myo-
blast-specific enhancers had at least one binding site for
this factor. Of note, c-Jun was enriched in a striking
pattern near the center of these myoblast-specific en-
hancers (Fig. 7A), and MyoD1 binding was linked to
increased, localized enrichment of c-Jun at enhancers
(Fig. 7A,B). To examine whether c-Jun participates in the
assembly of myoblast enhancers, we suppressed its ex-
pression by transfecting C2C12 myoblasts with an siRNA
pool targeting c-Jun (Fig. 7C) and assessed the levels of
H3K4me1 and H3K27ac at selected myoblast-specific
enhancers bound by c-Jun (Fig. 7D,E). Notably, we detected
significant reductions in the levels of these two enhancer-
related histone marks at the c-Jun-bound enhancers but
not at selected enhancers that were not bound by c-Jun
(Fig. 7D,E). Thus, our studies clearly show that c-Jun

participates in the assembly of enhancers in skeletal
myoblasts.

MyoD1 dictates an enhancer signature

The extensive overlap between MyoD1 and muscle en-
hancers suggested a critical role for this factor in the as-
sembly of enhancers, and our studies in primary MyoD1�/�

myoblasts (Fig. 6) and myotubes (data not shown) pro-
vided functional support for this conclusion. To more di-
rectly test this prediction and rule out secondary conse-
quences of MyoD1 loss, we performed rescue studies
wherein we assessed the impact of MyoD1 re-expression
on enhancer assembly in a MyoD1-null background.
Here, we stably expressed MyoD1 in primary MyoD1�/�

myoblasts (Gerber et al. 1997), and cells harboring the
empty vector served as a control. Western blot analysis of
nuclear extracts from the resulting cells indicated resto-
ration of MyoD1 at levels approximating those of wild-
type cells (Fig. 8A). Next, we examined expression of
myogenin, a MyoD1 target gene, as myoblasts reached
confluence and initiated differentiation. Myogenin levels
were nearly undetectable in MyoD1�/�myoblasts, owing
to a delay in differentiation, but were restored in cells
reconstituted with MyoD1 (Fig. 8B). Furthermore, null
myoblasts complemented with MyoD1 proliferated and
underwent differentiation in a manner indistinguishable
from wild-type cells, producing myotubes that phenotyp-
ically resembled their wild-type counterparts (data not
shown). We also examined expression of several genes
associated with enhancers bound by MyoD1 (Fig. 5E) and
found that expression of MyoD1 significantly augmented
their expression, albeit to varying degrees (Fig. 8C; data not
shown). Each of these criteria suggests that MyoD1�/�

cells were fully rescued through expression of MyoD1.
Next, we performed qChIP to examine the effect of

MyoD1 restoration on deposition of H3K4me1, H3K27ac,
and Pol II at myoblast-specific enhancers. Remarkably,
we observed significant increases in H3K4me1 deposition
and Pol II recruitment in rescued cells (Fig. 8D,E). Strik-
ingly, however, the levels of acetylated H3K27 were not
significantly altered (Fig. 8F). Thus, MyoD1 re-expression
restored some, but not all, hallmarks of our muscle en-
hancers. To further explore this finding in myotubes, we
differentiated these primary myoblasts and performed
qChIP to detect H3K4me1 and H3K27ac at myotube-
specific enhancers. Here, we found that deposition of both
chromatin marks was significantly elevated, indicating
that restoration of MyoD1 expression promoted the reas-
sembly of myotube enhancers (Fig. 8G–I). It is interesting
to note that while H3K27ac was markedly increased at
myotube-specific enhancers, the level of this mark was not
augmented at myoblast-specific enhancers. These results
suggest that MyoD1 expression may be required in pre-
cursor cells (which ultimately give rise to myoblasts) to
subsequently allow the correct assembly of myoblast
enhancers, since germline deletion of MyoD1 in these
precursor cells would abrogate recruitment of p300 and
therefore reduce the acquisition of H3K27ac. In this
setting, rescue of MyoD1 expression in myoblasts might
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Figure 6. Condition-specific and MyoD1-dependent binding of transcription factors to MyoD1-bound enhancers. (A–D) qChIP was
performed to detect binding of c-Jun (A), Jdp2 (B), Meis (C), and Runx1 (D) in C2C12 myoblasts and myotubes. qChIP analysis using
antibodies against E2F4 confirmed the specificity of our binding events. (E–G) qChIP indicated that MyoD1 ablation results in reduced
recruitment of c-Jun (E), Jdp2 (F), and Runx1 (G). We included several negative controls corresponding to myotube-specific enhancers
that are not enriched for the predicted binding motif and genomic regions located upstream of genes that were never expressed.



miss the appropriate window necessary for the ‘‘prepat-
terning’’ of myoblast enhancers.

Discussion

Identification of enhancer elements in skeletal muscle

Here, we identified a compendium of enhancers that
function in mammalian skeletal muscle, providing a rich

source of data for future discovery of enhancer-associated
mechanisms.

Our enhancer identification is based on several lines of
evidence. First, we showed that each region is character-
ized by a set of features known to be associated with
enhancers. Second, we showed that distal elements with
associated condition-specific signatures are linked to adja-
cent genes expressed at appropriate times. Third, known

Figure 7. c-Jun loss results in reduced assembly of c-Jun-bound enhancers. (A) Maps of myoblast-specific enhancers that bind MyoD1
and c-Jun within 63 kb of the center of myoblast-specific enhancers. The number and percentage of condition-specific enhancers
significantly enriched with c-Jun are indicated in the top left corner of each map. (B) Recruitment of c-Jun is significantly higher on
MyoD1-bound enhancers. (C) Western blot detection of c-Jun in whole-cell extracts prepared from growing C2C12 myoblasts 48 h after
transfection with an siRNA pool targeting c-Jun or with a control, nonsilencing siRNA (NS). (D,E) qChIP was performed to detect
enhancer-related marks—H3K4me1 (D) and H3K27ac (E), as indicated—on myoblast-specific enhancers bound by c-Jun after treatment
of myoblasts with c-Jun and control siRNAs. Several myoblast-specific enhancers not bound by c-Jun were tested as negative controls
and showed insignificant alterations in the levels of all marks tested.
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Figure 8. Exogenous MyoD1 expression restores enhancer assembly in primary MyoD1�/� myoblasts. (A) Western blot detection of
MyoD1 in nuclear extracts prepared from growing wild-type, MyoD1�/�, and MyoD1�/� (rescued) primary myoblasts that stably
express exogenous MyoD1. Sin3A is shown as a loading control. (B) Western blotting of nuclear extracts of confluent myoblasts
indicates that myogenin expression is restored to levels comparable with those of wild-type cells. (C) RT-qPCR analysis of three target
genes associated with myoblast-specific enhancers bound by MyoD1. We note that each of the promoters associated with these genes
was devoid of MyoD1 binding. (D–F) qChIP analysis was carried out to determine the impact of MyoD1 reconstitution in primary
myoblasts on deposition of enhancer-related marks H3K4me1 (D), Pol II (E), and H3K27ac (F). (G–I) qChIP analysis for H3K4me1 (G),
H3K27ac (H), and Pol II (I) was performed to examine indicated marks on myotube-specific enhancers after MyoD1 expression. Error
bars for all qChIP and RT-qPCR data represent standard error of the mean (SEM). (J) Model in which MyoD1 acts to assemble enhancers
in muscle. Interactions between MyoD1 and other factors are essential for enhancer assembly and acquisition of a transcriptionally
active state. See the text for details.



enhancer regions are recovered in our data set. Fourth, we
showed that MyoD1 and a cohort of TFs co-occupy these
distal elements. We showed that these enhancers may
function to augment transcription of thousands of protein-
coding genes and identified a large number of ncRNAs that
are specifically associated with these enhancers.

Moreover, the ability to recreate enhancer assembly
through re-expression of a key regulator, MyoD1, offers
a robust and well-defined system in which to explore the
step-wise assembly of enhancers. As expected from pre-
vious genome-scale studies, we found that the epigenetic
signatures associated with muscle enhancers were uni-
que to this tissue, although to some extent they resem-
bled the pattern observed in adipocytes, in line with the
fact that skeletal muscle cells and adipocytes are derived
from a common MSC precursor. Interestingly, we noted
that H3K27ac enrichment over the centers of putative
enhancer regions was more diffuse in adipocytes than the
corresponding regions in muscle, suggesting that mech-
anisms that regulate its deposition and enhancer activity
may differ to some extent in the two tissues. It will be
interesting to obtain corresponding chromatin state maps
for MSCs and satellite cells and compare those maps with
the committed lineages presented here.

We found evidence that many genes expressed at higher
levels in myotubes were linked to associated enhancers
showing constitutive modifications in both states, sug-
gesting that enhancers could be ‘‘primed,’’ awaiting ex-
pression of specific transcriptional regulators later in the
differentiation program. We also discovered that enhancer
association with conditionally expressed genes decreased
as a function of increasing distance from the TSS (Supple-
mental Fig. S1G). Such increased distance could impose
a functional barrier that limits the ability of enhancers to
transmit their signal. A looping model for enhancer func-
tion has been proposed, and this observation could support
the notion that short loops may have a stronger positive
impact on gene transcription than longer loops (Blackwood
and Kadonaga 1998). Moreover, we found that the distance
between enhancers and their nearest linked genes de-
creased as myoblasts differentiated into myotubes, sug-
gesting that chromatin could undergo conformational
changes in the differentiated state that facilitate and
augment enhancer activity.

It is likely that MyoD1 potentiates expression of linked
protein-coding genes by binding to the promoters of these
genes, in addition to exerting an enhancer assembly func-
tion at a distance, as described here. Nevertheless, an
analysis of linked promoters (defined by 61 kb around the
TSS) showed that for genes associated with MyoD1-
bound enhancers, the majority of these linked promoters
(;60% of linked promoters in either myoblasts or myo-
tubes) is not occupied by MyoD1 in vivo. Thus, in the
absence of MyoD1, the expression of these genes is likely
to be altered as result of deregulation of enhancer as-
sembly (orchestrated by MyoD1) rather than through
deregulation of promoters. In addition, many of the en-
hancers that were examined in our study are linked to
promoters that do not exhibit MyoD1 occupancy in vivo
(Fig. 8C; detailed in Supplemental Table S4), suggesting

that expression of these genes was mediated primarily
through MyoD1 binding to enhancers. We further note
that in many cases where MyoD1 is recruited to both
the promoter and enhancer, the signal detected at the
promoter could result from looping, a mechanism as-
sociated with enhancer-mediated, long-distance gene
activation.

A pivotal role for MyoD1 in enhancer assembly

In this study, we provide new information on the role of
MyoD1 in differentiation by demonstrating an unequiv-
ocal role for this factor in the assembly of active en-
hancers. These studies dramatically extend previous work
in which MyoD1-binding sites were discovered genome-
wide (Blais et al. 2005; Cao et al. 2010). More recently,
Soleimani et al. (2012) identified a set of MyoD1-bound
peaks, a substantial number of which were intergenic
and ;5600 of which overlapped with Cao et al. (2010).
Overall, we found that while the majority of MyoD1-
binding sites is located within gene-associated or previ-
ously uncharacterized intergenic regions (Cao et al. 2010),
only ;10% of all MyoD1-binding sites were located within
active muscle enhancers (in both myoblasts and myo-
tubes), suggesting that there is highly selective binding
of MyoD1 to chromatin at transcriptional enhancing
regions.

Our experiments with C2C12 and primary skeletal
muscle cells led us to several important conclusions.
First, depletion of MyoD1 results in a dramatic alteration
of enhancer signatures, typified by the loss of H3K4me1
and H3K27ac as well as p300 and Pol II recruitment.
Second, we show that the loss of Set7, an H3K4 mono-
methylase, could explain the observed reductions in
H3K4me1 in MyoD1�/� cells. Third, we found that c-Jun,
Jdp2, and Runx1 were recruited to enhancer regions in
a spatially constrained domain centered around MyoD1,
and, strikingly, each of these factors was recruited in a
MyoD1-dependent manner. Collectively, these data sug-
gest that MyoD1 assists in the corecruitment of several
sequence-specific TFs, Set7, and p300 at enhancers (Fig. 8J).
As a result of Set7 and p300 recruitment, H3K4 and H3K27
are monomethylated and acetylated, respectively. Fourth,
depletion of MyoD1 resulted in significant alterations in
the expression of ncRNAs associated with enhancers. To
our knowledge, this is the first indication that MyoD1
may stimulate expression of ncRNAs at enhancers. Fifth,
we found that MyoD1 re-expression in primary MyoD1-
null myoblasts rescued some (H3K4me1 and Pol II) but not
all (H3K27ac) hallmarks of these enhancers, whereas
H3K27ac was also restored in myotubes. These obser-
vations indicate that the timely function of MyoD1 is
essential for the correct assembly of muscle enhancers.
A failure to express MyoD1 within an essential period
would result in inefficient recruitment of enhancer-
promoting factors and incomplete assembly of condition-
specific enhancers. In addition, it is likely that chromatin
plasticity at enhancer regions is temporally limited and
irreversibly constrained once the appropriate window for
enhancer assembly has passed.
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While further studies will be required to address this
condition-dependent restoration of chromatin signatures
at enhancers, this finding suggests that any ‘‘code’’ associ-
ated with enhancers may need to be refined or augmented
by additional factors, such as TF-binding events or other
stimuli, in a condition-specific manner. Our studies set the
stage for exciting future experiments aimed at dissecting
the nature of muscle-specific enhancers.

In addition, it has been proposed that MyoD1 deficiency
results in an elevated self-renewal rate, increasing the
number of precursor (satellite) cells and limiting progres-
sion through the myogenic program (Megeney et al. 1996).
In this regard, we speculate that MyoD1 could act to
remodel and facilitate assembly of muscle enhancers,
thereby diverting cells away from nonmuscle lineages.

Our study identified the critical genomic regulatory
regions that underlie the network that orchestrates the
myogenic program. It will be interesting to align these
loci with maps of single-nucleotide polymorphisms (SNPs)
and mutations linked to genetic disorders of skeletal
muscle, since aberrations that may occur within these
newly identified myogenic enhancers could impair the
regulation of target genes essential for muscle structure
and function. Ultimately, our study could shed new light
on pathological mechanisms initiated by misregulation
of these critical regulatory regions.

Materials and methods

Quantitative RT-PCR, transfections, and protein detection

RNA isolation, reverse transcription, and real-time quantitative
PCR were performed as described (Asp et al. 2011). In each case,
expression was normalized to a control gene (Sparc) that is in-
variant throughout differentiation. All primer sequences are
listed in Supplemental Table S8. Transfections were performed
in myoblasts using Lipofectamine LTX (Invitrogen). Nuclear
extracts were prepared as described (Asp et al. 2009), with the
modification that hypotonic homogenization buffer was ad-
justed to 10 mM KCl, and nuclear extraction buffer was adjusted
to 0.42 M KCl.

Antibodies, ChIP, and ChIP-seq

ChIP was performed as described (Blais et al. 2007) using anti-
bodies listed in the Supplemental Material. ChIP experiments to
detect p300 enrichment in primary myoblasts were performed by
fixing cells for 5 min in 1.5 mM ethylene glycol-bis succinimidyl-
succinate (EGS) and subsequent fixation in 1% formaldehyde
at room temperature for 10 min. To quantitatively measure
changes in histone marks and factors, the linear range for ChIP
and ChIP-seq experiments was empirically determined using
serial titrations of antibody and chromatin and then plotting
enrichment as a function of chromatin amount. All ChIP exper-
iments were carried out using optimized antibody/chromatin
ratios. ChIP-seq experiments were performed as described (Asp
et al. 2011).

Analysis of ChIP-seq data and enhancer identification

ChIP-seq data were analyzed as described previously (Asp et al.
2011), with the modifications noted in the Supplemental Mate-
rial. Enhancers were identified as described in the Supplemental
Material.
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