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We have combined genome-wide transcription factor binding and expression profiling to assemble a regulatory
network controlling the myogenic differentiation program in mammalian cells. We identified a cadre of
overlapping and distinct targets of the key myogenic regulatory factors (MRFs)—MyoD and myogenin—and
Myocyte Enhancer Factor 2 (MEF2). We discovered that MRFs and MEF2 regulate a remarkably extensive array
of transcription factor genes that propagate and amplify the signals initiated by MRFs. We found that MRFs
play an unexpectedly wide-ranging role in directing the assembly and usage of the neuromuscular junction.
Interestingly, these factors also prepare myoblasts to respond to diverse types of stress. Computational
analyses identified novel combinations of factors that, depending on the differentiation state, might
collaborate with MRFs. Our studies suggest unanticipated biological insights into muscle development and
highlight new directions for further studies of genes involved in muscle repair and responses to stress and

damage.
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Myogenic differentiation proceeds through irreversible
cell cycle arrest of precursor cells (myoblasts), followed
by a gradual increase in expression of muscle function
genes, leading to fusion of myoblasts into multinucleate
myofibers in the animal. This process can be recapitu-
lated in vitro, wherein myoblasts can be converted to
myotubes with high efficiency in well-established mod-
els. In adult skeletal muscle, monopotential precursor
cells proliferate and differentiate in response to specific
stimuli, such as injury or exercise.

Myogenesis is orchestrated through a series of tran-
scriptional controls governed by the myogenic regula-
tory factors (MRFs). Ectopic expression of a single MRF,
MyoD, is sufficient to force nonmuscle cells to complete
the myogenic program (Tapscott et al. 1988). MyoD, a
basic helix-loop-helix (bHLH) transcription factor that
binds sequence elements termed E-boxes, is the founding
member of the MRF family, which includes the closely
related Myf5, myogenin, and MRF4 proteins (for review,
see Buckingham 2001). These proteins cooperate with a
second family of transcription factors, called Myocyte
Enhancer Factor 2 (MEF2) (Molkentin and Olson 1996).
MRFs are known to activate the expression of genes that
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specify muscle. The first steps in the regulatory cascade
involve expression of MyoD and Myf5, which subse-
quently leads to expression of myogenin and MEF2, pro-
moting conversion of myoblasts to myotubes. MyoD,
which persists in myotubes, collaborates with myogenin
to regulate the expression of genes necessary for terminal
differentiation.

Beyond these first steps, our knowledge is somewhat
fragmentary: Relatively few physiological targets of
MRFs and MEF2 have been identified, and the number of
genes known to be regulated by these factors is consid-
erably smaller than the number of genes induced upon
myogenic differentiation (Moran et al. 2002). In addition,
the role of MyoD in myogenic differentiation appears to
be considerably more complex, since recent studies
point to a role for this factor in transcriptional repression
as well as activation (Mal and Harter 2003). Furthermore,
other critical, unresolved questions include the extent to
which functional redundancy occurs within the MRF
family and the functional impact of binding by indi-
vidual family members to their targets. For these rea-
sons, identification of direct transcriptional targets of
MRFs and MEF2 and deconvolution of the transcrip-
tional regulatory networks that operate in muscle cells
represent a sine qua non to comprehensively understand
not only how muscle differentiates but also how it re-
sponds to stress and damage, thereby allowing regenera-
tion.
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Recent attempts to identify MyoD-binding sites ex-
ploited gene expression profiling of cells that ectopically
express MyoD (Bergstrom et al. 2002). While these ex-
periments have certainly identified several bona fide,
physiological targets, several complications arise using
this approach. First, ectopic expression of a bHLH tran-
scription factor can lead to promiscuous binding to E-
boxes throughout the genome. The fact that (1) another
E-box-binding factor, Myc, binds to an extensive portion
of the genome (Fernandez et al. 2003) and (2) other MRFs
(including Myf5 and myogenin) can similarly bind this
sequence has hampered definitive conclusions regarding
physiological occupancy by specific MRFs. In addition,
secondary downstream effects resulting from the altered
expression of transcription factor targets further compli-
cate identification of direct targets. Thirdly, MyoD in-
teracts with activator and repressor proteins, and ectopic
expression could inappropriately titrate an inhibitory
protein, such as Id, which blocks muscle differentiation
by preventing DNA binding by MRFs (Benezra et al.
1990). Other approaches to identifying MRF targets have
relied on mouse genetics. However, functional redun-
dancy and compensation are likely to obscure the full
impact of individual contributions of MRF family mem-
bers on gene expression patterns. Recently, we and oth-
ers have developed methods that circumvent these com-
plications. This technology, termed ChIP-on-chip or lo-
cation analysis, has been used to identify mammalian
factor-binding sites in a genome-wide manner (Cam et
al. 2004; Odom et al. 2004).

Here we describe a novel approach toward unraveling
the regulatory mechanisms involved in mammalian
muscle development. We constructed a mouse promoter
DNA microarray and performed ChIP-on-chip analysis
to identify targets of key muscle regulators MyoD, myo-
genin, and MEF2. In addition to confirming suspected
targets of these transcription factors, we identified a co-
hort of genes involved in unanticipated pathways. Re-
markably, these factors control stress response pathways
and the specification and utilization of the neuromuscu-
lar synapse. Moreover, the regulatory power of MRFs and
MEF2 extends beyond their immediate downstream tar-
gets, as they appear to control a vast array of transcrip-
tion factors that propagate the signals initiated by MRFs.
Using our genome-wide binding data, expression profil-
ing, computational analyses, and previous observations
regarding transcription factor function, we describe a
complex, dynamic network that models the transcrip-
tional activation cascades that govern skeletal myogen-
esis. We demonstrate that our approach is useful for un-
covering unexplored aspects of muscle biology involved
in the far-ranging processes of stress response, differen-
tiation, and regeneration.

Results
ChIP-on-chip analysis of MRF and MEF2 binding

Conversion of mouse C2C12 myoblasts into myotubes
represents a well-established and robust in vitro differ-
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entiation model. In this setting, proliferating myoblasts
can be induced to differentiate into myotubes by growing
them to confluence and switching them to reduced se-
rum (differentiation medium, DM). Under these condi-
tions, most cells fuse to form myotubes after 4 d. Fur-
thermore, genome-wide comparison of gene expression
in primary mouse myoblasts and C2C12 cells allows us
to conclude that their overall transcriptional profiles are
very similar (Supplementary Fig. S1; see below). In order
to better understand the transcriptional regulatory net-
works that govern this process, we used a multifaceted
approach that combines ChIP-on-chip, gene expression
profiling, computational analyses, and gene ablation
techniques (Fig. 1A). First, we performed ChIP on grow-
ing myoblasts and differentiated myotubes using anti-
bodies that recognize MyoD, myogenin, and MEF2 and
used PCR to verify enrichment of suspected or previ-
ously characterized targets. Each of these antibodies sig-
nificantly enriched several E-box-containing promoters,
including the Chrnal and Mef2c genes, as expected (Fig.
1C; data not shown; see Table 1 for complete gene
names; Piette et al. 1990; Ridgeway et al. 2000).

To identify targets of MRFs in an unbiased, large-scale
manner, we constructed a murine genomic DNA micro-
array (termed Mm4.7k) representing >4700 different loci
and used ChIP-on-chip analysis to identify new targets of
the muscle regulatory transcription factors MyoD, myo-
genin, and MEF2 in myoblasts and myotubes (see
Supplemental Material). We isolated mature myotubes
from differentiated cultures of C2C12 cells in order to
separate them from reserve cells, a population of cells
that does not fuse but remains quiescent after 4 d in
differentiation medium (Carnac et al. 2000). Since West-
ern blotting indicated that MyoD was expressed in pro-
liferating and differentiated myotubes, we performed lo-
cation analysis for this transcription factor in those two
populations (growing cells, GM; and myotubes, MT)
(Supplementary Fig. S1B). In contrast, myogenin and
MEF2C are expressed exclusively in myotubes, and thus
we restricted our analysis of these factors to myotubes.
The lack of a high-quality, specific antibody against
MYF5 prevented us from performing location analysis
for this MRF.

We identified a total of 198 genes bound by MRFs or
MEF2 (Fig. 1B; Table 1; Supplementary Table S1). One-
hundred-twenty-six genes were bound by MyoD, al-
though some targets were specifically bound by this fac-
tor in GM but not MT. In myotubes, myogenin and
MEF2 occupied 137 and 28 promoters, respectively,
whereas MyoD occupied 91 promoters. Some genes were
bound by one factor but not the other two. These find-
ings suggest that the MRFs recognize sets of distinct but
overlapping targets, and that MyoD regulates a common
set of genes in both growing and differentiated cells.

MRF binding in mouse and primary human cells

We confirmed binding by MyoD, myogenin, and MEF2
to a subset of targets that we identified using ChIP and
semiquantitative PCR (Fig. 1C,D; data not shown). Im-
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Figure 1.

Identification of MRF and MEF2 targets. (A) Approach used to elucidate myogenic transcriptional networks. (MRFs)

myogenic regulatory factors; (GO) Gene Ontology; (TFs) transcription factors; (PWMs) position-weight matrices. (B) Venn diagrams
representing the overlap of MyoD targets in three different populations studied (Ieft) and overlap of MyoD, myogenin, and MEF2 targets
in myotubes (right). The total number of targets is indicated in parentheses. (C) ChIP assays in C2C12 myotubes with anti-MyoD and
anti-myogenin antibodies, showing specific enrichment of selected target genes. (D) ChIP assays in C2C12 myotubes with anti-MEF2
and anti-myogenin antibodies. (E) Identification of MyoD targets in growing, primary human myoblasts using ChIP.

portantly, we also performed ChIP assays using primary
human skeletal myoblasts (Fig. 1E) and confirmed that
MREF binding to a subset of targets is conserved in both
mouse and human muscle cells. Moreover, we examined
a larger cohort of genes identified by ChIP-on-chip with
binding ratio values above or below our chosen threshold
(see Supplemental Material; Supplementary Fig. S3;
Supplementary Table S3) and determined that the false-
positive rate of our approach is similar to what we and
others have observed using a similar human promoter
microarray (Cam et al. 2004; Odom et al. 2004). Because
not all mouse genes are represented on our microarray,
and because our stringent criteria for identifying bound
loci inevitably introduces false negatives, we may have
overlooked several MRF and MEF2 targets. Although
MREF-binding sites have been identified in enhancer re-
gions several kilobases from their transcriptional start
sites, the majority of E-boxes present in the MyoD and
myogenin target promoters that we identified were lo-
cated very close to the transcriptional start site (Supple-
mentary Fig. S2E).

Identifying unexpected pathways that operate
during myogenesis

We selectively enriched several known targets of MRFs
and MEF2. However, a majority of the genes identified in
our analysis have not been identified in previous studies
and thus represent novel targets of these transcription
factors. We clustered MRF and MEF2 target genes ac-
cording to function using Gene Ontology (GO) annota-
tion. Inspection of these clusters revealed that these fac-
tors bind to genes involved in a wide spectrum of path-
ways (Table 1; Fig. 2). We used an algorithm, EASE
(Hosack et al. 2003), that allowed us to determine whether
enrichment in a given category was statistically signifi-
cant given the number of genes in each individual cluster
represented on our microarray (Supplementary Table S4).
Most strikingly, in growing myoblasts, MyoD bound a
set of genes involved in synapse specification and utili-
zation and neuromuscular function (Fig. 2B), whereas
those bound by MyoD in MT play a role in muscle de-
velopment and contraction. The repertoire of myogenin
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