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Comparison of Genome-Wide Binding of MyoD in Normal Human
Myogenic Cells and Rhabdomyosarcomas Identifies Regional and
Local Suppression of Promyogenic Transcription Factors
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Rhabdomyosarcoma is a pediatric tumor of skeletal muscle that expresses the myogenic basic helix-loop-helix protein MyoD but
fails to undergo terminal differentiation. Prior work has determined that DNA binding by MyoD occurs in the tumor cells, but
myogenic targets fail to activate. Using MyoD chromatin immunoprecipitation coupled to high-throughput sequencing and
gene expression analysis in both primary human muscle cells and RD rhabdomyosarcoma cells, we demonstrate that MyoD
binds in a similar genome-wide pattern in both tumor and normal cells but binds poorly at a subset of myogenic genes that fail
to activate in the tumor cells. Binding differences are found both across genomic regions and locally at specific sites that are asso-
ciated with binding motifs for RUNX1, MEF2C, JDP2, and NFIC. These factors are expressed at lower levels in RD cells than
muscle cells and rescue myogenesis when expressed in RD cells. MEF2C is located in a genomic region that exhibits poor MyoD
binding in RD cells, whereas JDP2 exhibits local DNA hypermethylation in its promoter in both RD cells and primary tumor
samples. These results demonstrate that regional and local silencing of differentiation factors contributes to the differentiation

defect in rhabdomyosarcomas.

We have recently performed chromatin immunoprecipitation
coupled to high-throughput sequencing (ChIP-seq) for the
myogenic regulatory factor MyoD in murine cells of the skeletal
muscle lineage and described widespread binding of MyoD in
both intra- and intergenic regions of the genome (1). MyoD is a
member of the basic helix-loop-helix (P HLH) family of transcrip-
tion factors, a large group of factors that bind DNA through a
basic region and use amphipathic helices to heterodimerize with
other bHLH proteins (2, 3). In myogenic cells, MyoD het-
erodimerizes with members of the E-protein bHLH family, binds
DNA in a sequence-specific fashion, and transactivates gene tar-
gets (4). We found that MyoD bound extensively both in undif-
ferentiated, proliferating myoblasts and in terminally differenti-
ated myotubes. Genes that had increased expression with
differentiation were associated with an increased MyoD ChIP-seq
signal, and genes that decreased expression were associated with a
decreased signal. Analysis of the areas neighboring MyoD-bound
sites revealed potential binding sites for a variety of other factors
that are known or believed to play roles during myogenesis (e.g.,
Ap-1, Meis, Runx, and Sp1).

Rhabdomyosarcoma (RMS) is a pediatric tumor of skeletal
muscle that resembles undifferentiated myogenic cells (5, 6). Puz-
zlingly, the tumors typically express MyoD, even though MyoD
expression is normally capable of driving terminal skeletal muscle
differentiation in not only myogenic cells but those of other lin-
eages as well (7). Previous work identified no defect in the ability
of MyoD in RMS to bind to DNA but, rather, identified a defect in
its ability to activate myogenic target genes (8), but the binding of
MyoD in these tumors has never been investigated in a genome-
wide fashion. More recently, our work in rhabdomyosarcoma
cells has suggested that they are actually representative of an ar-
rested state of development in normal skeletal muscle, offering the
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possibility of providing information on a specific point in the
myoblast-myotube transition shortly preceding terminal differ-
entiation (9, 10).

To further investigate both the normal molecular mechanisms
of MyoD-mediated myogenesis in human cells and the basis for
the impaired myogenesis in rhabdomyosarcomas, we have per-
formed ChIP-seq for MyoD in primary human myoblasts and
myotubes, as well as in an embryonal cell culture model of RMS,
RD cells, alongside gene expression analysis in the same cells. RMS
cells exhibit widespread binding of MyoD throughout the ge-
nome, with a striking level of similarity to the binding found in
primary cells, but possess differences in MyoD binding at a rela-
tively small subset of locations. Differential MyoD binding and
impaired MyoD gene target activation implicate numerous tran-
scription factors that are expressed at lower levels in RD cells than
primary cells, including MEF2C, RUNX1, JDP2, and NFIC, in
impaired myogenesis, and all of the factors are capable of rescuing
myogenesis to various extents. We find evidence of differential
DNA accessibility across large-scale regions of the genome in RD
cells, one of which contains MEF2C, suggesting a role for regional
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suppression of genes associated with the final stages of myogen-
esis, in addition to more local effects. Finally, we identify DNA
hypermethylation of the promoter of JDP2 in both RD cells and
multiple primary human tumor samples compared to normal hu-
man cells, implicating DNA methylation-mediated silencing of
myogenic cofactors as a potential event in tumor progression
and/or formation.

MATERIALS AND METHODS

Cell culture. RD cells were obtained from the American Type Culture
Collection (ATCC), and all analyses were performed on cells that origi-
nated from low-passage-number frozen aliquots. RD cells were main-
tained in Dulbecco modified Eagle medium (DMEM) with 10% bovine
calf serum and 1% penicillin-streptomycin (Gibco). Primary myoblasts
were collected and cultured as has been previously described (11). They
were maintained in F-10 medium supplemented with 20% fetal bovine
serum, 1% penicillin-streptomycin, dexamethasone (1 wM), and human
basic fibroblast growth factor (final concentration, 10 ng/ml; Promega).
Low-serum differentiation medium consisted of either DMEM with 1%
horse serum, 1% penicillin-streptomycin, and 10 pg/mlinsulin and trans-
ferrin (RD cells) or an F-10-based version with the same additives (pri-
mary cells).

Chromatin immunoprecipitation. Primary myoblast samples were
collected in growth medium at low density, and both primary myotubes
and RD cells were collected after being cultured in differentiation medium
(72 h for myotubes, 24 h for RD cells). ChIP and ChIP-seq were per-
formed as has been described previously (1), using a previously charac-
terized MyoD antibody (1, 12). The ChIP primers used for loci A to D
were the same as those used for locus A, locus C, locus H, and locus D,
respectively, in the Pvull accessibility studies. Locus E primer sequences
were as follows: CATGCAGGGCACTCTAGTCTC and TAAGGGTTTA
GCCTGCCACA.

Cell staining and Western blotting. For 5-ethynyl-2'-deoxyuridine
(EdU) stains, after 24 h in low-serum differentiation medium, cells were
shifted to differentiation medium supplemented with EAU at a final con-
centration of 50 uM (Invitrogen) and incubated for a further 24 h. Cells
were then fixed and stained according to the manufacturer’s protocols
using a Click-iT kit, and total nuclei and EdU-positive nuclei were
counted by hand. Three independent biological replicates were per-
formed for each condition, and the nuclei in five microscope fields were
quantified for each replicate to determine the percentage of EdU-positive
nuclei. On the basis of a previously established protocol, the highest- and
lowest-value measurements were removed, and the remaining three val-
ues were averaged; however, similar data were obtained without excluding
potential outlier samples. Those averages were used to calculate the mean
and standard error of the mean (SEM) of each condition.

For other cell stains, cells were fixed with 2% paraformaldehyde for 6
min at room temperature before permeabilization with Triton X-100.
Myosin heavy chain (MHC) was detected with the MF-20 antibody, and
nuclei were detected with DAPI (4',6-diamidino-2-phenylindole).

Western blots were performed on whole-cell lysates collected in Laem-
mli buffer containing 10% beta-mercaptoethanol. All blots were blocked
in 3% (wt/vol) milk in 0.5% Tween 20-containing phosphate-buffered
saline before incubation with primary antibody (MHC with antibody
MF-20 and MEF2C with antibody 5030 [Cell Signaling]; a-tubulin with
antibody T-9026 [Sigma]), a horseradish peroxidase-conjugated second-
ary antibody (Jackson), and chemiluminescent detection (Pierce).

Peak calling. Sequences were extracted by the GApipeline program
(version 0.3.0). Reads mapping to the X and Y chromosomes were ex-
cluded from our analysis. Reads were aligned using BWA to the human
genome (hg19). Duplicate sequences were discarded to minimize the ef-
fects of PCR amplification. Each read was extended in the sequencing
orientation to a total of 200 bases to infer the coverage at each genomic
position. Peak calling was performed by an in-house-developed R pack-
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age, which models background reads by a negative binomial distribution
as previously described (13).

Motif analysis. We applied a house-developed Bioconductor package,
motifRG, for discriminative de novo motif discovery as previously de-
scribed (1, 14). To find discriminative motifs between MyoD peaks in
myotubes versus myoblasts and MyoD peaks in myotubes versus RD cells,
we selected cell-type-specific peaks (present in one cell type with a P-value
cutoff of 107 '° and absent in the other cell type at a P-value cutoff of
107°).

Association of differential peaks with differentially expressed genes.
To detect differential peaks between two samples, we first took the square
root of the peak heights in both samples and fit a local regression curve on
the difference of the two versus the mean. The residual is defined as the
difference subtracted by the fitted value, which adjusts for mean depen-
dent bias. We fit another local regression model on the squared residual
versus mean, to estimate mean dependent variance. The z value is defined
by the residual divided by the standard deviation (square root of the esti-
mated variance). This approach draws some similarity with the mean
dependent dispersion estimate by the DESeq package, except that we used
a nonparametric approach instead of modeling by a negative binomial
distribution. The defined z value fits the normal distribution well, so we
used a cutoff of 1.28, which corresponds to the 90% confidence interval of
the normal distribution to define differential peaks. This definition of
differential peaks is used in Fig. 3D, which is different from the cell type-
specific peaks used for de novo motif analysis described above.

To detect the enrichment of differential peaks in the given gene sets, we
calculated the enrichment of differential peaks (up, z value of >1.28;
down, z value of <—1.28) that associated with the given gene sets within
the promoter regions among all promoter peaks based on a hypergeomet-
ric distribution.

ChIP-seq binding site regional differences. To identify large-scale
regions with peaks that are consistently higher or lower in a two-sample
comparison, we designed an algorithm to partition the genome into re-
gions that maximize the sum of the absolute differential scores for peaks
within the regions. The differential score is defined as the log odds ratio of
the peak height corrected by the log odds ratio of the number of back-
ground reads within 100-kb flanking regions. The correction is necessary,
as we have identified by another method large regions with noticeable
copy number variation, which would bias our method. We also required
that all peaks within the region show differences in the same direction,
uninterrupted by strong peaks (peak height > 60) with comparable
heights or peaks with a difference in the opposite direction. The bound-
aries of regions needed to be peaks with an absolute differential score
greater than 1. We reported the computed regions with a sum of the
differential score of greater than 30 and a width of greater than 100 kb. To
estimate the false discovery rate (FDR) for the number of reported regions,
we partitioned the genome by 5-kb windows to conserve locally correlated
peaks and permutated windows with the peaks inside 100 times. We applied
the above-described algorithm on each permutated genome and reported the
regions using the same criteria. The empirical FDR is estimated by the ratio of
the average number of reported regions in each permutation over the number
of actual reported regions. Hypersensitivity (HSS) data were acquired from
publically available data sets at http://genome.ucsc.edu/cgi-bin/hgFileUi¢db
=hg19&g=wgEncodeUwDgf (15, 16)

Pvull accessibility assays. Pvull accessibility studies were performed
as has been described previously (13), using nuclei isolated from RD cells
and primary myotubes. The genomic coordinates and PCR primers for
loci tested by quantitative PCR (qPCR) are as follows: for A-locus (chro-
mosome 11 [chrl1]) positions 5242257 to 5242328, primers GCTGCGT
TACTTTGGAGGAG and GGGAAAAAGCAGAGCAGAAA; for B-locus
(chr3) positions 195335273 to 195335637, GCGCACACACACTCA
CTCA and CGTGCCAGGATGTTTTATTG; for C-locus (chr5) positions
88249331 to 88249405, CATGCATTTTCAGGTCACCA and CCCCTCC
ACTTTGATTCGTA; for D-locus (chr5) positions 88365439 to 88365512,
TTTTTGAAGGTTGCTTAGATTTCTG and CCCAAAGACATTCCTTA
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TABLE 1 Number and genomic location of MyoD ChIP-seq peaks in RD cells

No. of MyoD peaks at the
following P value cutoff’:

Fraction of peaks at the following genomic location:

Cell type 107° 1077 1071 Prom® Prox prom? 3 prime® Exon Intron Upstream’ Down? Intergenic”
Myoblast 44,364 32,313 23,158 0.144 0.222 0.032 0.166 0.553 0.212 0.192 0.418
Myotube 58,449 43,334 31,630 0.117 0.195 0.034 0.147 0.570 0.208 0.200 0.396
RD 52,762 36,267 25,231 0.120 0.195 0.031 0.147 0.557 0.211 0.191 0.415

“ The fraction of MyoD peaks found in each listed type of genomic region is given. Note that categories are not mutually exclusive, and a single peak may be included in multiple

categories.

b Three P value cutoffs were used to evaluate whether ChIP-seq reads are considered a peak and included in the count of the total number of peaks.

¢ Prom, promoter, 500 bp up- or downstream from the TSS.

4 Prox prom, proximal promoter, 2 kb up- or downstream from the TSS.
¢ 3 prime, 500 nt up- or downstream from the end of the transcript.
fUpstream, 2 kb to 10 kb upstream of the TSS.

£ Down, 2 kb to 10 kb downstream from the end of the transcript.

" Intergenic, >10 kb from any annotated gene.

GTGTAAAA; for E-locus (chr5) positions 88276783 to 88276872, TGGT
ACATTTTCAAACCAGCTATG and TGCAAGACTGCAATTTACA
AAA; for F-locus (chr5) positions 88401722 to 88401806, TCTTGATCC
TTGGACCCATT and ATGGGGCTGTATGTGGTCTG; for G-locus
(chr11) positions 1942741 to 1942824, AGCCGTGGCAGTTACAAGAG
and ACGGGGGTAGCTTTTTCCTA; for H-locus (chrl6) positions
31439840 to 31439927, TTGGCAAGGAGGCATTTAAG and GCCACCA
GGCATAGAATAGG; for I-locus (chrl6) positions 31444755 to
31444840, ATCATCGAATGACAGGCACA and TTGGAAAGTTAGCCA
AGGTGA; and for J-locus (chr2) positions 71167375 to 71167452, GGA
AGGGAGGAAGTTGAAAGA and CCAAGGACCAGAAAAGTCCA.

P value peak overlap analysis. We adopted a nonparametric rank-
based paradigm to compare two ChIP-seq samples as previously de-
scribed (13). We ranked all peaks by their P values and group ranks into
bins of 3,000 (i.e., the top 3,000 peaks, then the top 6,000 peaks, etc).
Then, we computed the fraction of top x peaks in one sample that overlap
the top y peaks in another sample, where x and y vary from 3,000 to 30,000
and y is equal to or greater than x.

RT-PCR and qPCR. All gPCRs were performed using Sybr green from
Bio-Rad on an Applied Biosystems 7900HT apparatus. Relative expres-
sion levels were calculated using cDNA dilution standard curves or delta-
delta threshold cycle (C;) calculations. All values are reported as the
mean = SEM of at least three independent biological experiments, and
significance was tested with ¢ tests, unless otherwise noted. All reverse
transcription-PCRs (RT-PCRs) were performed simultaneously with mi-
nus reverse transcriptase controls to check the absence of a signal. The
primer sequences used are as follows: for CKM, forward (F) primer CCA
AGTTCGAGGAGATCCTC and reverse (R) primer AGCTGCACCTGTT
CTACTTCG; for TIMM17b, F primer GGAGCCTTCACTATGGGTGT
and R primer CACAGCATTGGCACTACCTC; for RUNXI, F primer GG
GAACTGTCAAGCTGGTGT and R primer GCCTGCTCTCCTGTGCT
ATC; for MEF2C, F primer CCAAGGACTAATCTGATCGGG and R
primer TTTCCTGTTTCCTCCAAACAA; for JDP2, F primer AGCCCGT
GAAAAGTGAGCTA and R primer CTTCTTCTTGTTCCGGCATGC; for
NFIC, F primer CCCGCTCAAAGATCTTGTCT and R primer ATCCCA
CAAAGGAACGGTTT; for COX6A2, F primer GAGTTCCGTCCCTAC
CAACA and R primer CAGAGGGTTCACGTGGCTAT; for PGMS5, F
primer CATATTTCCGTCAGATGGGG and R primer AGGGACCTTCA
TTGATTTGG; for SOHLH2, F primer GCAGAGGTCCTACAGCGAAC
and R primer CGAACTCTGACAACGAAGCA; for TNNTS3, F primer CA
AGTTCGAGTTTGGGGAGA and R primer CTGGCCTCTCTACTTCC
AGC; for CACNBI, F primer TGACACCATCAATCACCCAG and R
primer GGGACTTGATGAGCCTTTGA; and for DUSP22, F primer GC
CTGTACATCGGCAACTTC and R primer GCTGGGATGCACAGG
TATTT.

Microarrays. The microarray analysis of green fluorescent protein-
infected RD cells in low-serum differentiation medium has been previ-
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ously reported (9). For primary cells, three independent biological sam-
ples were collected both in growth medium at a low cell density for the
myoblast condition and after 72 h at complete cellular confluence in low-
serum differentiation medium for the myotube condition. All samples
had RNA isolated using an RNeasy kit (Qiagen). RNA was hybridized to
Mlumina human HT-12 (version 4) BeadChips. Analysis was performed in
R/Bioconductor software using the lumi and limma packages with the
annotations found in the lumiHumanAllL.db package. P values were ad-
justed to account for multiple testing using the Benjamini and Hochberg
method, and cutoffs for significant changes were a FDR of <0.05 and a
fold change of >2.

Primary human samples. Primary rhabdomyosarcoma patient sam-
ples were obtained from Seattle Children’s Hospital in accordance with an
Institutional Review Board protocol. Adult skeletal muscle genomic DNA
was obtained from BioChain and was from two different individuals.
Genomic DNA was isolated from patient samples using a DNeasy blood
and tissue kit (Qiagen).

RRBS. Reduced-representation bisulfite sequencing (RRBS) was per-
formed to assess DNA methylation at single-nucleotide resolution, with
analysis restricted to the promoter of JDP2 (17). RRBS was performed
using the EpiQuest Genomic Service of ZymoResearch. Five hundred
nanograms of genomic DNA was used as input for RRBS, and library
preparation and bioinformatic analysis were performed as described pre-
viously (18).

RESULTS

MyoD binding in primary human myoblasts and myotubes.
ChIP-seq was performed for endogenous MyoD in primary hu-
man myoblasts and myotubes. Similar to our findings in murine
muscle cells, MyoD peaks were detected at ~30,000 to 60,000
locations throughout the genome in both human myoblasts and
myotubes (Table 1). Most peaks were present in both myoblasts
and myotubes, although the relative height of some peaks changed
with differentiation (Fig. 1A and data not shown).

To correlate MyoD binding with gene regulation, gene expres-
sion arrays were performed on primary human myoblasts and
myotubes under the same conditions used for the ChIP-seq ex-
periments. Using a 2-fold change and an FDR of less than 0.05, the
expression of 758 genes increased and that of 705 genes decreased
with differentiation (see Table S1 in the supplemental material).
Increased gene expression was associated with an increase in
MyoD binding in the gene promoter-proximal region (2 kb up- or
downstream from the annotated transcription start site [TSS])
and decreased expression with decreased binding (Fig. 1B).

De novo motif analysis was performed to identify DNA motifs
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FIG 1 Characteristics of MyoD binding in primary human myoblasts and myotubes. (A) A comparison of the top 30,000 (30K) MyoD peaks in myoblasts and
myotubes demonstrates a high proportion of overlap in the sites occupied by MyoD, regardless of differentiation status. Peaks were ranked by P value and
grouped into bins that increase by 3,000 peaks each time (i.e., first the 3,000 most significant peaks are considered, then the 6,000 most significant are considered,
etc.). The overlap fraction scale is indicated. (B) Scatterplots showing the square root of the height of MyoD peaks within 2 kb of the TSS of the genes that either
increase or decrease with myogenic differentiation (as indicated above the panels) demonstrate that upregulated genes are associated with increasing peaks and
that the converse is true for downregulated genes. Differential peaks are colored blue if increased during differentiation and colored gold if decreased, and the
number (n) and P value (p) are indicated in the appropriate corner. P-value statistics are calculated on the basis of the enrichment of differential peaks associated
with the given gene set out of all differential peaks present within 2 kb up- or downstream of promoters based on a hypergeometric distribution (see Materials
and Methods). (C) Myotube-specific MyoD peaks were compared to myoblast-specific MyoD peaks, and a de novo motif analysis was performed on the DNA
immediately surrounding (100 bp up- or downstream) the peaks to determine over- and underrepresented DNA motifs. Positive scores indicate those motifs that
are associated with MyoD binding in myotubes, while negative scores indicate those that are associated with MyoD in myoblasts. Motifs were compared to those
in a transcription factor database to determine the closest annotated match. ratio, enriched/depleted ratio of motifs; fg.frac and bg.frac, fractions of foreground

and background sequences that contain at least one motif occurrence, respectively.

associated with either myotube-increased or myoblast-increased
peaks. Compared to myoblast-increased peaks, myotube-in-
creased peaks were enriched for additional E boxes (Fig. 1C, row
1) and the motif for MEF protein family members (19, 20) (Fig.
1C, row 5), whereas myoblast-increased peaks were enriched for
AP-1,ETS (human ETV7), estrogen receptor 2 (ESR2), and metal-
regulatory family 1 (Mtfl) motifs (Fig. 1C, rows 6 to 9).

MyoD binding in rhabdomyosarcoma cells. ChIP-seq for
MyoD was performed in RD cells, a human embryonal cell culture
model of rhabdomyosarcomas, and the results were compared to
the results from the primary human muscle cells. The overall
number of sites bound by MyoD was comparable between RD and
primary human cells, with a similar genome-wide distribution
(Table 1). Comparisons of relative peak location showed that
most of the peaks were present in both RD and primary muscle
cells, with an ~50 to 90% overlap between RD and differentiated
myotubes and an ~50 to 80% overlap between RD and myoblasts
(Fig. 2A), and the distribution of peak heights was also compara-
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ble between cell types (Fig. 2B). In addition, MyoD peaks in both
RD cells and primary muscle cells showed a similar distribution of
E-box sequences, including the MyoD-preferred CAGCTG and
CACCTG E boxes, although peaks in RD cells had more CACCTG
E boxes (Fig. 2C). Therefore, the overall pattern of MyoD binding
is highly similar in RD cells and primary muscle cells, but a subset
of peaks is differentially bound.

Poor expression of genes in RD cells correlates with both re-
gional and local decreases in MyoD binding. RMS cells are char-
acterized by a failure to properly execute the expression of a subset
of the myogenic gene program. We had previously performed
gene expression array analysis on RD cells cultured under the
same conditions as the primary cells (9) and used those data to
compare expression between the RD and primary cells. Genes
were grouped into four categories on the basis of their expression
patterns (Fig. 3A): those genes that (i) normally increase expres-
sion during myogenesis but are expressed at substantially lower
levels (=3-fold compared to myotube expression) in RD cells
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FIG 2 The DNA binding characteristics of MyoD in RD rhabdomyosarcoma cells resemble MyoD binding in primary human myotubes. (A) As in Fig. 1A, the
top 30,000 MyoD peaks were compared between primary human cells and RD cells. Peaks were ranked by P value and grouped into bins that increase by 3,000
peaks each time (i.e., first the 3,000 most significant peaks are considered, then the 6,000 most significant are considered, etc.). While MyoD peaks in RD cells
overlap to a substantial degree with those in both myoblasts and myotubes, the overlap is higher with the RD/myotube comparison. The overlap fraction scale
is indicated. (B) Scatterplots show a relatively equal distribution of the square root of the MyoD peak heights of all peaks found in myotubes, myoblasts, and RD
cells. (C) Histograms of the proportion of E boxes bound by MyoD in myoblasts, myotubes, and RD cells, grouped by the central dinucleotide core of the E-box
sequence, show no difference in sequence preference, apart from an increase in CC E boxes in RD cells.

(n = 308 genes) (see Table S2 in the supplemental material), (ii)
normally increase expression during myogenesis and are ex-
pressed at comparable levels (<50% difference) between RD and
primary cells (n = 160 genes) (see Table S3 in the supplemental
material), (iii) normally decrease expression during myogenesis
and continue to be expressed in RD cells (=3-fold compared to
myotube expression) (n = 176 genes) (see Table S4 in the supple-
mental material), and (iv) normally decrease expression during
myogenesis and also are expressed at low levels in RD cells (<50%
difference) (n = 224 genes) (see Table S5 in the supplemental
material).

Comparison of the MyoD peaks in myotubes and RD cells
revealed two types of differences: (i) regional differences, where an
area of greater than 100 kb had consistently higher or lower peaks,
suggesting a regional alteration in DNA accessibility, and (ii) local
differences, where one peak in a region would show differential
binding, whereas surrounding peaks would not. To investigate

February 2013 Volume 33 Number 4

whether large-scale regional differences might contribute to dif-
ferential gene expression, the MyoD ChIP-seq data were com-
pared to detect regions of =100 kb with a consistently higher
MyoD signal in one of the cell types. At an FDR of <0.05, 107
regions of difference were detected, with 31 regions being higher
in RD cells and 76 being higher in the primary muscle cells
(Fig. 3B; see Table S6 in the supplemental material).

The regional differences coincide with a subset of genes differ-
entially expressed between RD cells and myotubes (Fig. 3C). Forty-
nine genes that are expressed at higher levels in myotubes than RD
cells are found in or immediately adjacent to (*5 kb) regions with
higher peaks in the primary cells, and 13 genes that are expressed
at higher levels in RD cells are found in regions with higher peaks
in RD cells (see Table S7 in the supplemental material).

To determine whether local peak-specific alterations in bind-
ing might also contribute to differential gene expression, we fo-
cused on the set of MyoD peaks in the promoter-proximal regions
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FIG 3 MyoD binding in RD cells is impaired relative to that in human myotubes at genes that are poorly expressed in RD cells. (A) Scatterplots of gene expression
determined by expression microarrays comparing either myotube gene expression to myoblast expression or myotube gene expression to RD cell gene expres-
sion. Genes are given the following colors on the basis of their categories: blue, genes that normally have increased expression during myogenesis but are expressed
at a substantially lower level in RD cells; cyan, genes that normally have increased expression during myogenesis and are expressed at comparable levels between
RD and primary cells; red, genes that normally decrease expression during myogenesis and continue to be expressed in RD cells; green, genes that normally
decrease during myogenesis and also are expressed at low levels in RD cells. See below for definitions of MT > RD and MT ~ RD. (B) A screenshot from the UCSC
genome browser shows a region that has low MyoD ChIP-seq peaks in primary cells but substantial peaks in RD cells and that agrees with HSS data from human
myoblasts. Track identity is indicated along the side (HSMM is the ENCODE human myoblast data, and H7-hESC is from human embryonic stem cells). The
scale of peak heights is indicated along the left for each track, and the scale and genomic coordinates are indicated below. (C) There is a positive association
between cell type-specific regional increases in MyoD ChIP-seq peak heights and expression of genes in those regions. The scatterplot of gene expression is as
described for panel A, but with genes colored on the basis of their association with regional changes in MyoD ChIP-seq: blue dots, genes physically located
(defined as either some portion of a transcript itself or 5 kb up- or downstream from either end of a transcript overlapping with the region) in regions determined
to have higher MyoD peaks in myotubes; red dots, genes in regions with higher MyoD peaks in RD cells. (D) Scatterplots of MyoD peak height associated with
genes significantly upregulated during myogenic differentiation in the primary cells, further grouped on the basis of gene expression, as indicated by gene
category. All, all upregulated genes are plotted; MT > RD, the plot contains only those genes that are expressed at levels at least 3 times higher in myotubes (MT)
than RD cells; MT ~ RD, plots of those genes expressed comparably (expression within 50%) between myotubes and RD cells. Similar to Fig. 1B, the x and y axes
correspond to the square root of peak heights in two cell types. Increased peaks along the y axis (myotubes) relative to the x axis (RD cells) are colored blue, and
decreased peaks are colored gold. Numbers (n) and P values (p) for enrichment of differential peaks are indicated in the appropriate corner. See Materials and
Methods for the definition of differential peaks and calculation of the enrichment P value. The myotube/RD cell comparison shows an enrichment for higher
MyoD peaks in myotubes only at genes that are poorly expressed in RD cells (MT > RD plot) and not at those expressed at comparable levels in myotubes and
RD cells (MT ~ RD plot).
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in Materials and Methods. @, not present.

(£2 kb from the TSS) of genes grouped on the basis of the previ-  ential MyoD binding operate at a more local scale for a subset of
ously mentioned expression profiles. We identified a statistically  genes. Examples of peak-specific differences in MyoD binding are
significant enrichment for higher MyoD peaks in myotubes at 45  shown in Fig. 4A.

genes expressed poorly in RD cells but no such enrichment at Analysis of publicly available DNase I accessibility data from
those genes expressed comparably between cells (Fig. 3D). Only ENCODE shows lower cleavage signals in human myoblasts at
17 of the genes identified as having differential MyoD peaks by the  regions with higher MyoD peaks in the RD cells (data not shown),
proximal promoter analysis were also found in the regional differ- ~ suggesting that a relatively inaccessible chromatin context might
ence analysis at the chosen statistical criteria (see Table S7 in the = prevent MyoD binding in these regions in primary muscle cells.
supplemental material), suggesting that effects leading to differ- We assessed relative DNA accessibility in RD cells and primary
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FIG5 A genome-wide comparison of differential MyoD binding between myotubes and RD cells identifies binding motifs for promyogenic transcription factors
enriched at MyoD-bound sites in myotubes. (A) A de novo motif analysis performed as described in the legend to Fig. 1C to determine motifs enriched adjacent
to either myotube- or RD cell-specific MyoD peaks. Scores and motif matches were determined as described in the legend to Fig. 1C. (B) RT-PCR for RUNXI,
JDP2, NFIC, and MEF2C transcripts, as indicated, in either RD cells (72 h in differentiation medium) or primary human myotubes (MT; 72 h in differentiation
medium). TIMM17b RT-PCR serves as the internal control. (C) Immunostains of RD cells infected with an empty retrovirus or a retrovirus expressing either
JDP2 or NFIC and put in low-serum differentiation medium for 72 h. MHC is a marker of terminal myogenic differentiation, and DAPI was used to stain all
nuclei. (D) gPCR for muscle-specific creatine kinase, a marker of terminal myogenic differentiation on RD cells treated as described for panel C. (E) Western blots
(WB) on whole-cell lysates (WCL) from RD cells treated as described for panel C, as indicated along the top of the panels. The protein blotted for is indicated to
the right of each panel, and protein size is indicated along the left. (F) Cell counts indicating the percentage of RD cells that, after 24 h in differentiation medium,
incorporated EdU during a 24-h pulse. For gPCR, minus reverse transcriptase controls were monitored for the absence of product, and TIMM17b served as the

internal control. Both the qPCR and EdU data are reported as the means = SEMs of three independent biological replicates. **, P < 0.01; ***, P < 0.001.

muscle cells by exposing nuclei to the Pvull restriction endonu-
clease, which cleaves the CAGCTG E-box sequence, as previously
described (13). E boxes located in a region of reduced MyoD bind-
ing in RD cells exhibited reduced accessibility in RD cells, regard-
less of whether or not a MyoD peak was identified at the E box
(Fig. 4B, compare rows C to D and E to F), indicating that these
entire regions were in relatively inaccessible chromatin in the RD
cells compared to the primary muscle cells. Regions with peak-
specific differences showed a relatively lower accessibility at the
site of the peak decreased in RD cells but not in the adjacent region
(Fig. 4B, compare rows H and I), further supporting a model in
which both regional and local effects operate on MyoD binding.
Differences in MyoD binding between RMS and primary
cells identify binding motifs for potential myogenic cofactors
that rescue RMS myogenesis. A de novo motif analysis was per-
formed to analyze sequences enriched, either positively or neg-
atively, under the MyoD peaks found in the myotubes that were
absent or substantially reduced in RD cells. The strongest-scor-
ing motifs were for RUNXI, AP-1, NFIC, and MEF2 (Fig. 5A).
RUNXI1 and JDP2, a potential component of AP-1 complexes,
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have previously been shown to be sufficient to drive myogenic
differentiation in RD cells (9, 21); NFIC has previously been
shown to cooperate with bHLH proteins in myogenic cells
(22); and MEF2 factors cooperate with MyoD at many muscle
promoters. Our expression array analysis identified, and RT-
PCR confirmed, that RD cells express fewer RUNX1, JDP2,
NFIC, and MEF2C transcripts than primary myotubes
(Fig. 5B).

In agreement with the previous report (21), the expression of
JDP2 in RD cells through retroviral introduction rescued myo-
genesis, leading to the formation of myotubes that stained for
MHC (Fig. 5C), and RD cells exhibited an increase in expression
of the differentiation marker muscle-specific creatine kinase
(CKM) (Fig. 5D). The cells were found by Western blotting to
express substantially more MHC and MEF2C protein (Fig. 5E)
and show decreased incorporation of the thymidine analog EdU,
consistent with cell cycle withdrawal (Fig. 5F). Similar results were
seen with NFIC (Fig. 5C to F), though its expression did not result
in substantial cell cycle withdrawal. Given the fact that both fac-
tors upregulated MEF2C protein levels and MEF2 can act directly
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at muscle gene promoters, we hypothesized that increased MEF2
levels would also rescue myogenesis and upregulate genes poorly
expressed in RD cells.

MEF2C was introduced into RD cells by retroviral transduc-
tion and tested for its ability to increase the expression of genes
identified as being poorly expressed and exhibiting reduced MyoD
binding in RD cells. The genes contained in the data set for genes
that normally have increased expression during myogenesis but
are expressed at a substantially lower level in RD cells (MT > RD)
were ranked on the basis of the MEF2C position weight matrix
score and the expression of the top-six-scoring genes tested with
and without increased MEF2C expression. Five of the six genes
showed a statistically significant increase in expression in response
to MEF2C expression, with four of the five exhibiting a substantial
(>4-fold) change (Fig. 6A). In addition, MEF2C-transduced RD
cells formed substantially more myotubes that stained for the dif-
ferentiation marker MHC (Fig. 6B), expressed substantially more
CKM, as assessed by gPCR (Fig. 6C), and were found by Western
blotting to express more MHC and MEF2C (Fig. 6D). MEF2C is
one of the genes identified as being poorly expressed in RD cells
and is located in a region of reduced MyoD binding in RD cells
(Fig. 6E), as was confirmed by Pvull studies (Fig. 4B). Notably,
MEF2C expression did not induce the transcription of either the
MyoD-regulated promyogenic microRNA 206 (miR-206) (9, 23—
26) or the transcription factor JDP2, though it did increase the
expression of NFIC (see Fig. SI in the supplemental material),
suggesting that it is acting directly at target genes to upregulate
expression. Site-specific MyoD ChIP in MEF2C-transduced RD
cells demonstrated an increase in MyoD binding at a subset of sites
with a decreased MyoD peak in RD cells and an adjacent high
position weight matrix (PWM) MEF2C motif (Fig. 6F), suggest-
ing that MEF2C might facilitate MyoD binding at a subset of tar-
gets. Together with our previous study showing that RUNX1 ex-
pression induces myogenesis in RD rhabdomyosarcomas, our
current results indicate that a relative deficiency of a set of tran-
scription factors accounts for the inability of MyoD to fully exe-
cute the differentiation program in RD rhabdomyosarcoma cells.

The CpG shore upstream of JDP2 is hypermethylated in the
rhabdomyosarcoma cell line RD and primary rhabdomyosar-
coma tumors. In contrast to MEF2C, JDP2 was not in a region of
decreased MyoD binding (data not shown). To determine
whether local epigenetic modifications might suppress JDP2 ex-
pression, we performed bisulfite sequencing of the promoter re-
gion of JDP2 in RD cells and primary myotubes. Regions of hy-
permethylation were found in the promoter adjacent to the CpG
island present at the TSS of JDP2 (Fig. 7). The CpG island itself
showed no differential methylation (see Fig. S2 in the supplemen-
tal material). Hypermethylation of the JDP2 promoter was also
found in primary tumors of both the embryonal and alveolar sub-
types (Fig. 7; see Table S8 in the supplemental material).

DISCUSSION

Our experiments comparing MyoD binding between normal hu-
man myotubes and rhabdomyosarcoma cells have identified (i)
regions of decreased MyoD binding that include critical myogenic
cofactors, such as MEF2C, (ii) local impairment of MyoD binding
at peaks associated with specific cofactors (MEF2C, RUNX, NFIC,
and JDP2), and (iii) local DNA hypermethylation at the promoter
of the transcription factor JDP2, a factor capable of inducing myo-
genic differentiation in RMS, in numerous primary tumors, as
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well as the RD cell line. Together, these findings indicate both local
and regional suppression of cofactors that cooperate with MyoD
to regulate muscle gene expression and result in a decreased ex-
pression of a subset of MyoD-regulated genes.

Widespread genome-wide binding of MyoD in RD cells agrees
with our prior findings that MyoD activity is compromised in
RMS but that DNA binding is not globally affected (8, 10). Given
the global similarity in MyoD binding between myotubes and RD
cells, the observed differences in subsets of MyoD-bound sites,
such as decreased MyoD binding adjacent to myogenic genes that
fail to activate in RMS, begin to provide mechanistic insight into
how RMSs fail to differentiate. Rather than a wholesale failure of
MyoD activity, MyoD function fails at a discrete subset of its tar-
gets.

We identified two causes for decreased MyoD binding at sub-
sets of sites in RD cells. Differences in binding over large regions
spanning 100 or more kilobases correlated with differential nu-
clease access and indicated that large regional differences in chro-
matin compaction might restrict MyoD access to some critical
genes, e.g., the MEF2C gene (Fig. 4B and 6E). In addition to re-
gionally decreased MyoD peaks, many peaks were locally de-
creased (i.e., in a region where the surrounding peaks were not
different between RD and primary muscle cells). The de novo mo-
tif analysis of the DNA sequences under these peaks identified
potential cofactors that are expressed at lower levels in RD cells
than primary muscle cells and can induce the expression of muscle
genes when expressed in RD cells. Our demonstration that
MEF2C expression also increases MyoD binding at some peaks
with an adjacent MEF2 binding motif suggests that MEF2C and,
possibly, the other cofactors increase the accessibility of these sites
to MyoD and/or stabilize the binding of MyoD at some of these
sites. We should note, however, that site-specific ChIPs for MyoD
with increased RUNXI expression did not detect an increase in
MyoD binding (K. L. MacQuarrie, unpublished data), but it is
possible either that the appropriate sites were not interrogated or
that some myogenic cofactors identified by our analysis increase
MyoD binding, while others do not.

In normal myogenesis, MyoD causes histone acetylation on a
genome-wide scale (1). We have previously demonstrated the
presence of histone acetylation at MyoD targets in RD cells (9),
demonstrating that MyoD can still function in that capacity in
RMS cells. While a low level of histone acetylation would be ex-
pected across the regions that we identify to be binding less MyoD
in RD cells than in primary cells, it is not clear what occurs in the
situation of local changes, such as individual low peaks. It is pos-
sible that local acetylation, such as on the scale of a single nucleo-
some, might be impaired, but it is also possible that acetylation
occurs at some or all such sites. Such possibilities will need to be
tested directly to determine how specifically targeted MyoD-me-
diated histone acetylation is at such sites.

We have previously proposed that rhabdomyosarcoma cells
are poised on the verge of differentiation and require only a final
push for the process of myogenesis to proceed to completion, after
the activation of nested feed-forward circuits that center on MyoD
and utilize cooperative factors such as RUNXI1. The data pre-
sented in this paper not only offer further support for that model
but also suggest that myogenesis may be controlled by a dosage of
myogenic factors, both the myogenic regulatory factors and coop-
erating factors. RMS differentiation can be induced by JDP2,
NFIC, RUNXI, ZNF238, and MEF2C, and other groups have
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FIG 6 MEF2C acts at myogenic targets in RD cells to rescue expression and myogenesis and is located in a genomic region with low levels of MyoD binding in
RD cells. (A) qPCR for potential MEF2C/MyoD targets. The subset of MT > RD genes from Fig. 3D was restricted to those genes with higher MyoD peaks in
myotubes (blue dots), ranked on the basis of MEF2C PWM scores, and then the top six genes were chosen for qPCR analysis. All qPCRs were performed on three
independent biological samples of RD cells transduced with either an empty control retrovirus or one expressing an Mef2C isoform and placed in differentiation
medium for 36 h. The qPCR data are reported as the means = SEMs of the three replicates, and TIMM17b served as the internal control. (B) Immunostains of
RD cells treated as described for panel A. MHC is a marker of myogenesis, and DAPI stains all cell nuclei. (C) qPCR for muscle-specific creatine kinase in RD cells
treated as described for panel A. The qPCR data are reported as the means = SEMs of the three replicates, and TIMM17b served as the internal control. (D)
Western blots on whole-cell lysates from RD cells treated as described for panel A and immunoblotted for the proteins indicated along the right. (E) A screenshot
from the UCSC genome browser shows that MEF2C is in a genomic region that has low MyoD ChIP-seq peaks compared to primary myoblasts and myotubes.
Track identity is indicated along the side. HSS indicates hypersensitivity data (HSMM is ENCODE human myoblast data, and H7-hESC is from human
embryonic stem cells). The scale of peak heights is indicated along the left for each track, and the scale and genomic coordinates are indicated below. (F) RD cells
expressing MEF2C have increased MyoD binding at a subset of E boxes located near MEF2 binding sites. MyoD ChIP was performed in RD cells transduced with
control virus or after differentiation with MEF2C retrovirus. Relative enrichment for each locus was determined by qPCR and normalized to the control locus
(A). Data are indicated as the means = standard deviations of two technical replicates. The genes located closest to the tested loci are indicated at the top of the
bars. *, P < 0.05; **, P < 0.01.

demonstrated similar effects with other components of the nor-  the final steps of differentiation in RMS cells and complete the
mal myogenic gene network (9, 21, 26-29), all of which interact process of terminal differentiation suggests that myogenic cells
with and/or potentiate MyoD-mediated activity in some manner. have evolved to respond to a cumulative dosage of promyo-
The ability of a variety of MyoD-cooperating factors to complete  genic factors. A similar model has previously been proposed for
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FIG 7 The RD cell line and primary RMS tumors are DNA hypermethylated in the promoter region of the promyogenic factor JDP2. RRBS data from the
promoter region of JDP2 for 13 primary tumors (for diagnostic details, see Table S8 in the supplemental material), RD cells, primary myotubes (MTs), and two
different samples of normal adult skeletal muscle (Adult Sk Muscle). Higher levels of methylation at a given genomic position are indicated by darker coloration,
as indicated in the key. JDP2 TSS indicates the position of the transcription start site of the gene, and the annotated CpG island at the JDP2 promoter is also
indicated (also see Fig. S2 in the supplemental material). Genomic distances are indicated at the bottom.

B-lymphocyte development, with the relative dosage of three of
the E proteins being critical for development of the cells in vivo
(30).

Using a genome-wide DNA methylation assay developed in
our lab, we have recently shown hypermethylation of CpG islands
in rhabdomyosarcoma cells relative to normal skeletal muscle
(31). While this assay robustly identifies differential DNA meth-
ylation in large CpG islands, it does not detect more subtle differ-
ences in DNA methylation outside these regions (32). Methyl-
ation of CpG shores, areas adjacent to but outside CpG islands,
has been implicated in both developmental processes and tumor
biology and linked to reduced gene expression (33, 34). The iden-
tification of hypermethylation in the CpG shore in the promoter
region of JDP2 in primary tumors as well as the RD cell line dem-
onstrates that the differences seen in myogenic pathways in cell
culture models can be relevant to primary tumor biology and sug-
gests that the silencing of promyogenic genes apart from the myo-
genic regulatory factors may be a mechanism that these tumors
use to escape terminal differentiation. It is of interest to note that
the AP-1 motif was identified as being enriched with myoblast-
specific peaks in the primary cell comparison (Fig. 1C), while it
was identified as being enriched with myotube-specific peaks in
the later comparison (Fig. 5A); but JDP2 can homodimerize as
well as form heterodimers with a variety of partners, including
ATF-2, c-Jun, and C/EBPvy (35-37), and the primary cell compar-
ison may represent an AP-1 complex with functional differences
from the activity that occurs with increased JDP2 expression in
RMS cells. JDP2 activity has been implicated in the control of
cellular senescence (38), and HES1, a bHLH protein involved in
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the control of the quiescence-senescence decision in cells, contrib-
utes to the failure of terminal differentiation in RMS cells (39).
The relation of both factors to each other and MyoD activity dur-
ing normal myogenesis or in RMSs is unclear at this time.

The hypermethylation of the JDP2 promoter will need to be
further investigated to determine if it is capable of tumor induc-
tion or is related to continued tumor growth after formation. Re-
gardless of whether JDP2 hypermethylation is a causative factor in
the genesis of rhabdomyosarcoma, it suggests that the develop-
ment of prodifferentiation-based therapies that will impair or halt
tumor growth by screening for their ability to affect specific cellu-
lar targets inducing terminal differentiation may be a possibility.
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