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Genome-wide DNA methylation studies suggest
distinct DNA methylation patterns in pediatric
embryonal and alveolar rhabdomyosarcomas
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of split 5; IRX1, iroquois homeobox 1; BMP8A, bone morphogenetic protein 8A; GATA, GATA-binding protein; PAHTM, prolyl
4-hydroxylase, transmembrane (endoplasmic reticulum); ALX3, aristaless-like homeobox 3; PAX, paired box gene; FOXOI,
forkhead box O1; Fkhr, forkhead; DAMD, denaturation analysis of methylation differences; aRMS, alveolar rhabdomyosarcoma;
eRMS, embryonal rhabdomyosarcoma; HOTS, H19 opposite tumor suppressor; FGFR1, fibroblast growth factor receptor 1;
JUP, junction plakoglobin; MYODI, myogenic differentiation 1; RASSF1, Ras association (RalGDS/AF-6) domain family
member 1; GO, gene ontology; 5-aza-dC, 5-aza-2'-deoxycytidine; PcG, polycomb group; PRC1, polycomb repressive complex
1; PRC2, polycomb repressive complex 2; SUZ12, suppressor of zeste 12 homolog; EZH2, enhancer of zeste homolog 2;
H3K27me3, trimethylated histone 3 lysine 27; H3K4me3, trimethylated histone 3 lysine 4; HIF, hypoxia-inducible factor; 2-DG,
2-deoxyglucose; E12, E2A immunoglobulin enhancer binding factor E12; SKM, skeletal muscle; UTR, untranslated region

Rhabdomyosarcoma is the most common soft-tissue sarcoma in children. While cytogenetic abnormalities have been
well characterized in this disease, aberrant epigenetic events such as DNA hypermethylation have not been described
in genome-wide studies. We have analyzed the methylation status of 25,500 promoters in normal skeletal muscle, and
in cell lines and tumor samples of embryonal and alveolar rhabdomyosarcoma from pediatric patients. We identified
over 1,900 CpG islands that are hypermethylated in rhabdomyosarcomas relative to skeletal muscle. Genes involved
in tissue development, differentiation and oncogenesis such as DNAJA4, HES5, IRX1, BMP8A, GATA4, GATA6, ALX3 and
P4HTM were hypermethylated in both RMS cell lines and primary samples, implicating aberrant DNA methylation in
the pathogenesis of rhabdomyosarcoma. Furthermore, cluster analysis revealed embryonal and alveolar subtypes had
distinct DNA methylation patterns, with the alveolar subtype being enriched in DNA hypermethylation of polycomb
target genes. These results suggest that DNA methylation signatures may aid in the diagnosis and risk stratification of
pediatric rhabdomyosarcoma and help identify new targets for therapy.

Introduction

Rhabdomyosarcoma (RMS) is the most common soft-tissue sar-
coma in children. Approximately 350 new cases are diagnosed in
the US each year, accounting for about 5% of childhood cancers.!
Rhabdomyosarcomas are thought to be of skeletal muscle origin
and are divided into three main subtypes based on both histol-
ogy and chromosomal characterization.? Alveolar rhabdomyo-
sarcomas (aRMS) are more aggressive, occur more commonly
in young adults, and are found in the trunk and extremities.
Embryonal rhabdomyosarcomas (eRMS) occur most frequently
in children under 10 y old and are found in the head, neck,
genitourinary tract and retroperitoneum. The third, less com-
mon, subtype, pleomorphic, has a much less distinct histological

pattern intermediate between eRMS and aRMS and usually
occurs in adults.

The two major subtypes of RMS are associated with char-
acteristic cytogenetic abnormalities that could contribute to the
pathogenesis of the disease. Eighty percent of aRMS are char-
acterized by either a t(2;13) or t(1;13) translocation resulting in
expressed PAX3:FOXOI or PAX7:FOXOI fusions.? PAX3 and
PAX7 are paired box transcription factors that are important in
early muscle development but can suppress myogenic differentia-
tion. FOXOL1 is a member of the forkhead transcription factor
family. There is evidence to suggest that the PAX3:FOXOI fusion
is associated with more aggressive cancers than the PAX7: FOXOI
fusion.” The remaining 20% of fusion-negative aRMS are dif-
ficult to differentiate from eRMS. eRMS and other pediatric
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cancers such as Wilms tumor commonly exhibit loss of hetero-
zygosity at 11p15,% suggesting that this region contains a tumor
suppressor. Recently, a putative tumor suppressor gene (HOTS)
was identified at the H79 locus on 11pl5 that can inhibit Wilms
and rhabdomyosarcoma tumor cell growth.?

Cytosine methylation plays a role in both normal tissue devel-
opment and cancer.® The role of aberrant DNA methylation in
the development of cancer has been well studied in adult malig-
nancies. The genome of cancer cells is generally hypomethyl-
ated compared with normal tissue.” This hypomethylation is
primarily due to the loss of methylation at repetitive elements
of the genome. While the total amount of methylated DNA
in cancer cells in less than normal cells, CpG islands in the 5'
regulatory regions of genes are often hypermethylated in tumors
and are thought to be important for the origin of many cancers.
Hypermethylation of CpG islands can lead to transcriptional
repression, and the finding that tumor suppressor genes can be
silenced by this mechanism has led to the hypothesis that aber-
rant DNA methylation may be an early step in the process of
carcinogenesis.

There have been relatively few studies of DNA methylation in
pediatric cancers. Aberrant DNA methylation events have been
reported in RMS, but no genome-wide DNA methylation experi-
ments have been described. Previous studies have used a candidate
gene approach to identify methylation changes in RMS samples at
the FGFRI® JUP, MYODI,"® PAX3" and RASSFI '? promoters.
DNA methylation changes likely play a role in the pathogenesis
of rhabdomyosarcoma as demonstrated by the observation that
the treatment of the RMS cell line RMZ-RC2 with the DNA
demethylating agent 5-azacytidine results in differentiation.”
This differentiation indicates that aberrant DNA methylation is
repressing the expression of a gene(s) required for differentiation
in this cell line.

To examine how aberrant DNA methylation might contrib-
ute to pediatric rhabdomyosarcoma, we conducted a genome-
wide analysis of promoter CpG island methylation between
rhabdomyosarcoma subtypes and skeletal muscle. We detect
RMS-specific aberrant DNA methylation in genes associ-
ated with tissue development, differentiation and oncogenesis.
Hierarchical cluster analysis reveals that genome-wide DNA
methylation patterns can distinguish RMS subtypes, with poly-
comb target genes being strongly enriched in alveolar RMS.
These results suggest that aberrant DNA methylation epigeneti-
cally silences genes important for the pathogenesis of pediatric
RMS and DNA methylation signatures have the potential to dis-
tinguish RMS subtypes for treatment planning.

Results

Denaturation analysis of methylation differences (DAMD)
identifies cancer-specific methylation signatures in RMS cell
lines. The denaturation analysis of methylation differences
(DAMD) assay enriches for DNA methylation differences
in GC-rich regions of the genome such as CpG islands based
on the increased melting temperature of cytosine methylated
DNA. This assay was used previously to detect aberrant DNA

www.landesbioscience.com

Epigenetics

RESEARCH PAPER

methylation in pediatric medulloblastomas.' We initially per-
formed the DAMD assay to identify DNA hypermethylated
regions of the genome in four human RMS cell lines relative
to skeletal muscle. The cell lines Rh]T and Rh30 are derived
from alveolar RMS, while RD and Rh18 are characterized as
embryonal. Because we were interested in identifying differen-
tial methylation in promoter regions of the genome, we used
the Affymetrix GeneChip Human Promoter 1.0R Array con-
sisting of ~25,500 promoter regions with an average coverage
from -7.5 to +2.45 kb relative to the transcriptional start site.
We obtained positive signals [RMS cell line > skeletal muscle;
log (signal ratio) >1.2 and p < 0.001]in the promoter regions of
90 loci for Rh18, 163 loci for RD, 226 loci for Rh]T and 711 for
Rh30. Many of these loci were shared between the different cell
lines (Fig. 1A).

To confirm that the DAMD-positive loci corresponded to
areas of DNA hypermethylation, we subjected loci common to
all four RMS cell lines (P4HTM, IRXI and DNAJA4) to bisul-
fite sequence analysis. Shared DAMD-positive genomic regions
were located in large CpG islands and were all heavily methyl-
ated in the RMS cell lines and unmethylated in normal skeletal
muscle (Fig. 1B-D).

Promoter methylation in cancer cells is often associated with
gene silencing. To determine whether the DNA hypermethyl-
ation observed suppresses mRNA expression, we performed
RT-qPCR analysis for /RX1, P4HTM and DNAJA4 from RD
cells treated with the DNA methyltransferase inhibitor 5-aza-
2'-deoxycytidine (5-aza-dC), as well as RNA obtained from
untreated RD cells and normal adult skeletal muscle. When
compared with untreated RD cells, treatment with 5-aza-dC
induced transcription ~-1,000-10,000-fold for the three tran-
scripts, consistent with the hypothesis that promoter CpG island
DNA hypermethylation epigenetically silences these loci in RD
cells (Fig. 2A). The mRNA transcript levels of these genes were
also detected to a similar level in normal adult skeletal muscle,
suggesting that these genes play a role in normal muscle cell biol-
ogy. To confirm that 5-aza-dC treatment of RD cells affected the
methylation status of the promoter CpG islands, we performed
quantitative bisulfite sequence analysis using Pyrosequencing.
Treatment with 5-aza-dC caused demethylation to varying
degrees in each of the regions analyzed, with P4HTM dem-
onstrating ~50% demethylation (Fig. 2B). Interestingly, small
populations of RD cells treated with 5-aza-dC changed their
morphology, became multi-nucleated and expressed myosin
heavy chain, consistent with myotube formation (Fig. S1). This
finding suggests that epigenetic silencing by DNA methylation
blocks RD cells from being able to differentiate and that this
block can be partially overcome with 5-aza-dC treatment.

Aberrant DNA methylation is shared between RMS cell
lines and primary patient samples. We then performed the
DAMD assay on 10 primary pediatric rhabdomyosarcoma
patient samples, 5 classified as embryonal and 5 as alveolar
(Table 1). Almost 1,300 promoter regions were DAMD-positive
in one or more of the RMS patient samples when compared with
skeletal muscle (Table S1). The RMS samples ranged from 39 to
a high of 642 hypermethylated regions in a single RMS sample.
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Figure 1. Common hypermethylated loci are identified in rhabdomyosarcoma (RMS) cell lines. (A) DAMD-positive loci are depicted from four human
RMS cell lines (RD, Rh18, RhJT and Rh30). Normal skeletal muscle was used a control. The total number of DAMD-positive loci for each sample is shown,
and common loci between the four cell lines are depicted on the Venn diagram. (B-D) Bisulfite sequence analysis of P4HTM, IRX1 and DNAJA4 from

the RMS cell lines and normal skeletal muscle (SKM). The black rectangle shows the genomic region subjected to bisulfite sequence analysis; the red
rectangle shows the region analyzed using quantitative Pyrosequencing in Figure 2B; the mRNA structure (exon, large rectangle; intron, thin line;
UTR, small rectangle; arrow, direction of transcription) is shown in blue; and any associated CpG island is shown using a green rectangle. Solid circles
represent CpG methylation, and open circles depict unmodified CpG dinucleotides.

Approximately 140 of these promoter regions are hypermethyl-
ated in 4 or more samples.

Similar to the RMS cell lines, the P4HTM, IRXI and
DNAJA4 promoters gave DAMD-positive signals in the pri-
mary patient samples, with 3 of 10 being positive at P4HTM,
2 of 10 at /RXI and 4 of 10 at DNAJA4. We were able to per-
form bisulfite sequence analysis on 7 of the patient samples
interrogating the same genomic regions of P4HTM and
DNAJA4 analyzed in the RMS cell lines. P4HTM was actually
hypermethylated in 6 of the 7 patient samples (Fig. 3A), while
DNAJA4 was hypermethylated in 3 of 7 samples, with evidence
of a lesser degree of methylation in 2 of the other patient samples
(Fig. 3B). Based on our bisulfite sequence analysis confirma-
tion of DAMD-positive loci in previous work in reference 14,
the statistical cut-offs we have employed yield very few false
positives. As expected, however, false negatives will be higher, as
demonstrated by the difference in DAMD-positive and bisulfite
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sequence analysis confirmed samples for P4HTM. The finding
that a subset of hypermethylated loci identified in the RMS cells
also occur in primary patient samples suggests that these loci are
not simply the result of an in vitro selection bias, but rather rep-
resent genes that could be instrumental for the pathogenesis of
rhabdomyosarcoma.

We also observed DAMD-positive signals in the promoter
regions of other genes implicated in development and carcinogen-
esis. A DAMD-positive signal was observed for GATA4 (2 patient
and 2 cell lines), GATAG (5 patient and 3 cell lines), HES5 (5
patient and 1 cell line), ALX3 (1 patient and all 4 cell lines) and
BMP8A (1 patient and 3 cell lines). Bisulfite sequence confirma-
tion was performed on a subset of the patient samples for ALX3
and all of the cell lines for ALX3 and BMPS8A, and this data
agreed with the DAMD-positive signals on the arrays (Fig. S2).

Cluster analysis of genome-wide DNA methylation iden-
tifies rhabdomyosarcoma subtype. To determine if DNA
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B IRX1
Sequence to analyze:
GYGAGAAGAGGTTGAGATTYGYGGYGTAGGGTAGGAAGG
Position
| 2 3 4

SKM 3 5 2 2
Meth (%) RD untreated 91 99 83 84
RD 5-aza-dC 79 83 65 64

P4HTM
Sequence to analyze:
TTTATTTTATYGTYGTTTAYGTAGTTTTAGTTTTYGYGGYGT
Position
| 1 2 3 4 5 6

SKM 7 4 4 14 2 2
Meth (%) RD untreated 98 97 96 100 83 95
RD 5-aza-dC 48 41 35 44 28 40

DNAJA4
Sequence to analyze:
CCCRACCTAACCCCRAAACRCCTAACRACAACCTCCCCAACAAAC
Position
| 1 2 3 4

SKM 5 4 3 7
Meth (%) RD untreated 97 96 77 98
RD 5-aza-dC 87 87 68 89

Figure 2. Repression of IRX1, P4HTM and DNAJA4 is alleviated by
5-aza-2'-deoxycytidine treatment. RD cells were treated with either
5-aza-2'-deoxycytidine (5-aza-dC) or vehicle alone for 72 h and RNA was
analyzed by reverse transcriptase-quantitative PCR (RT-gPCR). (A) Fold
change of mRNA expression of RD cells treated with 5-aza-dC or normal
skeletal muscle (SKM) as compared with untreated RD cells. Error bars
represent standard deviations. (B) 5-aza-dC treatment causes demeth-
ylation of promoter CpG islands. Quantitative DNA methylation was
determined using Pyrosequencing from bisulfite converted DNA from
normal skeletal muscle (SKM) and RD cells (+5-aza-dC). Percent meth-
ylation for 4-6 contiguous CpG dinucleotides (denoted by eitherared Y
or Rin the analyzed sequence, depending on the strand sequenced) for
each gene is shown. The genomic regions subjected to Pyrosequencing
are shown by the red rectangles in the gene diagrams in Figure 1.

methylation patterns correlated with histological subtype of
rhabdomyosarcoma, unsupervised hierarchical cluster analy-
sis was performed on the 10 patient samples as well as the four
RMS cell lines (Fig. 4). The four cell lines clustered with one
another, with the alveolar (Rh30 and RhJT) and embryonal
(RD and Rh18) forming separate subgroups. Interestingly, the
DNA methylation profiles of the patient samples also showed a
trend to cluster based on histological subtype. The 5 embryonal
rhabdomyosarcoma (eRMS) patient samples form a cluster, with
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one of the alveolar (aRMS) patient samples also included. The
alveolar samples have a grossly higher level of methylation with
the 4 remaining patient samples forming two distinct clusters.
These results suggest that DNA methylation may serve a role in
subtype stratification of rhabdomyosarcomas.

Primary aRMS samples show enrichment of polycomb
group target genes. Polycomb group (PcG) proteins regulate
developmentally appropriate expression of genes required for
tissue differentiation. PcG proteins act in coordinated poly-
comb repressor complexes (PRC1 and PRC2) to silence genes
by H3K27 methylation and DNA methylation. Previous stud-
ies have demonstrated that targets of PcG repressor complexes
are aberrantly methylated in cancer. To determine if this occurs
in RMS, we utilized a previously identified set of PcG H3K27
target genes based on chromatin immunoprecipitation against
PRC2 components SUZ12 and EZH2."'¢ The PcG targets iden-
tified in those studies mapped to 2094 unique Entrez IDs out
of the 20,176 spotted on our arrays. Enrichment testing showed
enrichment of hypermethylated PcG targets in both the embryo-
nal cluster (99 Entrez IDs, p value 1.66 x 10?) and the alveolar
cluster (170 Entrez IDs, p = 1.58 x 10'%; Table 1). The enrich-
ment of polycomb target genes is notably more significant in the
alveolar cluster.

Discussion

In this study, we have performed a genome-wide analysis of DNA
methylation in RMS, using both cell lines and patient samples.
We found aberrant DNA hypermethylation in promoter CpG
islands of many genes, many of which were shared among RMS
cell lines and patient samples. For example, DAMD identified
promoter methylation at /RXI, DNAJA4 and P4HTM in both
the RMS cell lines and patient samples. These genes are expressed
in normal skeletal muscle, but not RD cells, and the silencing of
each may play a role in RMS pathogenesis.

DAMD identifies hypermethylated regions identified in
other cancers. DNAJA4 is a DnaJ (Hsp40) homolog that is nor-
mally expressed in skeletal muscle but not RD cells. It is silenced
by promoter methylation associated with c-Myc overexpression.”
IRXI is an Iroquois homeobox domain that has been suggested
to act as a tumor suppressor in head and neck squamous cell
carcinoma'® and gastric carcinoma.”” ALX3 encodes a nuclear
protein with a homeobox DNA-binding domain that functions
as a transcriptional regulator involved in cell-type differentiation
and development, and ALX3 promoter methylation is associ-
ated with advanced-stage neuroblastoma?® and has been found
to be a potential colorectal cancer biomarker.?! The boundar-
ies of methylation observed in the ALX3 promoter in the RMS
samples are very similar to the boundaries observed in neuroblas-
toma. Members of the GATA gene family have been shown to be
important for normal tissue differentiation and exhibit promoter
DNA hypermethylation in cancer. GATA4 has been shown to
be silenced by DNA hypermethylation in colorectal and gas-
tric cancers,” ovarian cancer,”” lung cancer,”® melanoma® and
malignant astrocytoma,”® while GATAG hypermethylation has
been shown to correlate with poor outcome in glioblastoma
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Table 1. Clinical information for the primary rhabdomyosarcoma patient samples including the subtype, age and gender of patient at sampling and

number of DAMD-positive loci determined in this study

Polycomb group target genes (2094 Entrez IDs)

Patient ID Subtype Age/Sex DAMD-Positive Loci Overlap p value
6959 aRMS 6/F 473 86 1.56E-07
9162 aRMS 18/M 145 39 1.63E-08
9200 aRMS 19/M 642 107 4.81E-07
9203 aRMS 19/F 142 25 5.83E-03
9278 aRMS 9/M 332 59 2.68E-05
0032 eRMS ND 364 45 1.23E-01
0369 eRMS ND 39 9 1.64E-02
1194 eRMS 3/F 266 49 4.91E-05
4053 eRMS 12/F 274 33 2.06E-01
9207 eRMS 4/M 86 16 1.48E-02

All samples 1289 200 2.22E-09
All eRMS 714 929 1.66E-03
All aRMS 1018 170 1.58E-10

The table also shows the level of enrichment for Polycomb group target genes for each of the patient samples, as well as aggregate data for the em-

bryonal (eRMS), alveolar (aRMS) and all of the samples.

multiforme.”” HESS5 is an effector of the Notch signaling path-
way, and it’s expression is essential for the generation of neural
stem cells.?® Recently, HES5 promoter methylation has been
demonstrated in neuroblastoma, supporting a tumor suppressive
role for the Notch signaling pathway in this tumor.?

Methylation dependent P4HTM silencing is a potential
mechanism for HIF-1a stabilization in rhabdomyosarcomas.
P4HTM is a member of a family of prolyl 4-hydroxylases that can
catalyze the conversion of proline residues to 4-hydroxyproline.
This family can be further subdivided into members that either
act on collagen to drive the assembly of triple helical molecules,
or those that act on the a subunits of hypoxia-inducible factor
(HIF) to target them for degradation by the von Hippel-Lindau
E3 ubiquitin ligase complex under normoxic conditions.** While
P4HTM shares sequence homology to those prolyl hydroxylases
that act on collagen, both in vitro and in vivo experiments have
demonstrated that the preferred substrate for PAHTM appears
to be the oxygen-dependent destruction domain of the a sub-
units of HIF. Studies in a neuroblastoma cell line have shown
that overexpression of P4HTM hydroxylates HIF-1a, targeting
it for destruction; conversely, siRNA against P4HTM results
in increased HIF-1a levels.®! Our findings that P4HTM is not
expressed in RD cells suggests that P4HTM silencing by pro-
moter DNA methylation is a potential mechanism for HIF-1a
stabilization in rhabdomyosarcomas.

The hypoxic stress response is activated in a wide variety of
cancers and increased HIF-la expression correlates with poor
prognosis.®® Recently, the glycolytic inhibitor 2-deoxyglucose
(2-DG) was shown to preferentially induce apoptosis in alveolar
vs. embryonal RMS cell lines.?* Resistance to 2-DG, however,
can be caused by increased HIF-1a levels.?® Future experiments
exploring how PAHTM might regulate HIF-1a levels may yield
important clinical information to guide therapy with this agent.
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Combining 2-DG with 5-aza-dC may increase the sensitivity of
RMS cells to apoptosis.

Alveolar and embryonal rhabdomyosarcomas form dis-
tinct clusters based on methylation signature with significant
enrichment of PcG targets in the alveolar cluster. Alveolar and
embryonal rhabdomyosarcomas are often heterogeneous and
not clearly identifiable based on histology. While 80% of alveo-
lar tumors are characterized by a PAX:FOXOI1 fusion protein,
the remaining 20% of fusion negative alveolar tumors are more
difficult to characterize. Using a relatively small patient size of
10 samples, we see a tumor subtype specific methylation pat-
tern emerge. While we did not have fusion status for the patient
samples used in this study, it is interesting to note that 4 of the
alveolar patient samples formed two distinct clusters (Fig. 4).
These DNA hypermethylation patterns could reflect distinct
biological characteristics of alveolar tumors driven by either
different PAX:FOXO1 fusion proteins or the absence of these
translocations (fusion negative aRMS). More patient samples
with associated clinical outcome data are necessary to evaluate
the association between methylation clusters, histologically iden-
tified subtype, treatment response and survival.

PcG rtarget genes involved in tissue specific differentiation
frequently exist in a bivalent chromatin state in stem cells with
both activating H3K4me3 and repressive H3K27me3 histone
modifications.® As a cell commits to a particular lineage, these
bivalent marks are resolved into either active or repressive histone
modifications. Expression of genes required for the differentia-
tion of a given cell type acquire active chromatin marks while
the repressive H3K27me3 mark is maintained at genes required
for pluripotency or differentiation into other tissue types.
Subsequent recruitment of DNA methyltransferases by EZH2
to these regions of H3K27me3 marked chromatin is thought to
provide a ‘lock’ specifying a given tissue.
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Figure 3. P4HTM and DNAJA4 are methylated in a subset of primary rhabdomyosarcoma patient samples. (A and B) Bisulfite sequence analysis of
P4HTM and DNAJA4 (same genomic region as shown in Fig. 1C and D) is shown. See Figure 1 legend for labeling schematic.

Of the DAMD-positive polycomb target genes identified in
our study of RMS, most are associated with tissue subtypes
other than skeletal muscle, and the majority are associated with
neural development. Interestingly, H3K27me3 is enriched at
the promoters of PcG target genes involved with neural cell fate
specification during the process of normal myogenesis.** The
increased DNA methylation at these same regions observed in
RMS may be a result of EZH2-mediated recruitment of DNA
methyltransferases to H3K27me3 marked chromatin. In sup-
port of this hypothesis, EZH2, as in a wide variety of other
cancers, is overexpressed in RMS cell lines and patient sam-
ples.® In addition, the inappropriate expression EZH2 in RMS
may contribute to cell proliferation, since the process of normal
skeletal muscle differentiation requires the downregulation of
EZH2.%¢

Our pilot study of DNA methylation changes in RMS sug-
gests that this epigenetic modification likely plays a role in the
pathogenesis of rhabdomyosarcoma. Treatment of RD cells with
the demethylating agent 5-aza-dC can result in differentiation of
a subpopulation of these cells, suggesting that aberrant methyla-
tion is repressing the expression of a gene, or genes, required for
differentiation in RD cells. Previous work from our group sug-
gests that RMS represent a state of arrested development in that
RD cells can be forced to differentiate into myotubes by express-
ing a forced heterodimer between the myogenic master regula-
tory factor MyoD1 and E12.% Our current study has identified
novel hypermethylated promoter regions of genes that may act in
the pathogenesis of RMS or potentially function as biomarkers
for RMS.
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Patients and Methods

RMS cell lines, patient samples and immunofluorescence. RD,
RhJT, Rh18 and Rh30 rhabdomyosarcoma cell lines and human
HDF fibroblast lines were maintained in DMEM supplemented
with 20% FBS and 1% Pen/Strep [Penicillin (final concentra-
tion 100 U/mL) and Streptomycin (final concentration 100 mg/
mL (Gibco)]. Differentiation media (DM) was DMEM supple-
mented with 1% Pen/Strep, 1% horse serum, insulin (final con-
centration 10 mg/mL) and transferrin (final concentration 10 mg/
mL). RD cells were treated with 30 M 5-aza-2'-deoxycytidine
(5-aza-dC; Sigma) from a 2 mM stock dissolved in DMSO at
12-h intervals for 72 h total before harvesting of DNA and RNA.
Ten de-identified primary tumor samples were obtained from
the Cooperative Human Tissue Network. Normal adult skeletal
muscle genomic DNA was obtained from Biochain. Genomic
DNA was isolated from the RMS cell lines and patient samples
using the DNeasy Blood and Tissue Kit (Qiagen). Cells were
fixed in 2% paraformaldehyde and immunostained for myosin
heavy chain using MF20 antibody (1:250, supernatant).?®
DAMD assay. The DAMD assay was performed on 2 pg of
genomic DNA and analyzed as previously described in refer-
ence 14. Two replicates were used for each sample. Raw data was
scaled to a target intensity of 100 and normalized by quantile
normalization. A Wilcoxon Rank Sum two-sided test was per-
formed over a sliding window of 250 bp to generate peaks. A
maximum gap of <100 bp and minimum run of >30 bp was used
to generate signal and p value thresholds [log, (signal ratio) >1.2
and p < 0.001]. Data was displayed using the Integrated Genome
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Figure 4. Unsupervised hierarchical cluster analysis of DNA methylation correlates with rhabdomyosarcoma subtype. Cluster analysis of the 4 RMS cell

Browser (v 5.12, Affymetrix) and bed files were generated with
the location of each peak. Peaks were mapped using NimbleScan
software (v2.4) -7 kb to +1.5 kb of the transcriptional start site to
generate candidate gene lists.

Bisulfite DNA conversion, PCR and sequence analysis. One
pg of human genomic DNA was converted using the EpiTect
Bisulfite Kit (Qiagen) per the manufacturer’s instructions. 20%
of this conversion reaction was used in a PCR reaction using
FastStart Taq (Roche). Reaction conditions were: 5 pL GC
rich solution, 2.5 wL 10x Buffer, 0.3 wL FastStart Taq, 2.5 pL
2.5 mM dNTDPs, 4 L bisulfite converted DNA, 1 pL each
10 pM primer, 8.8 pL dH,O with the following cycling condi-
tions: 96°C 6:00 followed by 5 cycles of (96°C 0:45, 50°C 1:30,
72°C 2:00) followed by 30 cycles of (96°C 0:45, 50°C 1:30,
72°C 1:30) with a 7:00 72°C final extension. See Table 2 for
primer sequences. PCR fragments were isolated on 1% agarose in
TBE gels and extracted using the QIAquick Gel Extraction Kit
(Qiagen) per the manufacturer’s instructions. To elute, 20 pL of
buffer EB was used and 4 L of eluted product was cloned using
the TOPO TA Cloning Kit for Sequencing (Invitrogen) per the
manufacturer’s instructions. Clones were grown overnight in
LB supplemented with 100 pg/mL carbenicillin. DNA was iso-
lated from individual cultures using the QIAprep Miniprep Kit
(Qiagen) per the manufacturer’s instructions. DNA was prepared
for sequencing using the following protocol. 200 ng plasmid
DNA, 2 pL Big Dye Terminator reagent (Applied Biosystems),
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1 wL 10 wM m13rev primer, 0.5 wL 50% DMSO and 4.5 L H,O
with the following cycling conditions: 95°C 5:00 and 27 cycles
(95°C 0:10, 50°C 0:05, 60°C 4:00). Samples were analyzed by
ABI capillary sequencing in the FHCRC shared resources center.
Alternatively, the University of Washington High-Throughput
Genomics Unit was used. Sample ABI files were analyzed using
Sequencher (Gene Codes) and MethTools.?

Total DNA/RNA isolation, RT-qPCR and pyrosequenc-
ing DNA methylation analysis. Human DNA and RNA from
the same cells were isolated using the AllPrep DNA/RNA Mini
Kit and QIAshredder homogenization (Qiagen) per the manu-
facturer’s instructions. Human adult skeletal muscle total RNA
was obtained from Biochain. cDNA was synthesized from 1 pg
of total RNA using the Invitrogen Superscript III reverse tran-
scriptase (RT) kit protocol per the manufacturer’s instructions.
Quantitative PCR (qPCR) was performed using 3 pL of each RT
reaction, 10 pl FastStart Universal SYBR Green Master (Rox)
(Roche), 0.6 pL 10 wM forward and reverse primers and 7.4 pL
H,O. Reactions were performed in an ABI 7900HT machine
(40 cycles of 95°C for 15 sec followed by 60°C for 1 min). Inputs
were normalized using Timm17b. Expression of each gene in
RD cells + 5-aza-2'-deoxycitidine for 72 h in GM and 48 h in
DM (experimental) relative to untreated RD cells (control) was
measured using change in Ct value. Experiments were performed
in triplicate and the Ct value of the control was averaged. The
ACt and fold-change (22“) for each experiment relative to the
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Table 2. Primers used in this study

Primers for RT-qPCR
AA_94hTimm17b
AA_95hTimm17b

qDNAJA4_F2
qDNAJA4_R2
qIRX1_F1
qIRX1_R1
qP4HTM_F1
qP4HTM_R1

Primers for bisulfite
PCR

hs.bis.Bmp8A.F1
hs.bis.Bmp8A.R1
hs.bis.Alx3.F5
hs.bis.Alx3.R5
hs.bis.P4htm.F1
hs.bis.P4htm.R1
hs.bis.Irx.F2
hs.bis.Irx.R2
hs.bis.Dnaja4.F3
hs.bis.Dnaja4.R3

Primers for PyroMark
PCR

DNAJA4_Pyro_F
DNAJA4_Pyro_R
IRX1_Pyro_F
IRX1_Pyro_R

Primers for PyroMark
Sequencing

DNAJA4_Pyro_Seq
IRX1_Pyro_Seq

Sequence
GGA GCCTTC ACT ATG GGT GT
CAC AGC ATT GGC ACT ACC TC
TGG CCC TCC AGA AAA ATG
ACT TCT CCA CCG ATC CCT TC
GGC ACT CAATGG AGA CAA GG
TGG AAG GGC GACTTT AACTG
AGG CAA TGA GCA CTA TGC AG
GTC ATC CAC CAT CCATTT CC

Sequence

GATTGGTTG ATAGTTTTAGTT TTT AG
AAC CCT TAAACCTTC CCT AACC
GTTTTATTTTTTTTT GAGTTGTTT GGG AT
ACT CTA AAA AAT AAA ACT CCA AAAACCC
TTT AGT TTG GGA AGA GAAGTTTTAG
CAC CAT CAA CAC CAA AAA ATA AAC
GTTTTTTTY GTAGTT GGG TTATT
RAACCTTTCTAATTCCTCTT
GGG GTT AAG GGT TAT TAA GTT AGG AG
AAA AAA CCA ACA CAC CCT ATA AAA AC

Sequence

GTT TGT TGG GGA GGT TGT
ACC CAA ATA CCC CAC CACATA CCT
GGG TGA GAT AGA GGA GAA G
CCCAACTACAACCCCTTCCTACCCTA

Sequence

AAT CTCCCCCCACCTCTA
GGG AGG TAG GGA GTATTT ATTATT T

averaged control was calculated. The average and standard devia-
tion are presented. For quantitative DNA methylation analysis
using Pyrosequencing, PyroMark CpG Assays were performed
per the manufacturer’s instructions (Qiagen). Custom primers
used for the bisulfite PCR and subsequent sequencing reactions
were designed using the PyroMark Assay Design 2.0 software
for DNAJA4 and IRXI, while P4HTM analysis was performed
using primers obtained from Qiagen (Hs_AC137630.3_01_PM
PyroMark CpG Assay). Briefly, 20 ng of bisulfite converted DNA
was used as template using the PyroMark PCR Kit and PCR
products were analyzed using a PyroMark Q24 instrument. See
Table 2 for primer sequences.

Cluster and PcG target gene enrichment analysis. Peaks for a
given sample were defined as regions with three or more consecu-
tive probes with a p < 0.001. Probes with p < 0.001, a log, (signal
ratio) >1.2, and present within peaks were defined as hypermeth-
ylated probes. Hierarchical clustering using the top 4,000 hyper-
methylated probes with the biggest variance across all samples
was used. The Bioconductor gplots package was used for cluster-
ing analysis and plotting. Hypermethylated probes were assigned
to an Entrez gene ID if they were within -7 kb to +1.5 kb of
a gene’s transcriptional start site. Fisher’s exact test was used to
determine the p-value for enrichment using a PcG target gene list
of 2,094 unique Entrez IDs.'¢
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