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Rhabdomyosarcoma (RMS) is a common solid tumor in childhood
divided into two histological subtypes, embryonal (ERMS) and
alveolar (ARMS). The ARMS subtype shows aggressive clinical
behavior with poor prognosis, while the ERMS subtype has a
more favorable outcome. Because of the rarity, diagnostic diver-
sity and heterogeneity of this tumor, its etiology remains to be
completely elucidated. Thus, to identify genetic alterations asso-
ciated with RMS development, we performed single nucleotide
polymorphism array analyses of 55 RMS samples including eight
RMS-derived cell lines. The ERMS subtype was characterized by
hyperploidy, significantly associated with gains of chromosomes
2, 8 and 12, whereas the majority of ARMS cases exhibited near-
diploid copy number profiles. Loss of heterozygosity of 15q was
detected in 45.5% of ARMS that had been unrecognized in RMS
to date. Novel amplifications were also detected, including IRS2
locus in two fusion-positive tumors, and KRAS or NRAS loci in
three ERMS cases. Of note, gain of 13q was significantly associated
with good patient outcome in ERMS. We also identified possible
application of an ALK inhibitor to RMS, as ALK amplification
and frequent expression of ALK were detected in our RMS
cohort. These findings enhance our understanding of the
genetic mechanisms underlying RMS pathogenesis and support
further studies for therapeutic development of RMS. (Cancer Sci
2013; 104: 856–864)

R habdomyosarcoma (RMS) is the most common soft tissue
sarcoma in children. Two major histological subtypes are

recognized: alveolar (ARMS) and embryonal (ERMS). The
ERMS subtype (approximately 60% of all RMS cases) is usu-
ally a localized disease with a favorable prognosis, typically
occurring in younger children.(1) It presents mostly as a disease
of the head, neck or genitourinary tract.(1) In contrast, the
ARMS subtype, which accounts for approximately 20% of
RMS, commonly involves the extremities in older children,
exhibiting aggressive clinical behavior with frequent metastatic
diseases.(1) Approximately 75% of ARMS exhibit characteristic
chromosomal translocations, t(2;13)(q35:q14) and t(1;13)(p36:
q14), which generate aberrant fusion transcription factors
PAX3-FOXO1 and PAX7-FOXO1, respectively.(2,3) Loss of
heterozygosity (LOH) at 11p15.5 is a common chromosomal
aberration in ERMS as well as other pediatric tumors, for
example, Wilms tumor and hepatoblastoma.(4) According to
previous reports using array-based comparative genomic
hybridization, numerical changes primarily involving gains of
chromosomes 2, 8 and 12 are generally associated with ERMS,
and ARMS are typically characterized by genomic amplifica-
tions(5–8) including co-amplifications of PAX3 ⁄7 and FOXO1

loci in fusion-positive tumors.(5,7–9) Although these genetic
findings suggest that the two subtypes represent discrete clini-
copathological entities, their molecular basis has not been
completely elucidated.
In the present study, we performed high-density single

nucleotide polymorphism (SNP) array analysis of 55 RMS
specimens with the aim of identifying characteristic genomic
profiles including allelic imbalances as well as novel candidate
gene targets in RMS.

Materials and Methods

Patient samples and cell lines. A total of 55 RMS specimens
including 47 fresh tumors (11 ARMS, 31 ERMS, one unclassi-
fied RMS and three unknown RMS) and eight cell lines
(ERMS: RD, RMS, SCMC-RM2, SJRH1 and ICH-ERMS-1;
ARMS: SJRH4, SJRH18 and SJRH30) were analyzed in the
present study (Table 1). In one ERMS case, two different
pieces of the same tumor block (E16-1, E16-2) were analyzed
to investigate intratumor heterogeneity in RMS. The RMS cell
lines were either established in our laboratory (SCMC-RM2)
or kindly provided by Dr A.T. Look (SJRH series), Dr K.
Yokomori (RMS), Dr A. Inoue (RD) and Dr K. Kato (ICH-
ERMS-1). SCMC-RM2 was established from bone marrow
tumor cells obtained during a relapse in case E23, and ICH-
ERMS-1 was from the primary tumor of case E11. Tumor
samples were obtained from multiple hospitals in Japan,
including Saitama Children’s Medical Center, Kanagawa
Children’s Medical Center and Ibaraki Children’s Hospital.
Diagnosis of RMS was established using light microscopy,
immunohistochemistry and ⁄or gene tests. The present study
was approved by the Ethics Committee of University of Tokyo
(approval number 1598) and informed consent was obtained
from parents.

SNP array analysis. The DNA extracted from RMS samples
was subjected to SNP array analysis using Affymetrix Gene-
Chip 50K Hind or 250K Nsp (Affymetrix, Inc., Santa Clara,
CA, USA) according to the manufacturer’s protocol. Copy
number analyzer for GeneChip ⁄ allele – specific copy number
analysis using anonymous references (CNAG/AsCNAR) was
used for subsequent informatics analysis for SNP array data,
which enabled accurate detection of allelic status without
paired normal DNA even in the presence of up to 70–80%
normal cell contamination.(10,11) Amplification was defined as
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an inferred copy number of � 5 and gain was defined as that
of 3–4. The array data have been deposited in the Gene
Expression Omnibus at NCBI (GEO; www.ncbi.nlm.nih.gov/
geo) with accession number GSE41263.

Analyses of gene mutations/expressions. Reverse transcription
polymerase chain reaction (RT-PCR) was used for detecting

PAX3/PAX7-FOXO1 and PAX3-NCOA1/NCOA2 fusion tran-
scripts and expressions of ALK, GPC5 and IRS2. All exons of
GPC5, the pleckstrin homology and phosphotyrosine binding
domains of IRS2 and the juxtamembrane and kinase domains of
ALK were examined for mutations using direct sequencing. The
primers and PCR conditions are listed in Supporting Information

Table 1. Clinical information on the rhabdomyosarcoma samples examined using a single nucleotide polymorphism array

Case ID ⁄ cell line Sex Histological subtype Stage Outcome Fusion gene 50K ⁄ 250K array

A1 M ARMS 4 Alive PAX3/FOXO1 250K

A2 F ARMS 4 Dead PAX3/FOXO1 250K

A3 F ARMS Unknown Unknown PAX7/FOXO1 250K

A4 F ARMS 1 Alive PAX3/FOXO1 250K

A5 M ARMS Unknown Unknown PAX7/FOXO1 250K

A6 M ARMS Unknown Alive PAX7/FOXO1 250K

A7 F ARMS 4 Dead PAX7/FOXO1 250K

A8 F ARMS 1 Dead PAX3/FOXO1 250K

A9 M ARMS 3 Dead Unknown 250K

A10 M ARMS 4 Alive PAX3/FOXO1 250K

A11 F ARMS 3 Dead Negative 250K

E + 1 F ERMS 4 Alive PAX7/FOXO1 250K

E + 2 F ERMS 4 Dead PAX3/FOXO1 250K

E + 3† F ERMS Relapse, metastasis Dead PAX7/FOXO1 250K

E + 4 F ERMS 3 Alive PAX3/FOXO1 250K

E + 5 M ERMS 1 Dead PAX3/FOXO1 250K

E + 6 M ERMS 3 Dead PAX7/FOXO1 250K

E1 F ERMS 1 Alive 250K

E2 M ERMS 3 Dead 250K

E3 F ERMS Unknown Dead 250K

E4 M ERMS 3 Alive 250K

E5 M ERMS 4 Alive 250K

E6 F ERMS Relapse Alive 250K

E7 M ERMS Unknown Alive 250K

E8 F ERMS 3 Alive 250K

E9 M ERMS 4th relapse Alive 250K

E10 M ERMS 4 Dead 250K

E11 M ERMS 4 Dead 250K

E12 F ERMS 1 Alive 250K

E13 F ERMS 3 Dead 250K

E14 F ERMS 3 Dead 250K

E15 F ERMS 3 Alive 250K

E16 M ERMS 3 Unknown 250K

E17 M ERMS 3 Dead 250K

E18 F ERMS 3 Alive 250K

E19 F ERMS 3 Dead 250K

E20 F ERMS 1 Alive 250K

E21 M ERMS 3 Unknown 250K

E22 F ERMS Unknown Dead 250K

E23 F ERMS 4 Dead 250K

E24 M ERMS 3 Unknown 250K

E25 F ERMS 1 Dead 250K

UC1 M Unclassified 4 Dead 250K

U1 M Unknown Unknown Dead 250K

U2 F Unknown Unknown Unknown 250K

U3 F Unknown Unknown Unknown 250K

SJRH18 ARMS PAX3/FOXO1 50K

SJRH30 ARMS PAX3/FOXO1 50K

SJRH4 ARMS PAX3/FOXO1 250K

SCMC-RM2 ERMS PAX3/FOXO1 250K

RD ERMS 50K

RMS ERMS 50K

SJRH1 ERMS 50K

ICH-ERMS-1 ERMS 250K

†This case was diagnosed as ARMS after re-evaluation of the paraffin section. ARMS, rhabdomyosarcoma with alveolar subtype; ERMS,
rhabdomyosarcoma with embryonal subtype; F, female; ID, identification; M, male.
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Table S1. Mutation analysis of ALK was performed as
described previously.(12)

Fluorescence in situ hybridization (FISH). Two-color FISH was
performed for confirmation of gene amplification of SJRH18 at
PAX3 and FOXO1 loci using SureFISH probe (Agilent Tech-
nologies, Cedar Creek, TX, USA) according to the manufac-
turer’s instructions. Probe number: PAX3 G100099G (green);
and FOXO1 G100128R (red).

Sensitivity to ALK inhibitors and cell viability assay. Sensitivity
of RMS cell lines to ALK inhibition was tested using the ALK
inhibitors TAE684, 2,4-PDD and crizotinib. SJRH1, SJRH4,
SJRH18, SJRH30, RD and RMS were cultured in the medium
containing serial dilutions of each ALK inhibitor or vehicle
(DMSO) and cell viability was evaluated using CellTiter-Glo
Luminescent Cell Viability Assay (Promega, Madison, WI,
USA). The IC50 was calculated for each cell line using nonlin-
ear regression (variable slope) with the top fixed at 100 and
the bottom at 0, using GRAPHPAD PRISM 5 software (GraphPad,
La Jolla, CA, USA).(13) Semi-quantitative RT-PCR was per-
formed for analysis of ALK expression followed by comparison
between the ALK expression level and IC50 of each ALK
inhibitor in RMS cell lines. The ALK inhibitors were provided
by Astellas Pharma Inc. (Tokyo, Japan).

Statistical analysis. Fisher’s exact test was used to evaluate
the differences in chromosomal copy number changes between

ARMS and ERMS or the correlation between copy number
changes and prognosis in each subgroup.

Results

Subtype-specific copy number profiles in RMS. Of the 55 RMS
samples, 43 tumor specimens and all eight cell lines had one
or more copy number alterations and ⁄or allelic imbalances
(Fig. 1). All but one hyperploid case were near-diploid in
ARMS, whereas 68% of the ERMS cases exhibited hyperploid
profiles, significantly associated with gains of chromosomes 2,
8 and 12 (chromosome 2, P = 0.0042; chromosomes 8 and 12,
P = 0.00076) (Figs 1 and S1), which is consistent with the
published data.(5,7–9) Most cases (16 ⁄19) with gains of chromo-
some 2, 8 or 12 showed a concurrent increased number of all
three chromosomes and nine of 18 cases with a gain of chro-
mosome 8 exhibited an increased number of both alleles. In
ERMS, 66.7% of the survival cases represented a gain of
chromosome 13q, which was detected in 9.1% cases with a
poor prognosis (Fig. S2). The difference reached statistical
significance (P = 0.0094).

Loss of heterozygosity with or without copy number losses.
Loss of heterozygosity is a common finding in cancer genomes
that can be comprehensively detected using a SNP array, even
when not accompanied by copy number losses.(14) In fact,

Fig. 1. Overview of copy number changes and allelic imbalances detected using a single nucleotide polymorphism (SNP) array in 46 RMS tumors
and eight cell lines. Copy number data were separated based on fresh tumors of each subgroup and cell lines. Each row corresponds to chromo-
some 1–22 and each column indicates the affected region of the chromosomes in a single specimen. Genetic lesions, histological information
and outcome are color coded according to the legend and clustering was performed using visual inspection. Sample name and clinical informa-
tion are indicated at the top of the graph. Amplifications (ALK, GPC5 and IRS2) are indicated by the red, green and blue arrows, respectively.
This figure was drawn using CNAGgraph software. †This case was diagnosed as ARMS after re-evaluation of the paraffin section. 3, PAX3-FOXO1;
7, PAX7-FOXO1; ARMS, rhabdomyosarcoma with alveolar subtype; ERMS, rhabdomyosarcoma with embryonal subtype; F, female; M, male;
N, fusion-negative; U, unknown fusion status.
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65.7% of all LOH regions detected in the present RMS cohort
were retained neutral or increased copy numbers (uniparental
disomy ⁄polysomy). As shown in Figure 2, LOH patterns were
relatively comparable in both subgroups. The most frequent
LOH was 11p not only in ERMS (56.0%) but also in ARMS
(45.5%), and the second was 15q detected in 21.9% of all
RMS, which was more common in ARMS (45.5%). 15q LOH
has not been described previously in RMS, of which the mini-
mal overlapping regions were 15q11.2–q13.3 and 15q21.3–
q25.3, containing several candidate genes such as TRPM1,
SMAD3 and PML. However, we could not find any clinical
impact of 15q LOH in ARMS in the present study. As previ-
ously reported,(15) deletion of CDKN2A/2B was found in six
cases (A10, E + 4, E + 5, E + 6, E13 and E23), deletions of
NF1 in three ERMS cases (E6, E15 and E25), which occurred
concurrently with amplification of MDM2, and 17p LOH
including TP53 locus in four cases (A4, E + 5, E11 and U2)
in our 46 RMS cases.

Gains/amplifications in RMS. The most frequently amplified
regions in RMS were PAX3 ⁄PAX7 and FOXO1 loci constitut-
ing RMS-specific translocations (Fig. 3a), which were
also found in samples with unknown fusion status. For the
detection of PAX3/PAX7-FOXO1 transcripts, RT-PCR was
performed in samples for which cDNA were available, resulting
in positive for the same fusion that was changed in the SNP
array analysis. Genomic amplification of PAX3-FOXO1 in
SJRH18 was confirmed using FISH (Fig. 3b). As unbalanced
translocations were also observed in PAX3-FOXO1-positive
samples, such alterations at the fusion points were found in 17
of 19 fusion-positive RMS (Table S2). In the present RMS

cohort, seven ERMS samples represented amplifications or
unbalanced translocations at PAX3 ⁄7 and FOXO1 loci,
suggesting the presence of RMS-specific fusion genes. As the
fusion transcripts are found exclusively in ARMS, these
fusion-positive ERMS were separated from the ERMS group
in the present study. Among the fusion-positive ERMS, histo-
logical re-evaluation could be done in only one case (case
E + 3) and therefore this case was considered to be an alveolar
subtype.
Other recurrent amplifications included the following: the

MYCN locus at 2p24 found in five of 46 primary RMS cases
(three ARMS and two ERMS); 7q21 contained CDK6 in two
cases (one ERMS and one unknown); 13q31 including GPC5
and miR-17-92 in two cases (one ARMS and one unknown);
and 12q13–q21.2 in six cases (three ARMS and three ERMS),
which constitutes various combinations of three separate
amplicons including 12q13.2–q14.1, 12q15 and 12q15–q21.2,
as has been described in past reports(6,8) (Fig. 3c). Another
amplification found in an ARMS case contained the ALK locus
at 2p23 (Fig. 3d).
Although novel amplifications were found mostly in a single

case (Table S3), two recurrent regions were detected in the
present study: one located at 13q33–q34 including IRS2 found
in one ARMS and one fusion-positive ERMS (Fig. 4a), and
the other at 1p13.2–q12 contained NRAS found in two ERMS
(one case exhibited gain) (Fig. 4b). In addition, we identified
one ERMS case with KRAS amplification, which has not been
described previously in RMS (Fig. 4c). An amplification of
8q13 found in an unclassified RMS involved the NCOA2 gene,
which has been reported as a recurrent fusion partner of PAX3

(a)

(b)

Fig. 2. Allelic imbalances detected in ARMS and ERMS. Distributions and frequencies of loss of heterozygosity (LOH) are demonstrated
using bar graphs. Uniparental disomy ⁄ polysomy and LOH (copy number = 1) are indicated separately by different shades of gray. The data of
fusion-positive ERMS and cell lines are not included in the graphs. (a) Summary of 11 ARMS tumors. (b) Summary of 21 ERMS tumors. ARMS,
rhabdomyosarcoma with alveolar subtype; ERMS, rhabdomyosarcoma with embryonal subtype.
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in a subset of ARMS,(16,17) whereas no amplification at the
PAX3 locus and no PAX3-NCOA2 fusion transcript were
detected in this case.

Characteristic copy number profiles in RMS cell lines. In eight
RMS-derived cell lines analyzed, all but one of them were
grossly hyperploid and displayed more complex structural
abnormalities than tumor samples (Fig. 1). In comparison
between cell lines and the corresponding original tumors, that
is, case E11 and ICH-ERMS-1, case E23 and SCMC-RM2
established from relapsed tumor cells, many differences were
indeed found between them, which contained not only additional

but also disappeared changes, e.g. gain of chromosome 3
detected in case E11 but not in ICH-ERMS-1, in cell lines
(Fig. 1). Notably, SCMC-RM2 harbored unbalanced transloca-
tion of PAX3/FOXO1, which could not be detected in the pri-
mary tumor of ERMS (Fig. S3). However, unfortunately, since
the RNA of the primary tumor was not available in this case,
we could not examine the fusion gene status in the primary
tumor.

ALK, GPC5 and IRS2 as candidate genes in amplified regions.
Because gene amplification is an important mechanism for
oncogene activation, we performed expression and mutation

(a) (c)

(b)

(d)

Fig. 3. Representative results of amplifications detected in rhabdomyosarcoma (RMS). In the images of single nucleotide polymorphism (SNP)
array, the red dots demonstrate the raw copy number and the blue lines below the red dots indicate a moving average of 10 SNP. (a) Upper
image represents amplifications of PAX7 and FOXO1 loci in a fusion-positive ERMS. This case was diagnosed ARMS after re-evaluation of the
paraffin section. Lower images show the PAX3 and FOXO1 loci in two cases: case E + 2 with amplification and case A8 with unbalanced translo-
cation. Breakpoint regions of each chimeric transcript were confirmed using direct sequencing. (b) FISH of SJRH18, a cell line with the
PAX3-FOXO1 fusion gene. The PAX3 spanning probe set in red and the FOXO1 spanning probe set in green reveals the presence of juxtaposed
red and green signals with a homogeneous staining region pattern (arrow), consistent with the RT-PCR and SNP array data. (c) Amplified regions
around 12q13–q21.1 are depicted in detail from high-resolution copy number analysis. In the upper panel, each horizontal red line above the
chromosome ideogram illustrates the amplified regions (copy number � 5) in a single tumor, revealing all amplified regions in the present
cohort, and below this are the patterns and degree of amplification in four representative samples. At the bottom of the figure, representative
genes contained in each common region are indicated by a black bar. (d) Amplification of ALK detected in an ARMS case. ARMS, rhabdomyosar-
coma with alveolar subtype; ERMS, rhabdomyosarcoma with embryonal subtype; tCN, total copy number.
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analyses of candidate genes: ALK, GPC5 and IRS2 located in
amplified regions. Using RT-PCR, ALK expression was
detected in 7 ⁄ 7 (100%) cell lines, 5 ⁄7 (71.4%) ARMS cases
and 5 ⁄ 12 (41.7%) ERMS cases; GPC5 was in 7 ⁄ 7 (100%) cell
lines, 3 ⁄6 (50%) ARMS cases, 5 ⁄9 (55.6%) ERMS cases; and
IRS2 expression was in 7 ⁄ 7 (100%) cell lines, 4 ⁄5 (80%)
ARMS cases, and 5 ⁄10 (50%) ERMS cases. In normal skeletal

muscle, only IRS2 expression was detected among these genes.
Because the RNA was not available from the cases with ALK,
GPC5 and ⁄or IRS2 amplifications, we could not evaluate the
expression status in the cases concerned. Although no mutation
was found in ALK and GPC5, a novel mutation (G54V) of
IRS2 was detected in SJRH18 (Fig. S4), which was not found
in 60 healthy volunteers, not registered in dbSNP 137 (http://
www.ncbi.nlm.nih.gov/projects/SNP/) and was not in 1000
genomes (http://www.1000genomes.org/). This single nucleo-
tide change was scored as ‘probably damaging’ or ‘damaging’
by two computational prediction software, i.e. SIFT (http://
sift.jvci.org/) and PolyPhen-2 (http://genetics.bwh.harvard.edu/
pph2).(18,19)

Sensitivity of RMS-derived cell lines to ALK inhibition. To
further evaluate the role of frequent ALK expression in RMS,
we examined the effect of ALK inhibition on RMS cell prolif-
eration using ALK inhibitors TAE684,(20) 2,4-PDD(21) and
crizotinib.(21) Among the six ALK-expressing RMS cell lines
examined, SJRH1 and SJRH30 were highly sensitive to these
ALK inhibitors, showing IC50 values comparable with those
for LAN5, an ALK-mutated neuroblastoma cell line,(22)

although the remaining four cell lines were relatively resistant
(Fig. S5A). In neuroblastoma cells, correlation was observed
between the levels of ALK expression and the response to
ALK inhibitors.(23) Similarly, quantities of ALK mRNA
seemed to correlate well with the IC50 values for TAE684 and
2,4-PDD, but not for crizotinib in RMS (Fig. S5B,C).

Intratumor heterogeneity of RMS. In one ERMS case, we
analyzed two separate blocks (E16-1, E16-2) of one biopsy
specimen (3 9 2.3 9 1.6 cm) obtained from a bladder tumor.
Although almost all chromosomal changes were shared in
E16-1 and E16-2 (Fig. 5a), a number of regional specific
changes were detected in each sample, for example, amplifica-
tion at 1p13.2–q21.1, deletion at 1p31.3–p31.2 and 10q26.2–
qter, biallelic gains at 15q13.3–qter and uniparental disomy at
20p13–p12.1 (Fig. 5b).

Discussion

With the use of the SNP array together with CNAG ⁄AsCNAR,
comprehensive allelic imbalances and subtle copy number
changes could be accurately detected without paired normal
samples, which allowed us to identify several genomic aberra-
tions not previously known to be involved in RMS oncogene-
sis.
In accordance with previous studies, ERMS tumors were

characterized by hyperploid copy number profiles with a com-
bination of gains of chromosomes 2, 8 and 12. In contrast,
ARMS shows near diploid profiles with more emphasized
chromosomal losses, especially of 15q with a frequency of
45.5%. 15q LOH has been commonly found in other tumors,
such as breast cancer, malignant mesothelioma and colorectal
cancer,(24–26) but not recognized in RMS (Fig S2).
Furthermore, 11p LOH has been observed characteristically

in ERMS with a frequency of 80–100% in previous
reports,(4,27) but in addition to ERMS, high frequency of 11p
LOH in ARMS was also observed in this present study. In the
present cohort, four of five ARMS having 11p LOH repre-
sented genetic abnormalities of PAX3/7 and FOXO1. This
inconsistent result with previous publications(4,27) might be due
to the small number of patients in the present study or ethnic
differences. Genetic alterations such as gain ⁄ amplification of
PAX3/FOXO1 loci was detected in 33.3% (2 ⁄6) of PAX3-
FOXO1-positive tumors in the present cohort compared with
3% (1 ⁄31) using the 50K array, and 9% (7 ⁄79) using FISH in
a previous report with a larger sample size.(28) There was no
sampling bias for collecting tumor specimens, therefore these
results might be attributed to not only sensitive detection of

(a)

(b)

(c)

Fig. 4. Novel amplified regions detected in rhabdomyosarcoma
(RMS). (a) Amplifications at genomic locus 13q33–q34 were detected
in two patients. The minimal overlapping region of the two cases is
indicated between the dotted lines, including the IRS2 gene. Another
common amplified region on the centromere side is the FOXO1 locus,
the fusion partner of PAX3. (b) The region containing the NRAS locus
is amplified ⁄ gained in two ERMS cases. Representative genes are
shown at the bottom of the figure. (c) KRAS is amplified in one ERMS
case. ARMS, rhabdomyosarcoma with alveolar subtype; ERMS, rhabdo-
myosarcoma with embryonal subtype.
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LOH ⁄ amplification using high-density SNP array with CNAG ⁄
AsCNAR but also to the limited number of samples in the
present study.
Several genetic prognostic factors in ARMS have been

reported,(29,30) but have been poorly defined in ERMS. In the
present study we found that gain of 13q is significantly corre-
lated with good patient outcome in ERMS. Although multivar-
iate analyses in a larger cohort of patients are needed, gain of
13q is a possible candidate for being a novel prognostic factor
for ERMS.
Amplifications ⁄deletions were more informative for identify-

ing gene targets. Among these, we found a novel recurrent
amplified region at the IRS2 locus on 13q. Amplification of
the IRS2 locus has been described in a subset of brain
tumors,(31,32) but not in RMS to date. Recent research has
shown that overexpression of IRS2 is associated with a poor
outcome in RMS;(33) consistent with this, frequent expression
of IRS2 was predominantly observed in the present ARMS
cohort. IRS2, a member of the insulin-like growth factor (IGF)
pathway, is involved in resistance to apoptosis and increased
metastatic potential in breast cancer(34) and when overexpres-
sed it enhances IGF-I-mediated AKT activation, prevents
glucose-mediated apoptosis in human neuroblastoma cell lines(35)

and leads to BAD phosphorylation preventing CASPASE3
cleavage.(36) Taken together, IRS2 might contribute to tumori-
genesis in a subset of RMS.
RAS mutations have been found in approximately 30% of

ERMS,(9,37) but amplifications of KRAS and NRAS have not
been described previously in RMS. RAS amplifications are rel-
atively common genetic alterations in various cancers, which
often seem to indicate clinicopathological significance(38,39)

and contribute to secondary resistance to antitumor thera-
pies.(40,41) All three tumors with RAS amplifications were
primary tumors of ERMS and therefore further studies includ-
ing sequencing analyses are necessary to determine the clinico-
pathological impacts of RAS alterations on RMS.
Previously, GPC5 in the 13q31 amplicon has been reported

as a critical target for RMS,(42,43) but another study has dem-
onstrated that miR-17-92 located in this region actually con-
tributes to RMS development.(44) Although GPC5 expression
was absent in normal skeletal muscle, more than half of the
RMS samples represented expressions of GPC5 in this study,
suggesting that aberrant GPC5 activity might play a role in
RMS oncogenesis.
Our high-resolution analysis also disclosed that seven ERMS

samples probably had PAX3/7-FOXO1 rearrangement. Among

(a) (b)

Fig. 5. Separated tumor specimens from the same tumor representing specific genomic aberrations. (a) Copy number profiles of the two
samples are laid side by side for comparison. Each row indicates chromosome 1 to 22 and each column shows the affected region in each sample
with the color legend. (b) Distinct regions between the two samples are indicated by the gray arrows. Green bars below each chromosome
ideogram represent heterozygous single nucleotide polymorphism (SNP) calls. AsCN, allele specific copy number; tCN, total copy number.
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the seven samples, one case could be re-evaluated using the
histological findings and it was subsequently concluded that
the patient had the alveolar subtype, suggesting the possible
presence of alveolar cells in other fusion-positive ERMS. Like-
wise, PAX3/FOXO1 unbalanced translocation was detected
only in a cell line established from a relapsed tumor but not in
the primary ERMS tumor, suggesting the presence of an
ARMS component or balanced translocation of PAX3/FOXO1,
which cannot be detected using a SNP array in the primary
tumor.
ALK amplification found in case A1 was also intriguing

from a therapeutic perspective. It has been reported that ALK
is amplified in 6–17% of ARMS(45,46) or altered in 19% of
RMS cases.(46) In agreement with previous reports,(45–47) we
also demonstrated frequent ALK expression in RMS, predomi-
nantly in the ARMS subtype. Furthermore, despite no ALK
expression in normal skeletal muscle, RMS tumors frequently
represented expression of ALK, suggesting a role for aberrant
ALK activity in the pathogenesis of RMS. In fact, we found
that ALK inhibitors were effective in a portion of RMS cell
lines with high ALK expression, suggesting a possible thera-
peutic application of ALK inhibitors for RMS. Compared with
TAE684 and 2,4-PDD, the different pharmacological behavior
of crizotinib might be related to MET inhibition, the specific
activity of crizotinib, because the RMS cell lines examined
also expressed MET to varying degrees.(48)

Even in a single case, two separated specimens from the
same tumor showed some distinct genomic changes. These
events could not be explained by a different rate of nonaber-
rant cell admixture and therefore it suggests the presence of
intratumor heterogeneity. This intratumor heterogeneity could
present a considerable therapeutic challenge for RMS because
treatment choices based on a biomarker present in a single

biopsy specimen might not be relevant. However, to provide
an adequate assessment of intratumor heterogeneity, a larger
number of tumor samples should be evaluated.
In summary, the present SNP array analysis revealed

genome-wide genetic lesions including allelic imbalances in
RMS, identified several candidate gene targets including IRS2
and ALK and also suggested a therapeutic application of ALK
inhibition to RMS. The results of the present study provide
useful information for further analysis of RMS pathogenesis
and in combination with data derived from other platforms,
such as the next-generation sequencer, might lead to the
discovery of promising candidate genes of RMS.
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