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Abstract

Rhabdomyosarcoma (RMS) in children occurs predomi-
nantly as two major histologically defined subtypes
called embryonal RMS (RMS-E) and the prognostically
less favorable alveolar RMS (RMS-A). Comparative
genomic hybridization (CGH) was performed on 21
RMS and identified consistent gains affecting chromo-
somes 2 (8/10), 5 (5/10), 6 (3/10), 7 (7/10), 8 (9/10), 11 (6/
10), and 12 (5/10) in RMS-E. Losses/deletions involved
chromosomes 19 (2/10) and chromosomes 4, 9, 10, 17,
21 (1/10 each). High copy number amplification, invol-
ving the 2p24 region (5/11) and less frequently, the
12913-21 (2/11), 9p22 (1/11), and 17q22-25 (1/11)
regions, was detected in RMS-A. Gene amplification at
band 2p24 was present in 6/12 alveolar tumors, and in
each case, MYCN was amplified, together with the
distally placed DDX1 gene. For these patients there
was a shorter disease free interval and a higher mortality
than patients with tumors without amplification. De-
tailed spectral karyotype analysis (SKY) was performed
on two RMS cell lines (one of each subtype) and
identified a surprisingly high level of structural change.
Gene expression studies with the Atlas Human Cancer
Array (588 genes) showed that 153 genes generated a
signal of similar intensity in both cell lines, and 45 genes
appeared to have subtype-specific expression. The
chromosomal location of differentially expressed genes
was compared to the pattern of genomic alteration in
RMS as determined by CGH in this study and the
literature.

Keywords: rhabdomyosarcoma, CGH, SKY, microarray.

Introduction

Rhabdomyosarcoma (RMS) is a soft tissue sarcoma of
skeletal muscle derivation with an incidence of 1 in 200,000
(1). This childhood tumor consists of several different

subtypes recognized primarily by their characteristic histol-
ogy. The alveolar (RMS-A) and embryonal (RMS-E) subtypes
are the two most common forms, with the embryonal
histology conferring a more favorable clinical outcome (2).
Although the traditional prognostic indicators of stage, site,
tumor size and histologic subtype remain the best predictors
of clinical outcome, an improved characterization of the
molecular genetics of RMS will help with subtype diagnosis
as well as help identify the molecular pathways that could
lead to variable prognosis (3 —5).

Ninety percent of RMS-A have a structural rearrangement
of the FKHR (also known as ALV gene on chromosome 13
(5). In the majority of RMS-A cases, there is a translocation
t(2;13)(935;914), which leads to the juxtaposition of the PAX3
gene on chromosome 2 with FKHR, and the production of a
DNA-binding fusion oncoprotein derived from the 5" end of
the PAX3 and the 3’ end of FKHR (4). RMS-A that do not
have this rearrangement usually have a variant translocation
t(1;13)(p36;914), in which rearrangement of FKHR occurs
with PAX7 on chromosome 1 (6). In contrast to RMS-A, no
primary molecular genetic aberration analogous to the FKHR
rearrangements has yet been detected in RMS-E. A high
frequency of loss of heterozygosity at 11p15 has been found
in RMS-E, suggesting the location of an unidentified tumor
suppressor gene (7). Cytogenetic analyses of RMS-E
indicate a more general pattern of chromosomal gain leading
to hyperdiploidy (8), but precise delineation of the genomic
region(s) subject to gain in the genesis of this subtype have
yet to be established.
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Comparative genomic hybridization (CGH) has proved
helpful in identifying regions of chromosomes associated
with amplification, loss, and gain in specific tumors ((9);
reviewed in Ref (10)). CGH is particularly useful for solid
tumors where, it is often technically difficult to obtain
sufficient G-banded metaphases of good quality for
detailed analysis. One disadvantage of CGH is that it can
only detect large blocks (5—10 Mb) of over- or under-
represented chromosomal DNA; balanced rearrangements
such as inversions or translocations escape detection. This
drawback is complemented by recent advances in the use
of multicolor fluorescence in situ hybridization (FISH),
which makes it possible to analyze all chromosomes
simultaneously. Two different approaches have been
developed: spectral karyotype analysis (SKY) (11) and
combinatorial multifluor FISH (M-FISH) (12). Both techni-
ques are based on the principle of the differential display of
colored fluorescent chromosome-specific paints providing a
complete analysis of the human chromosomal comple-
ment. Thus, extremely complex rearrangements in the
karyotype of a tumor can be identified by the pattern of
color distribution along aberrant chromosomes so that
complex or cryptic rearrangements will lead to a transition
from one color to another at the positions where the
chromosome becomes abnormal. This technology is
particularly suited to solid tumors such as RMS where
the complexity of the karyotypes may often mask the
presence of subtle chromosomal aberrations. In addition,
application of SKY technology will help to characterize the
type of chromosomal rearrangements leading to loss and
gain of chromosome regions identified by CGH.

To date, no studies of the use of SKY or M-FISH in the
analysis of RMS have been reported, and only one study
of CGH analysis of 24 tumors (including four cell lines) has
been performed (13). Two additional case studies of RMS
have been reported by Bayani and colleagues (14) and
Steilin-Gimbel and colleagues (15). CGH studies of RMS-E
identified gain of part or all of chromosomes 2, 13, 12, 8, 7,
17, 18, and 19 and the loss of chromosomes 16, 10, 15,
and 14 (13), which is consistent with the findings of
hyperdiploidy by conventional cytogenetic analysis (8).
CGH analysis of RMS-A indicates consistent evidence of
copy number gains at 13932, 17q, 1p36, 1921, and 8q13—
21. Gene amplification leads to copy number increases
when double minute chromosomes (dmin) or homoge-
neously staining regions (hsr) form and usually have a
greater copy number than gains resulting from aneuploidy
caused by mitotic nondisjunction. Although amplification is
not a consistent feature of RMS-E, the following regions
have been shown to be amplified in RMS-A: 1p36 (PAX7);
1p31-32; 2p24 (MYCN); 12q13—15 (MDM2, GLI, CDK4);
and 13q14 (FKHR). Of these, MYCN gene amplification
has been detected most frequently in RMS-A but generally
at lower copy numbers (<20) than seen in neuroblastoma
(25—>100) (16,17). Recently, we have shown that another
gene, DDX1, mapping to band 2p24, (18) is coamplified in
60% to 70% of the MYCN-amplified neuroblastomas (19 —
23). To date, there has been no systematic study of the
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incidence of coamplification of the MYCN and DDX1 genes
in RMS.

The prognosis of alveolar RMS is poorer than that of
classic embryonal RMS, mainly due to early tumor
dissemination in alveolar RMS (1). In this study, we wish
to extend CGH analysis of the overall incidence of
cytogenetic aberration in RMS-E and RMS-A and to
evaluate the use of SKY and microarray analysis on
RMS cell lines derived from the two major subtypes. By
characterizing the pattern of gene amplification and
expression in RMS and by correlating the findings with
potential prognostic markers such as coamplification of
MYCN and DDX1, an improved and more comprehensive
description of the profile of chromosomal change in RMS
subtypes will become possible.

Material and Methods

Tumor Samples and Cell Lines

All RMS tumors included in this study were diagnosed by
light microscopy and immunohistochemistry according to the
Intergroup Rhabdomyosarcoma Study classification system
(1) and are presented in Table 1. Sufficient DNA for Southern
blot analysis only was obtained from one tumor (A12). Two
established cell lines, RD, derived from a RMS-E tumor (24),
and SJRH-30, derived from a RMS-A tumor (25), were

Table 1. CGH Changes in RMS-E and RMS-A.

Patient CGH Changes

No.

E1 +2; +3p24; +5; +8g24-qter; +11; +12; +20

E2 +2p22-pter; +3p; -4q; +7; +8q22-qter; -9; -10; -19

E3 +1p31; +8qg24; +10925

E4f +2p; +7; +8q; +11q14-qter; +12; +14923-gter; +18q12-21;

E5 +1; +2p; +3q24-qter; +5q23-qter; +7; +8; +9g22-qter; +11;
+12q14-21%; +13; +19; +20

E6 +2; +5; +8; +13q; +14q21; -17p; +17q; -21q

E7' +1q; +2; +3924-qter; +5; +7; +8; +11p15; +12; +20

E8!  +5023-32; +6q; +8q; -19

E9 +2; +6; +7; +8; +11; +13q14-qter; +14922-gter; +18921-22;
+19; +20

E10  +2q; +6; +7; +11q; +12; +14q924-qter

Atf +1q31; +2q; +4p; +5p; +11p15; +11g22-gter; +12q13-21%;
+13g22-qter; +14g31-32

A2 +1p22-31; +2; +12913-21%;

A3 +2p23-pter*; +5p; +9p21-23; +11p

A4 +1; +3926-qter; +6921; +7; +8; -9; +11; +12; -13; +15g22-qter;
+17922-qter*; +21

A5 +2p23-pter*; +9p21-23*; +11p15

A6 +2p23-pter*; +11; +12; +20

A7 +2p22-24*; +18q11-21

A8 +2p23-24*; +3p22-pter; +6p22-pter; +12q13-21; +13g21-qter; +20

A9 +2; +4; +5; +8; +11p; +12q13-21; +13q; +17; +20

A10  +1q; +13q14

A1l +1p36; +14932

"Denotes amplification.
NOTE. All analyses carried out before treatment except those indicated by .
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obtained from ATCC at passage 37 and 39, respectively, and
were used for SKY and microarray analysis.

Comparative Genomic Hybridization

Metaphase spreads from normal human lymphocytes
were prepared by using standard protocols (26). The
slides were aged for 2 to 3 days before denaturation at
70°C by 70% formamide in 2x standard saline citrate,
followed by dehydration in an ethanol series. The slides
were treated with proteinase K at a concentration of 0.1
pug/mL in 20 mmol/L Tris, pH 7.5, 2 mmol/L CaCl,, before
hybridization. The CGH procedure was similar to pub-
lished standard protocols (26,27). Twenty images were
captured with a Nikon Labophot-2 microscope equipped
with an automatic filter wheel and a 83,000 filter set
(Chroma, Brattleboro VT), with single band pass exciter
filters for UV/fluorescein isothiocyanate (FITC; 490 nm),
DAPI (360 nm), and rhodamine (570 nm), and were
analyzed by using the ISIS CGH software version 2.0
(MetaSystems, Heidelberg, Germany). With this software,
the ratio of FITC to rhodamine signal is expressed as a
green to red ratio and a deviation from a 1 to 1 ratio
indicates gain or loss of chromosome material. The lower
and upper limit for a gain and loss was established by
performing control CGH experiments with IMR32, a well-
characterized neuroblastoma cell line (28), and DNA
derived from male and female normal tissue. Based on
these findings, the cut-off values were set at 1.20 and
0.80, with a 95% confidence limit. Gene amplification was
defined as gain ratios greater than 1.5.

SKY and Imaging

The cytogenetic preparations from the tumor cell lines
were prepared as per standard protocols with colcemid and
KCI hypotonic solutions. SKY was performed on five
previously G-banded metaphases that were analyzed by
conventional G-banding methods. Pretreatment of G-
banded slides was performed as described previously (29).
The commercially available SKY KIT from Applied Spectral
Imaging (ASI, Carlsbad, CA) was used for SKY. The slide
treatment, posthybridization detection, and washes were
done as per standard protocols and the manufacturer’'s
instruction (11,29). Spectral images were acquired and
analyzed with a SD 200 spectral bioimaging system (ASI
Ltd, MigdalHaemek, Israel) attached to a Zeiss microscope
(Karl Zeiss, Canada) (Axioplan 2). The generation of a
spectral image is achieved by acquiring ~100 frames of the
same image that differ from each other only in the optical
path difference (OPD). The images were stored in a
computer for further analysis by using SKYVIEW (ver 1.2)
(ASI) software. To determine the position of chromosomal
breakpoints in many of the rearrangements, the G-banded
chromosomes were aligned with their spectrally analyzed
RGB counterpart. For every chromosomal region, identity
was determined by measuring the spectral emission.
Pseudocolor classifications were made to aid in the delinea-
tion of specific structural aberrations.

cDNA Expression Microarray Blots

Total RNA was isolated from both cell lines with the
RNeasy kit® (Qiagen, Valencia CA). *?P-labeled cDNA
probes were generated by using the CDS primer mix
(Clontech, PaloAlto, CA) and hybridized (final probe con-
centration of ~0.5—1 x 10° cpm/mL) to the Atlas Human
Cancer Array (Clontech, Palo Alto, CA; Cat #7742-1) as per
the manufacturer’s instructions and previously published
protocols (30,31). After three posthybridization washes in a
solution of SSC and sodium dodecyl sulfate (SDS), the
membranes were exposed to Kodak Biomax MS X-ray film at
—70°C for different exposures. The complete list of genes
present on the Atlas Human Cancer Array can be obtained
from Clontech’s web site: (http://www.clontech.com/archive/
APR98UPD/Atlaslist.html). The autoradiograms were digi-
tized with the AGFA T1200 duoscan scanner (Agfa Inc,
Toronto, ON). The Atlasimage software (Clontech, Palo Alto,
CA) was used to normalize TIFF images of each expression
array with respect to levels of nine housekeeping genes (see
Figure 5; GD 5-7, GE 12—-14, and GF 19-21). Relative
expression levels were obtained by comparing intensities for
each gene in the array and assigning the following expres-
sion values in units x10° of signal intensity: ‘+' (range, 14—
20); ‘++' (21-27); ‘+++ (28—34); ‘“++++ (35 and above). Any
signal intensity close to the background was considered as

|

Ch. 2

Ch. 1

Figure 1. Examples of CGH changes from a RMS tumor. The line in the
middle of each profile indicates the base line ratio (1.0), and the lines on the
left and right sides show the cut-off values of 0.80 (for loss) and 1.20 (gain),
respectively. The profiles demonstrate a normal green-to-red ratio for
chromosome 3 (A) and 8 (B), gain of chromosome 1 (C), and high level gain
at 2p23-25 (D).
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Figure 2. /deograms summarizing the results of CGH analysis of RMS. Gains are represented by vertical lines to the right of schematic chromosomes, whereas
losses are represented by lines to the left. Solid lines indicate changes identified by using DNA derived from the 21 patient tumors, and the gray lines indicate
changes identified by using DNA from the two RMS cell lines. Thicker lines to the right indicates the presence of a high copy amplification. A. CGH analysis of RMS-E.
Copy number changes of 10 tumors and 1 cell line indicate a pattern of gains and gene amplification. In particular, gains of chromosomes 2, 7, 8, 11, and 12 are
frequent. Only one tumor exhibited amplification (thicker solid line; chromosome 12). B. CGH Analysis of RMS-A. Copy number changes of 11 tumors and 1 cell line
indicate a pattern of gains and gene amplification. High level gains/amplifications (~>5 copy number) are illustrated by thicker lines. In contrast to RMS-E, there are
fewer whole chromosome gains, and more tumors with localized gene amplification, involving both the MYCN region and, less frequently, the MDM2 region. Two
other amplifications were detected, one on the short arm of chromosome 9 and one at the distal region of 17q.

Neoplasia e Vol. 1, No. 3, August 1999



2A 266

CGH, SKY, and Microarray Analysis of Rhabdomyosarcomas Pandita et al.

Table 2. Molecular Changes and Clinical Data for RMS-E.

Year Diagnosed Chromosomal Gains Outcome Disease/Duration of Remission
(Patient #) 2 7 8 11 12

1988 (E1) +2 +8924-qter +11 +12 CCR Disease free
1989 (E2) +2p22-pter +7 +8q22-qter CCR Disease free
1987 (E3) +8024 CCR Disease free
1989 (E4) +2p +7 +89 +11q14-qter +12 D 18 months
1991 (E5) +2p +7 +8 +11 +12q14-21* D 6 months
1987 (E6) +2 +8 D 12 months
1995 (E7) +2 +7 +8 +11p15 +12 CCR Disease free
1993 (E8) +8q D 11 months
1992 (E9) +2 +7 +8 +11 CCR Disease free
1989 (E10) +2q +7 +11q +12 CCR Disease free
*Denotes amplification.

Abbreviations: CCR, complete clinical remission; D, dead.

Molecular and FISH Analyses Results

The DNA from all tumors and controls were extracted by
using the standard phenol/chloroform extraction method
(32). Polyadenylated RNAs were extracted with the Quick
Prep mRNA purification kit (Pharmacia-LKB Biochemical Co
Baie d’ Vrfe, Quebec, Canada) and were reverse transcribed
with oligo dT (BRL). In cases where RNA was available,
reverse transcription polymerase chain reaction (RT-PCR)
analysis was performed to detect the presence of the PAX3—
FKHR fusion transcript as described previously (4). Of the
tumors tested, only the RMS-A tumors tested positive for the
fusion transcript; all the RMS-E tumors tested were negative.
Southern blot analysis was performed to determine the copy
number of MYCN and DDX1 in these tumors by using
standard procedures (32). Densitometric analysis was
performed with ImageQuant software on a 300A computer
densitometer (Molecular Dynamics, Sunnyville, CA). FISH
interphase analysis was performed by using standard
procedures (26). The DDX1 probe used was a 13.5-kb
genomic clone in lambda 2001, which spans exon 4 to exon
10 of the gene (18).

Table 3. Molecular Cytogenetic Changes and Disease Outcome Data for RMS-A.

CGH Profiles of RMS-A and RMS-E Patient Tumors

A representative example of CGH profiles from one tumor
is shown in Figure 1. The results are presented in Table 1,
and summary CGH karyograms for both subtypes are
illustrated in Figure 2. The overall trend for both subtypes
was chromosomal gain, with this being more apparent in
RMS-E than RMS-A. In contrast, chromosome loss only
occurred in isolated cases, and there was no evidence of a
consistent deletion or monosomy in either subtype. For
RMS-E, there were consistent gains of whole or partial arms
of several chromosomes, notably chromosomes 2 (8/10), 5
(5/10), 6 (3/10), 7 (7/10), 8 (9/10), 11 (6/10), and 12 (5/10).
Losses/deletions were infrequent, involving chromosomes
19 (2/10) and chromosomes 4, 9, 10, 17, 21 (1/10 each).
The chromosomes showing gains in RMS-A were 2 (8/11);
12 and 11 (6/11); 1 (5/11); 13 (4/11); 5 and 20 (3/11); 3, 4,
6, 8, 9, 14, and 17 (2/11); and 7, 15, 18, and 21 (1 case
each). With the exception of one case of RMS-E, subchro-
mosomal regions of amplification were confined to RMS-A

Year Diagnosed Amplification Other Gains Live/Dead Disease/Duration of Remission
(Patient #) MYCN DDX1

1989 (A1)” No No +11; +12913-21 D Progressive
1991 (A2) No No +12913-21* D Progressive
1989 (A3) Yes; 13x Yes +11p D 7

1990 (A4)” No No +11; +12; +17922-qter* CCR Disease free
1986 (A5) Yes; 11x Yes +11p15 D 1

1982 (A6)” Yes; 5x Yes +11; +12 D Progressive
1994 (A7) Yes; 20x Yes D 6

1994 (A8)” Yes; 6x Yes +12q13-21 D 4

1994 (A9)” No No +11p; +129q13-21; +17 CCR Disease free
1993 (A10) No No D Progressive
1980 (A11) No No D Progressive; 24

*Denotes amplification.
CCR, complete clinical remission; D, dead.
’-t(2,13) positive.
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Figure 3. A. G-banding analysis of embryonal RMS cell line RD. The chromosomal origins were confirmed using SKY analysis (see Figure 4A). Examples of cryptic
rearrangements, which were undetected by G band analysis but identified by SKY, are arrowed. B. G-banding analysis of alveolar RMS cell line SJRH30. The
chromosomal origins were confirmed by using SKY analysis (see Figure 4B). Numerous marker (M1—M26) chromosomes and partially identified derivatives can be
seen.
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as follows: 2p24 (5 RMS-A tumors); 9p21-23 (one RMS-A);
12913-15 (two RMS-A), and 17g22-gter (one RMS-A). A
single RMS-E tumor demonstrated amplification at 12q13—
15. Detailed characterization of gene amplification at 2p24 in
RMS-A is described later. Tables 2 and 3 compare the
presence of chromosomal changes as determined by CGH
and disease outcome. No overall trend can be determined in
the RMS-E analysis, although it is noteworthy that the
shortest disease remission was the only patient that had a
tumor with high copy number amplification at 12q13—-15.
Pathologic review of this case indicated that the histology
exhibited a typical morphology associated with RMS-E.
RMS-A patients had a much shorter disease-free interval
and a higher mortality than children with RMS-E did.
Although the results suggest the existence of a substantial
difference between the probability of CCR in the two groups,
the sample size is quite small and the results are not
statistically significant. The five patients with MYCN and
DDX1 coamplification all had a poor response to treatment
with limited or no remission. Two of the six RMS-A patients
without amplification remain disease free.

SKY Analysis and Comparison Between SKY, CGH, and G-
banding in RMS Cell Lines

SKY analysis requires the availability of good quality
metaphase chromosome preparations. Because cytogenetic
preparations were not available for the series of tumors used
for the previously mentioned CGH profile analysis, we used
two established representative RMS cell lines, RD (RMS-E)
and SJRH30 (RMS-A), to study the structural rearrange-
ments in these two subtypes in detail. Furthermore, combin-
ing conventional G-banding analysis with SKY analysis on
the same metaphase preparation provides more accurate
positional information on highly abnormal karyotypes. A
complete G-band analysis of the cell lines (Figure 3A and B)
was performed, and RGB display images (Figure 4A and B)
were used in combination with classification spectral results
(not shown) to identify all chromosomal regions in both cell
lines. In total, 17 structural aberrations were detected in RD
and 42 in SJRH30. RD was observed to have undergone
considerably fewer rearrangements overall than SJRH 30,
with only seven markers being present. We identified several
cryptic rearrangements (see Figure 3A [arrows], and Figure
4A) and marker chromosomes in RD that were not detected
by G-banding (Table 4, panel A, boldface type]. The level of

structural change in the near tetraploid SJRH30 karyotype
identified by sequential G-banding (see Figure 3B) and SKY
analysis (Figure 4B) was surprisingly high. Some marker
chromosomes were present as duplicate aberrations, in-
cluding the reciprocal translocation involving chromosomes
2 and 13, typical of RMS-A (Figure 4B [arrows] and D).
Previously, this cell line has been shown to also have an
amplification of GL/and other genes from 12q12—-21 present
as dmins (25). Our CGH analysis confirmed amplification in
this region. SKY analysis did not identify dmins but detected
an insertion of material from chromosome 12 in part of
chromosome 6. G-banding analysis confirmed the presence
of an hsr at this region of chromosome 6 (Figure 4D). The
complexity of this karyotype is reflected in the ISCN
descriptions of this tumor (Table 4, panel B).

cDNA Expression Array Analysis

The overall level of genomic change ascertained by
molecular cytogenetic methods suggested that considerable
alteration of gene expression might have taken place in RD
and SJRH 30. To determine whether gene expression
patterns were also markedly different in the two RMS cell
lines, steady state gene expression levels were analyzed
with a commercial cDNA expression array filter set (Atlas
Human Cancer Array [Clontech #7742-1]) (30,31). The 588
bound cDNAs are arrayed within six quadrants on each
membrane: panel A—F consisting of oncogenes and tumor
suppressor genes, cell cycle and growth regulators, apop-
tosis genes, DNA damage and repair genes, and so on.
Expression levels of the nine control housekeeping genes on
both membranes exhibited hybridization signals of equal
intensity. Nine negative control spots (Figure 5B: GD2—-GD4,
GE2-GE4, and GF2—-GF4) did not show any hybridization
signals on the autoradiogram, even after an exposure of 10
days. Overnight exposure of the filter revealed positive
signals for 169 (28.74%) cDNAs in SJRH 30 and 198
(33.67%) in RD (Figure 5). Approximately 78% of the
commonly expressed genes had a similar signal intensity
(Figure 5 [black arrowheads], whereas 22% of the genes
were differentially expressed (Figure 5 [white arrowheads]).
As expected, high level expression of desmin and vimentin
was observed (Figure 5A, [white arrows]), which is in
accordance with the literature (33,34). Noteworthy differen-
tially expressed genes (Table 5) included heparin-binding
vascular endothelial growth factor (VEGF), DNA mismatch

Figure 4. SKY karyotypes for RD (A) and SURH30 (B) are shown as RGB display, and individual rearrangements (panel C and D) are shown as classified SKY image
display. A. SKY analysis of the embryonal RMS cell line RD. Identification is presented in Table 4 (Panel A). B. SKY analysis of the RMS-A cell line SURH-30
Identification is presented in Table 4 (Panel B). C. Comparison between CGH and SKY analysis for RD. The schematic ideogram indicates the structural
rearrangement based on a combination of SKY and G-banding. CGH profiles with loss on the left and gain on the right have been placed adjacent to each
chromosome ideogram involved. For RD, the topmost rearrangement is an unbalanced 2,6 translocation, leading to 2q gain detected by CGH. The middle panel
shows an isochromosome 10q with a gain of 10q and loss of 10p. The lower panel depicts a complex rearrangement detected by SKY observed in RD (M3 in Figure
3A and 4A). The chromosomes involved were 1, 21, and 3. D. Comparison between CGH and SKY for SURH-30. The upper rearrangement is between regions of
chromosomes 2, 13, and 15. This structural aberration has resulted in a partial loss and gain of the chromosomal segments involved as there is total gain of
chromosome 2, and loss of part of the rearranged segment of distal 13q (also seen arrowed in panel B). The middle rearranged chromosome is an hsr-bearing
chromosome 6, with amplified material mapping to the Gli and CDK4 region of chromosome 12 as identified by CGH. The lower panel displays a complex SKY
chromosome marker (M12 on Figures 3B and 4B) with small segments of chromosomes involved (20, X, 11, 22). E. Interphase FISH analysis of a RMS-A tumor with
DDX1 identifies gene amplification as dispersed ‘speckling’ of FISH signals within nuclei. This pattern of gene amplification is usually associated with the presence of
dmin. The patient (A7 in Table 3 ) had 20 copies of MYCN and DDX1, which was confirmed by Southern blot analysis.
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Table 4. Summary of G-Banding and SKY Findings for Each RMS Cell Line Classified by ISCN Nomenclature.

A.

RD, G-Banding Karyotype:
50,X,-X,add(1p34),-3,der(5)t(5;14)(q22;q912),der(6)t(2;6)(q23;p22),+7,add(9934),i(10q),+?12,add(12924),-13,-14,-15,add(19p13), +del(19)(p13),-21,+mar1 -7
RD, SKY Karyotype:
50,X,der(1)t(1,15)(p34,922),+der(1)del(1)(g32)t(1;21)(p32;?922),der(5)t(5;14)(q22;q12),+der(5),der(6)t(2;6)(q22;p22),+7,+der(8),+der(8),der(9)t(9;17)
(934;9?),i(10q),+?12,der(12)t(12;19)(p13;p13),der(12)t(12;20)(924;911),-13,-14,der(15),

der(17)t(9;17)(?;p11),+der(19)t(12;19)(p11;7?),-21,

+mar2=3 and 19

+mar3=1, 21 and 3

B.

SJRH30, near tetraploid karyotype G-Banding:

81,X,der(X),-Y,-Y,der(1),add(1)(q25),der(1)t(1;15)(q32;q13),der(2)t(2;13)(q35;q14)x2,+i(2) (p10),der(3),add(3)(p25),-4,-4,-4,der(4),-5.-5,add(6) (p15),del(6)(p15),
hsr(6)(q15),add(7)(p22)x3,add(7)(q36),-8,add(8)(p21),-9,del(9)(p22),-10,-10,-10,add(10)(p11),-11,-11,-12,-13,-13,i(13)(q10),-14,-14,-15,-15,-15,
-16,add(16)(q24),-17,add(17)(p11),-18,-18,-18,-19,-19,-20,-20,-21,-21,-21,-22,-22,-22 der(22),+mar1 — 26

SJRH30, Structural aberrations detected by SKY Analysis:
81,der(X)t(X;10)(927;9722),der(1)t(1;21)(q?;97?),der(1)t(1;15)(q32;q13),der(2)t(2;13;15)(935;914;97?)x2,i(2)(p10),der(3)t(3;11;16)(p25;?;?) der(4)t(2;13;3;19;4),
der(6)t(4;6),hsr(6)(q15),der(7)t(7;8)(p22;?)x3,der(7)t(1;7)(?;936),der(8)t(8;20)(p21;7?),der(9)t(9;11)(p22;7?),i(13q),der(16)t(14;16)(?;924),der(17)t(11;17)(?;p11)

mari1=22,1,3,1 and 3

mar2=4 and 11

mar3=5, 15 and 5

mard4=7, 6 and 18

mar5=17 and 8

mar6=10 and 11

mar7=2, 13 and 2 (isochromosome)

mari4=4

mar15=15 and 16

mar16=9, 4, 20, 10 and 15
mari17=22, 15, 12, 4 and 12
mari18=9, 12, 8 and 7

mar19=721 and Y (isochromosome)
mar20=X, 11, X, 11 and 10

mar8=8 mar21=2,15 and 16
mar9=1 and 20 mar22=X and 21
mar10=20 mar23=4, 10, 1 and 10
mari11=18, 3, 20, 8 and 20 mar24=18, 4, 22 and 20
mar12=20, X, 11 and 22 mar25=3

mar13=4 and 11 mar26=3

repair protein, retinoblastoma binding protein RBQ1, MYCC
binding protein, and cyclins A and D. Some genes found to
be overexpressed in the microarray analysis were also
observed to be overrepresented by the CGH analysis. For
example, oncogene c-MET, present on chromosome 7
(7931), was both overexpressed (microarray) and over-
represented (CGH) in the cell line RD. The proto-oncogene
MYCN, amplified in approximately 50% (see the next
section) of the RMS-A tumors was not amplified (by CGH,
Southern blot) or overexpressed (microarray) in SJRH 30.

Gene Amplification in RMS

Amplification was a consistent feature of the RMS-A
subtype with 6 of 12 of these tumors having gene
amplification involving the 2p24 region. Southern blot
analysis (Figure 6) confirmed that six RMS-A tumors were
coamplified for MYCN and DDX1 with copy numbers in the
range of 5 to 20x. The ratio of the MYCN to DDX1 was 1 to1,
as determined by densitometric analysis (data not shown)
and there were no examples of tumors having amplified
MYCN but not DDX1 or vice versa (see Table 3). None of the
seven RMS-E tested had amplification of this chromosomal
region. Interphase FISH with methanol—acetic acid fixed
tumor cells identified the presence of additional copies of
MYCN and DDX7 in the RMS-A tumors and indicated that

the additional copies resulted in paired signals dispersed
through the interphase nucleus (see Figure 4E). This pattern
of additional signal is typical of dmin in contrast to the
clustering of signals as a discrete domain that is character-
istic of amplification involving an hsr. In three tumors studied
by interphase FISH, there was considerable range in MYCN
and DDX1 gene copy number per nucleus. Sequential
imaging of MYCN and DDX1 signals with two-color FISH
(data not shown) indicated that each gene colocalized to the
same discrete regions within nuclei suggesting that both
MYCN and DDX1 exist as a single amplification unit on
common dmins. Both tumor subtypes showed low copy
number changes of chromosome 2. In RMS-E, four cases
have additional copy of the whole chromosome, with two
tumors having gains of 2p and one of 2q. There is no
evidence of high copy gain (amplification) on chromosome 2
in RMS-E.

Discussion

RMS is a pediatric soft tissue sarcoma of the skeletal muscle
where histologic classification of the tumor subtypes is
sometimes equivocal (3). There are only limited numbers of
classical cytogenetic studies of RMS, and most have
centered on the early designation of the 2;13 chromosomal
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Figure 5. The differential gene expression in RMS cell lines of RD and SJRH30 in the six different quadrants (A— Panel A—C and B— Panel D—F). Approximately
29% of the 588 genes present on the array generated readily detectable hybridization signals. Of these 77.3% was commonly expressed in the two tumor subtypes
(black arrowheads), whereas 22.7% genes had dissimilar profiles (white arrowheads). Strong hybridization signals at A7m and A7n (white arrows) indicate a high
expression of vimentin and desmin, respectively, which are overexpressed in rhabdomyosarcomas. Positive control housekeeping genes (*) present on the array are
used by the Atlasimage software to normalize the intensity of the signals between the blots.
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Table 5. Representative Autoradiograms Indicating Differential Expression of Genes on the Atlas Array.

Gene Name (Chromosome Location) GDB # Expression

RD SJRH30
Cell division protein kinase 4 (12) M14505 +++ +
Cyclin A (4) X51688 +++ -
Cyclin B1 (5) M25753 +++ +
MAP kinase kinase; (MEK1) (15) L05624 — ++++
PCNA; cyclin (20) M15796 +++ —
GRB-IR/GRB10 (7) U69276 - +
ICH-2 protease precursor; caspase-4 (11) u28014 — +++
DNA mismatch repair protein MSH2 (2) u04045 +++ +
MET (7) J02958 +++ +
RBQ1 retinoblastoma binding protein (16) X85133 + +++
DNA topoisomerase Il alpha (17) J04088 +++ +
Byglycan (X) J04599 - +++
Collagen type llI pro-alpha-1 (2) X14420 — ++++
Urokinase-type plasminogen activator precursor (UPA) (10) M15476 + ++++
Endothelial plasminogen activator inhibitor-1 precursor (PAI-1) (7) X04429 - +++
Heparin-binding vascular endothelial growth factor (VEGF) (6) M32977 ++ +++

rearrangement (35—37). Molecular studies, such as Loss of
Heterozygosity (LOH) analysis, have provided information
about losses of DNA in particular genetic regions of interest
(7), but they are too labor intensive to be used as a general
screening method. The newer molecular cytogenetic meth-
odologies and microarray expression analysis are conveni-
ent and rapid ways to screen for chromosomal and gene
expression changes that may be of benefit in understanding
the molecular basis of variable prognosis and lead to
additional approaches for distinguishing between the sub-
types.

An important differentiating feature between the two RMS
subtypes is the presence of genomic amplifications. The
RMS-A tumors appear to be much more susceptible to
genomic amplification than the RMS-E subtype. The regions
involved are the 2p24 region (MYCN and DDX1) and the
12913 region (harboring MDM2, CDK4 and GLI). In isolated
reports, amplification has also been observed by CGH on
chromosomes 1, 2, 8, 12, and 13 (38). Reports published
earlier by our group (17), Dias and colleagues (16), and more
recently, Hachitanda and colleagues (39) have shown
MYCN to be amplified in approximately 45% to 55% of the
RMS-A patients. In this study, 6/12 (50%) tumors had
coamplification of MYCN and DDX71. In most tumors this was
revealed as a gain at band 2p24 by CGH, which was shown
to involve amplification of MYCN when studied by interphase
FISH and Southern blot analysis. Recently, DDX1 has been
shown to be coamplified in retinoblastomas and neuroblas-
tomas. DDX1 is a member of the DEAD box protein family of
putative RNA helicases. DEAD box proteins are involved in
translation initiation and RNA splicing and have been
implicated in RNA stability, gene expression, and cell growth
and differentiation (40—45). DDX1 by itself has recently been
demonstrated to have oncogenic potential in both in vitroand
in vivo assays (46), so its role as a coamplified gene,
together with MYCN, may be an important contributing factor
in more aggressive neoplastic disease. The screening of
RMS tumors in this study showed DDX1 to be coamplified in

all of the MYCN-amplified tumors. This finding appears to be
somewhat different to observations made in neuroblastoma,
in which only 60% to70% of the MYCN-amplified tumors
were coamplified with DDX1 (19—-23). Significantly, the copy
number observed in neuroblastoma MYCN-amplified tumors
is considerably higher than that found in RMS-A: 50 to 100x
compared with less than 20x. This finding indicates a
possible role for coamplification of DDX7 and MYCN in the
RMS-A subtype that is distinct to the established pattern of
MYCN gene amplification in neuroblastoma and suggests
that copy numbers less than 20x may be adequate to confer
a selective advantage in RMS-A. The patient outcome data
in this study indicated RMS-A patients had a shorter disease-
free interval and a higher mortality than children with RMS-E,
in keeping with previous epidemiological data (2). RMS-A
patients with MYCN and DDX1 coamplification had a poor

1 2 3 4 5 6 7 8

Figure 6. Southern blot analysis was carried out on the alveolar lanes 1[(A1),
2(A3), 3(A7)] and the embryonal lanes [4(E3), 5(E4), 6(E5)] tumors by using
the MYCN and DDX1 probe. The tumor and normal (thymus) DNA, together
with DNA from a neuroblastoma cell line, IMR32 (coamplified with MYCN and
DDX1), was digested with EcoR1 and separated on a 1% agarose gel in Tris
borate EDTA buffer. After transfer to a nylon membrane, the filter was probed
with MYCN, CTj (a control probe), and DDX1. Coamplification of MYCN and
DDXT1 is seen in the alveolar tumors in lanes 2 (A3) and 3 (A5) and the control
lane 8 (IMR32). Lane 7 is a normal control.
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outcome as expected for tumors in this subtype but a larger
sample size is required to demonstrate that the presence of
coamplification as an independent prognostic indicator.

A chromosomal region that has aberrations in both
subtypes is the 12913 region. Amplification studies of known
oncogenes mapping to this region in various sarcomas have
identified diverse patterns of amplification, including MDM2,
GLI, SAS, and GADD153 (47,48). Interestingly, the MDM2
gene amplification or overexpression is believed to provide
an alternative route for inactivating the p53 pathway.
Inactivation of the TP53 plays a key role in tumor progres-
sion, probably through a disturbed cell cycle control and an
increased susceptibility to genomic instability. The absence
of the p53 protein leads to genomic alterations through
chromosome breakage and DNA aneuploidy. Studies have
shown increased frequencies of amplification of the CAD and
DHFR gene in cells with TP53 mutations (49,50). Some
reports implicate preferential amplification of CDK4, a cell
division cycle protein kinase also present at band 12q13-15,
in sarcomas (including RMS). This gene has been shown to
be coamplified with several genes, including MDM2, either
as one large contiguous amplicon or as a second amplicon
without an amplified intervening region (51-54). Further
characterization of the amplicons and studies on these
amplified genes are required to reveal the importance of
disruption of the p53 and cell cycle pathways in RMS.
Amplicons observed on chromosomal region 1921, 8q13,
and 13932 by Weber-Hall and colleagues (13) were not
observed in the tumor samples in this study, indicating that
larger surveys are required to determine the full spectrum of
amplification in RMS.

Consistent aneusomies or whole chromosome gains
were observed by CGH in RMS-E and were in agreement
with the earlier reported cytogenetic and CGH analysis
(6,8,10,13,35,36,55,56). Gains were observed in most of the
chromosomes but were prominent in chromosomes 2, 5, 7,
8, 11, and 12. Whole to partial gains of chromosome 8,
predominantly in RMS-E (9/10), are consistent with conven-
tional cytogenetic findings (8). Trisomy 8 is a common
feature of a wide variety of malignancies (35) indicating a
generalized proliferative advantage in cancer. Gain of
chromosome 7 was frequent (7/10) and was associated
specifically with RMS-E. This chromosomal gain may
provide a useful subtype-specific aneusomic marker for
future interphase FISH analysis. It is noteworthy that one of
the genes that we found differentially expressed in our
microarray analysis is the c-Met oncogene with overexpres-
sion in RMS-E compared to RMS-A. The ¢c-MET oncogene
(mapping to chr 7g31) has been associated with the invasive
growth in RMS (57) and is also thought to be a downstream
target of the PAX3—-FKHR fusion protein (58). Microarray
studies on RMS-A conducted by Khan and colleagues (59)
revealed 37 of the 1238 genes tested were consistently
expressed in RMS-A relative to a reference cell line. Other
genes exhibiting differential gene expression in our micro-
array analysis include CDK4 (chr 12q13), MEK-1 (chr 15),
and chromosome segregation homologue (chr. 20). As
mentioned earlier, CDK4 is preferentially amplified and
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overexpressed in sarcomas, including RMS. Although it is
difficult to draw specific conclusions regarding the expres-
sion levels observed by microarray analysis of in vitro
material, it is clear that the ~22% of genes on this panel that
exhibit differential expression will provide starting points for
future in vivo investigations of the critical biological pathways
that determine the differences between RMS-E and RMS-A.

Newer FISH techniques such as CGH and SKY provide
powerful tools for screening tumors to identify both the type
of chromosomal aberrations present and the regions of the
genome involved in rearrangement. When the techniques
are applied to the same sample, the combined results
provide a better overall picture of the genetic events present
in a complex karyotype. The use of SKY in combination with
G-banding identified many subtle translocations and com-
plex genomic rearrangements, especially in the SJRH 30
RMS-A cell line. SKY analysis confirmed some of the
changes reported in earlier cytogenetic studies conducted
on the cell lines by Houghton and colleagues (24) and Robert
and colleagues (25) but also identified with greater precision
the origin and number of parther chromosomes present in all
marker chromosomes. For example, add(1p34) was con-
firmed to be der(1)t(1;15)(p34;922). Even in the most highly
abnormal marker chromosomes present in SJRH 30, it was
possible to recognize the chromosomal origins of each
partner chromosome. In general, SKY analysis also demon-
strated there was a greater frequency of structural aberration
present in the RMS-A cell line in comparison to the RMS-E
cell line in which whole chromosome loss and gain was
noted. There is increasing knowledge about the role of genes
that govern the acquisition of aneuploidy in neoplastic cells
(60). It is conceivable that RMS-E subtype tumors have a
greater tendency to undergo nondisjunctional mitotic segre-
gation anomalies that lead to whole chromosome gains,
whereas RMS-A appears to be subject to genomic altera-
tions leading to chromosomal rearrangement and amplifica-
tion. The presence of the distinct cytogenetic differences
between RMS-E and RMS-A as determined by CGH, SKY
and microarray expression aid in subtyping RMS and draw
attention to previously unrecognized areas of the genome
that need further study for identification of genes of potential
importance in the progression and future treatment of RMS.
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