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Abstract

Several forms of human sarcoma, lymphoma, and leukemia are char-
acterized by somatically acquired chromosome translocations thal resuli
in fusion genes that encode chimeric transcription factors with oncogenic
properties. We have used cDNA microarrays containing 1238 ¢DNAs to
investigate (be gene expression profile of a group of seven alveolar rhab-
domyosarcoma (ARMS) cell lines charactevized by {he presence of the
PAX3-FKHR fusion gene. Using the method of mnltidimensional scaling lo
represent the relationships ;mnong the cell lines in two-dimensional Eu-
clidcan space, we detcrmined that ARMS cells show a consistent pattern
of gene expression, which allows the cells to be clustered together. By
searching across the seven ARMS cell lines, we found that 37 of 1238 genes
were most consistently expressed in ARMS relative te a reference cell line.
Only three of these genes have been previously reported to be expressed in
ARMS. Among these 37 were genes related (o both primary (PAX3-
FKHR) and secondary (CDK4) genelic alierations in ARMS. These resulls
in ARMS demonsirate the potential of ¢cDNA microarray technology lo
elucidate tumor-specific gene expression profiles in human cancers.

Iniroduction

Hybridization to cDNA microarrays allows the simultaneous par-
alle} expression analysis of thousands of genes (1-6). This technique
has been successfully used to investigate gene expression in processes
as complex as inflammatory disease (3), tumor suppression (1), and
metabolic regulation in Saccharomyces cerevisiae (2), as well as 1o
identify heat shock and phorbol ester-regulated genes in human T
cells (5). There is considerable interest iu the potential application of
c¢DNA microarray analysis for gene expression profiling in human
cancers. Such information might be useful for mumor classification, for
the elucidation of regulatory networks that are disturbed in tumor
cells, and for the identification of genes that might be of use for
diagnostic purposes or as therapeutic targets. However, it has not been
clear whether the intrinsic genomic inslability of tumors will lead 10
such extensive random fluctuations in global gene expression that this
analysis will be difficult or impossible.

We have initially investigated the problem of cxpression profiling
in ARMS? because these wmors arc known to be relatively uniform
genelically, Sixty % of ARMS wumors have a tramslocation t(2;
13)(g35:q14) (7-9), resulting in fusion of the 5 end of PAX3 gene
with the 3" end of FXHR to produce a novel fusion transcription factor
PAX3-FKHR (10). An additional 9-20% of ARMS (umors have a
variant ((1;13)(p36;ql4) translocation involving the PAX7 and FRHR
(11). Thus, in contrast to carcinomas, which may fall into multiple
genetic classifications, these turnors can be clearly grouped together
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by the presence of their diagnostic chromosome translocation. Addi-
Lionally, because ARMS are agpressive soft tissue tumors of striated
muscle with poor prognosis (12, 13) that belong to an often diffieult
to classify group of childhood tumors (13), new information regarding
Lheir biology will be of greal clinical use.

Materials and Methods

Cell Culture. The cell lines used in this study are described in Table 1.
All cells were grown in 85% DMEM and 10% fetal bovine serum under
identical conditions and harvested at 80 -85% conflucney. The control cell
line NIL.C was a subclone of cell line CRL-7250 {American Type Culture
Collection), which oniginated from a skin and muscle cell pool from a
13-week male fetns. The use of a control cell line allowed comparison from
experiment to experiment. The choice of the comparator was somewhat
arbitrary but was cffective so long as the same ccll line was used for cach
experiment.

Microarrays, Probes, Hybridization, and Scanming. The glass slides
were prepared by a similar methed to described protocols (1, 6). RNA was
extracted from cells with the RNeasy kit (Qiapen). Following extraction,
the RNA was concentrated using Microcon 30 (Amicon) to a volume of 17
ul. Fluorescence-labeled ¢cDNA probes were made from 100-200 pg of
total RNA for tumor cell line and 100-200 pg for control by oliga(dT)-
primed polymerization using SuperSeript 1l reverse transcriptase (LTI
Inc.). The reactions were carried out at a final volume of 40 pl. Fluoreseent
nucleotides Cy5-dUTP and Cy3-dUTP (Amersham) werc used at 0.1 mm.
The nucleotide concentrations were 0.5 mM dGTP, dATP, and dCTP and
0.2 mM dTTP. Two il of SuperScript I were added at the beginning of the
labeling reaction and incubated at 42°C. Two pl more were added after 30
min, and the reaction continued for a further 30 min. The reaction was
stopped by the addition of 5 pl of 500 mm EDTA. The unlabeled RNA was
hydrolyzed by the additiou of 10 ul of 1 M NaOH aud heating to 65°C for
1 h, Twenry-five wl of 1 M Tris-HCI (pH 7.5) werc then added to partially
neutralize the hase, Unincorporated uncleotides and salis were removed hy
chromatography on a Biospin 6 coluinn. The Cy5 and Cy3 probes were
mixed, and probc volume was reduced using a Microcon 30. To this 8 ug
of poly(dA) (Pharmacia), 4 ug of Escherichia coli tRNA (Sigma Chemical
Co.), 10 ug of Cotl DNA (Life Technologies, Inc.), 0.3 ul of 10% SDS, 3
wl of 20 SSC (final concentration, 3X SS8C), and water were added 10 a
final volume of 20 pl. The probe was incubaled at 98°C for 2 min and at
4°C for 10 s and placcd onto the glass slide with a coverslip; hybridization
was performed at 65°C for 16 h. The slides were washed for 2 min cach in
0.5% §8C and 0.01% SDS§ at 55°C,

Imaging. Fluorescence intensilics at the immohilized targets were meas-
ured using a custom-designed laser confocal microscope with a scanning stage
(90 cm/s), appropriate cxcitation and emission filters, and a photomultiplier
tube detector. Intensity data were integrated over 400-um? pixels and recorded
at 16 bits. The two fluoreseent images (Cy3 and Cy5) were scanncd separately
from a confocal microscope, and color images were formed by arbitrarily
assigning tumor intensity values into the red channel and control intensity into
the green channcl.

Image Analysis. Immobilized DNA targets were localized by overlaying a
grid on both fluorescent images. A segmentatiou method was then used to
determine the actual target region based on the information from both red and
green pixel values, The probe fluorescent intensity was then calculated by
averaging the intensitics of cvery pixel inside the detected target region. The
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Tahle | Cell line characteristics

Histological
Cell line PAX3-FKHR diagrosis® Source”
ARMS] + ARMS 2
RH3 + ARMS 3
RH4 + ARMS 3
RH5 + ARMS 3
RH18 + ARMS 3
RMS13 + ARMS 4
RH2S + ARMS 3
A204 - SARC 1
NGPI127 - NB 5
TCTI - Ewing's sarcoma 6
UACC-903 - Melanoma 7
PC3 - Prostate cancer 3
MDA-MB-436 - Breast cancer 1

T SARC, undifferentialed sarcoma; NB, neuroblasioima.

" Original sources of cell lines were: 1, American Type Culture Collection: 2, Dr. L.
Helman (National Cancer Instilute);, 3, Dr. D. Shapire (St. Jude's Children’s Research
Hoespital); 4, Dr. A, T. Look (St. Jude's Children's Research Hospital; 5, Dr. G, Brodeur
(Children's Hospital of Philadelphia); 6, Dr. M. Tsokos (National Cancer Instituley; 7,
University of Arizona Cancer Center; 8, University of Utab.

final reported probe intensity was the difference between average probe
intensity and average local background intensity. The ratios of the red intensity
to the grecn intensity for all targets were determined. Normalization for
differential efficiencies of labeling and detection was performed, based on 88
preselected internal control genes that are stable in inost experiments (red/
green intensity ratio close to 1.0). The normalizalion constant from 88 internai
control genes was then used to caleulate the calibrated ratio for every cDNA
spot within the image. Furthermore, the ratio variation of the 88 presclected
internal control genes determined the confidence interval in which ratios are 1o
be considered no difference from 1.0. The 99% confidence interval was used
througheout the experiments to test the significance of differentially expressed
genes (14). Additonal information on the image analysis as well as the raw
data including the hybridization images for each ccll line is available on the
Intermet,?

Statistical Analysis. For this analysis, we used a filter that included all
genes exhibiting a spinimum level of expression of intensity of 22,000
fluorescent units (on a scalc of 0-65,535 flucrescent units) for both red and
green channels for each pair of experiments. We uscd the method of multidi-
incnsional scaling 1o represent the relationships among cell lines in terms of the
vositien of the cell lines in a two-dimensional Euclidean space. The positions
of the cell lines in the Euclidean space are determined in such a way thart the
Euclidean distances between cell lines corresponds as closely as possible 1o 1
minus the Pearson corrclation coefficients between the logarithm of inlensity
ratios for the ccll lines. The correspondence between the distances between cell
lines in the two-dimensional multidimensional scaling and the 1 minus corre-
lation values is not exact, however, because the former 15 a two-dimensional
approximation to rclationships in a higher-dimnensioual space. Comparison
between proximitics in the two-dimensional representation and the correlations
shown on the scatterplots indicates that the correspondence is good. We also
developed a three-dimensional multidimensional scaling representation but
found that it was not an improvement over the two-dimensional representation.
The multidimensional scaling was performed using the SAS statistical package
with defaul! parameter values.

We also performed a hierarchical clustering of the 13 cell lines to explore
the relationships among them. The dissimilarity measure used was the same as
for multidimensional scaling. The average linkage hierarchical clustering
methed was uscd. The resulting dendrogram indicated the order in which cell
lines were combined to forin clusters. At one end of the dendrogram, there
were 13 singleton clusters, and at the other end, there was a single cluster
containing all 13 cell lines.

Results

The microarray used for our experiments consisted of 1238 ¢cDNA
clones sclected from the UniGene set (15). It included 616 gencs
known to play important roles in cancer biology and the ecll cycle,

* hitp/fwww.ohgr oih.gow/DIR/LCG/  SK/HTMLY.

with the remaiader being derived from a variety of functions including
88 housckeeping genes (a eomplete listing is available on the Inter-
nel®). Seven ARMS eell lines known to contain the translocation
1(2;13)(q35;q14) and express the PAXI-FKHR fusion gene were
used to generate cDNA probes for microarray hybridizations. For
comparison, the cxpression profiles of six unrelated cancer cell
lines were also determined (scc Table 1). In all experimenis, tumor
cell RNA was compared with a reference probe isolated from a
diploid fetal myofibroblast cell line. After image processing (Fig.
1), the expression ratio dataset (tumor intensity/reference intensity}
for each of the 13 hybridizations was entered into a database
(Sybase) for analysis (16).

RMS13 was selected as a standard of comparison, and the increas-
ing divergence of the gene expression pattern in these cell lines could
be displayed as series of scatterplots (Fig. 24). The similarity in gene
cxpression pattern was visualized by the tendency of points (o fall
near he diagonal, as measured by the Pearson correlation cocfficient.
We used the Pearson correlation coefficients (see Table 2 for com-
plete matrix) to perform a multidimensional scaling analysis, which
represents the relationships among all cell lines in terms of their
positien in two-dimensional Euclidean space (Fig. 2B). The coordi-
nates were ploited such that the distances between points refleet the
Pearson corrclations of the loparithins of expression ratios between
the cell lines. This analysis, which included all genes cxhibiling a
minimum level of expression in each hybridization, placed the non-
ARMS wmors at the periphery of the plot, with the ARMS tumors
falling in a defined cluster. This result could also be displayed as a
hierarchical clustering dendrogram inferred from the multidimen-
sional scaling analysis, which indicates the order in which ccll lines
were combined Lo form clusters (Fig. 2C). This analysis placed the
ARMS in a distinct cluster, with the Ewing’s sarcoma TC71 being the
most closely related non-ARMS tumor.

We performed a statistical significance iest of the null hypothesis
that the average Pearson correlations among the ARMS 18 no greater
than would be cxpeeted if the seven ARMS lines werc randomly
sclected from all 13 cell lines. There were 1716 ways of partitioning
13 cell Lines into two sets, with one of size 7 and one of size 6, We
found that none of the 1716 partitions gave average corrclation valucs
larger than oblained in the actual data for the seven ARMS cell lines.
Therefore, the statislical significance value for the null hypothesis was
1/1716, or 0.0006. We can couclude, therefore, that the correlations
among the ARMS cell lincs is greater than the correlations between
the ARMS cell lines and the other cell lines.

To identify thc genes which werc cxpressed in common among
ARMS cell lines, we searcbed the expression databasc for gencs that
were highly cxpressed in four or more ARMS relative Lo the reference
probe. We found 37 genes that were highly expressed compared with
the refercnce cell line in four or more of the of the seven ARMS.
These were ranked accerding to the number of ARMS samples in
which each gene was highly expressed (Fig. 3). Eight of these genes
were overexpressed in all seven rhabdomyosarcomas, including AD-
PRT, TOP2A, MYBLZ2, MADP2, STATSA, FKHR, MYCLI, and ATF3.
Only 3 of the 37 genes [PAX3-FKHR (17), MYCN (18, 19), and CDK4
{20)] have been described previously to be overexpressed in ARMS
(the FKHR target spot is comprised of the 3 end of this gene and will,
therefore, detect expression of both the FKHR gene aud the PAX3-
FKHR genc). Several of the remaining 34 genes, e.g., MYCLI (21),
MYBL2 (22), CDC2 (23), and PCNA (24), have been reported as
overexpressed in other cancers. Although some of these genes arc
cxpressed at high levels in a subset of the non-ARMS tumors, inspec-
tion of Fig. 3 suggests that the pattern of gene cxpression in ARMS is
quite distinct from the non-ARMS tumors.
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Tig. 1. Representative microamay hybridization.
This pscudocolered image represents a portien of a
microarray with the reference probe (NIL.C) in
green and tumor (RMS 13) in red. The up- (red) and
down- (greer) regulation of several genes are illus-
trated. [, representative genes of interest: A, FKHR;
B, MYCN, C. CDK4;, D, MYBL2; and E, NGFR.
Ratio data for cach of these individnal spots were
calenlated and nsed for further analysis.

Discussion though the microarrays used in this study contain only a small sample

Tumors are currently elassified by cell of origin, morphology, ©f the genome, evidence of a pattern comnmon 1o ARMS is elearly
protein expression, and biological behavior. In principle, these prop-  apparcnt. Genes within this patlern may fall into several overlapping
eries are ultimately specified by a patlemm of gene cxpression. Al-  categorics. Some genes may relate to the differentiation state of the
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Fig. 2. Statistical analysis of all genes on armay fillered for green and red inlensities of 222000 fluorescence units. A, 12 representational scatterplots of RMS 13 versics the 6 other ARMS
arrd 6 non-ARMS cell lines. Each scatierplot shows the values of the log, , {tumor/control) ratios values filiered for intensities of =>2000 fluorescence units for both control {green) and Wmor
(red) chanucls for each pair of experiments. The Pearson rank correlation coefficient of each pair is indicated. B, positions of Ihe cell lines in two-dimensional Euclidean distances were
determized using the elhnd of mnltidimensional scaling (o make the distance between cel] lines corespond as closely us possible o 1 minus the Pearson comrelation coefficient of the Jog ratic
values. The X and ¥ scales were arbitrary. Cell lines falling close o one another in the plot had high correlation values. Using this method, we found (hat the ARMS cell lines {red) cluster
logether and the non-ARMS tumors (black) fall at the periphery of the plot. C, the hierarchical clustering dendrogram indicates the order in which the {3 cell lines werce combined to form clusters.
The catculation of the dendrogram nses | mious Pearson cofrelation coefficient of log ratios as the dissimilarity measure. The scale represents the distance belween merged clusiers, and cell
lines that were most similar were combined first, Using this method, we found that the seven ARMS cell Tines (red) again cluster logether.
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Table 2 Mairix of Pearson correlation coefficients

RH3 ! RH4 ; RH5 RMS13; RH18 ! RH28: A204 !NGPI127: TC71! UACC-903 ' MDA-MB-436' PC3

ARMS1 _0.5471 0.606 1 0.7261 0.683 © 06341 06151 0307 | 039 « 0498 0426 1 0417 1 (.314
RH3 | 0.759 | 0.736! 0.69 | 0.606 08071 0444 | 0565 | 0566 0391 | 0452 | 0.403
RH4 | 0771} 0778 | 0.672 ! 0.74 | 0441 | 0486 | 05581 0488 | 0555 | 0.476
KH5| 0769 ' 0667 1 0751 037 | 0486 ' 0607 ' 043 ' 0532 ! 0447

RMS13] 0731 ' 0746 035 | 0463 | 0582 0446 0475 | 0.404

RHI8 [ 0703} 0274 | 0281 | 0549 0389 | 0405 | 036

RH28| 0.417 | 0493 | 0644 0479 | 0478 | 042

A204 | 0426 @ 0361 0398 | 0368 | 0377

NGP127]| 03521 0241 0371 | 0368

Tc| 046 | 0456 | 0472

UACC-903 | 0507 | 0538

MDA-MB-436 |_0.662

PC3

tumor progenitor. For example, MYL4 {(myosin light chain 4) can be  related to cellular proliferation, It is remarkable that expression of
related to the derivation of ARMS from skeletal muscle. Other genes,  genes such as TOPQ2A and POLE, which are not usually thought of
such as FKHR, may be related 10 genetic aberrations which contribute  as tumor specific, contributed 1o the overall pattern which we ob-
to tumor progression. Many genes thal coniribute to the patlern are  served. Thus, even in tumor cells, in which random fluctuations in

Genes Intensity Ratle
' 'T aRMS NON-ARMS |
A
No.of &, Poo vVn
Name Function UniGene ARMS §£§$§§Q§' fisg&cgé' QC'?
ADPRT DNA repalr Hs.76105 7 L] = |l
TOPO2A DNA metabollam Hs,3378 7
MYBL2 Tranacriplion factor Hs.74605 7
MADP2 Mitotlc spindle Hs.79078 7
STATSA Transcription tactor Hs.2287 7
FKHR Transcription factor Hs.175 7
MYCL1 Tranecription factor Hs.82137 7
ATF3 Transcription factor Hs.460 7
NGFR Growth factor receptor Hs.1827 6
Fig. 3. Genes overexpressed in ARMS. Thirly- POLE DNA synthesis/repalr Hs, 18366 6
seven genes that were highly expressed relaiive 1o MYCN Transcription factor Hs.25960 8
the reference probe in 2l least four of seven ARMS TCF3 Transcription factor Hs.101047 13
and their funcliu_ns are ]islcc_l in_ the first and second MYLa Structural muscle protein  Hs.108485 6
colunns. The third columa indicates the number of CTSH Proteoiytic enzyme Hs.78476 6
ARMS cell lines in which cach gene is up-rogu- - - -
lated. compared with the control at a level greater ASS Urea cycle enzyms Hs.76753 5
Lhan the 99% conlidence interval, and the fourth LAP18 Signal transduction Hs.81915 5
colinn provides the UniGene cluster designation. CDK4 Cell Cycle Hs.95577 g
The expression ratios from each cell line are color- IGFBP2 Growth factor binding Hs.162 5
c.mieq: red, overexpression: green, reduced expres- PCNA DNA ropilcation Hs.78006 5
sion in the tumor comya.rcd u-'_llh the control cclll DHF 5
line. When the ratios of expression cxeced the 99% R Folate metabollsm He 83765
confidence interval, the saturation of red or green POU2F1 Transcription factor Hs.74095 &
increases in proporion to the mlio. A ratio color SNRPB RNA processing Hs. 83753 5
scale is shown at the fotiom. The nuinerical dala KA Unlahown Hse.103458 5
and the hybridization images lor each cell line are EST (R51858)  Unknown _ 5
avuilable on the lmemet.™ H2AZ Chromatin structure Hs.119182 a
ALPL Enzyme Hs.117854 4
PKCSL Signal transduction Hs.75061 4
CAS Microtubule assoclated Hs.90073 4
FEN1 DNA repalr Hs.4756 4
HOX1C Transcriplion tactor Hs.37034 4
MSH2 DNA Repalr Hs.78934 4
TAF2A Tranacription factor Hs. 60672 4
cDGC2 Cell cycle kinase Hs,58393 4
RECA DNA repair Hs.1608 4
TRAM Unknown Hs.2204 4
AACT Chymotrypsin inhibitor Hs.74493 4
LAMR1 Membrans receptor He.76301 4
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gene cxpression are expected, it was still possible w discern patierns
in the particular constellation of gencs cxpressed and their quantitative
level of expression. This finding emphasizes the use of expression
profiling as a means to determine the relatedness of tumors.

Although this panel of ARMS cells all share a common genetic
alteration, they have evelved independently and would be expected 10
have some divergenee in their pattern of gene expression. Of the
multiple sources of variation that might be postulated, one of the more
interesting would be secondary genetic aberrations acquired during
wmor cvolution. For example, in this series, CDK4 was highly ex-
pressed in five of seven ARMS. Amplification of the CDK4 gene is an
important secondary event in ARMS, and the highest level of expres-
sion was observed in RMS13, which has CDK4 gene amplification.
NGPI127, the only non-ARMS tumor thal expressed comparable levels
of CDK4, is also known to have genomic CDK4 {25) amplifieation. In
addilion to the recognition of genomic altcrations associated with
tmor progression, with the implementation of larger arrays, the genes
that are regulated by the PAXI-FKHR transcription factor may be
revealed by microarray analysis.

Other 1echnigues, such as serizl analysis of gene expression, have
the potential to gencrate genome-scale expression profiles for tumors;
however, human cDNA microarrays have the particular advantage
that they are readily amenable to the analysis of multiple samples,
thereby generating a large amount of gene expression data for statis-
tical analysis. Our current data arc insufficient to establish a diagnos-
lic application of microarrays, but they do suggest that this may be a
real possihility. Because of the inherent flexibility of robolic array
printing, the potential to generate numerous copies of small subarrays
containing the candidate genes of inlerest previously identified by
sereening with microarrays ot thousands of genes exists. Easily
printed small arrays of a few hundred gencs could then be applied 10
multiple tumaor samples. This possibility will facilitate the transition of
miicroartay technology from cell culture to clinical correlative studies,
which require large sample sizes to achieve statistical significance.
Expression analysis with microamays appears likely to provide im-
portant clues to the biological and clinical behavior of cancers Lbrough
tbe identification of useful biomarkers and disease-specific targets for
cancer therapy.
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