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ABSTRACT

Clear cell sarcoma of soft tissue (CCSST), also known as malignant
melanoma of soft parts, represents a rare lesion of the musculoskeletal
system usually affecting adolescents and young adults. CCSST is typified
by a chromosomal t(12;22)(q13;q12) translocation resulting in a fusion
between the Ewing sarcoma gene (EWSR1) and activating transcription
factor 1 (ATF1), of which the activity in nontransformed cells is regulated
by cyclic AMP. Our aim was to identify critical differentially expressed
genes in CCSST tumor cells in comparison with other solid tumors
affecting children and young adults to better understand signaling path-
ways regulating specific features of the development and progression of
this tumor entity. We applied Affymetrix Human Genome U95Av2 oligo-
nucleotide microarrays representing �12,000 genes to generate the ex-
pression profiles of the CCSST cell lines GG-62, DTC-1, KAO, MST2,
MST3, and Su-CC-S1 in comparison with 8 neuroblastoma, 7 Ewing
tumor, and 6 osteosarcoma cell lines. Subsequent hierarchical clustering
of microarray data clearly separated all four of the tumor types from each
other and identified differentially expressed transcripts, which are char-
acteristically up-regulated in CCSST. Statistical analysis revealed a group
of 331 probe sets, representing �300 significant (P < 0.001) differentially
regulated genes, which clearly discriminated between the CCSST and
other tumor samples. Besides genes that were already known to be highly
expressed in CCSST, like S100A11 (S100 protein) or MITF (microphthal-
mia-associated transcription factor), this group shows an obvious portion
of genes that are involved in cyclic AMP response or regulation, in
pigmentation processes, or in neuronal structure and signaling. Compar-
ison with other expression profile analyses on neuroectodermal childhood
tumors confirms the high robustness of this strategy to characterize tumor
entities based on their gene expression. We found the avian erythroblastic
leukemia viral oncogene homologue 3 (ERBB3) to be one of the most
dramatically up-regulated genes in CCSST. Quantitative real-time PCR
and Northern blot analysis verified the mRNA abundance and confirmed
the absence of the inhibitory transcript variant of this gene. The protein
product of the member of the epidermal growth factor receptor family
ERBB3 could be shown to be highly present in all of the CCSST cell lines
investigated, as well as in 18 of 20 primary tumor biopsies. In conclusion,
our data demonstrate new aspects of the phenotype and the biological
behavior of CCSST and reveal ERBB3 to be a useful diagnostic marker.

INTRODUCTION

Clear cell sarcoma of soft tissue (CCSST) is a rare lesion, which is
characterized by melanocytic differentiation and accounts for �1% of
all malignancies of the musculoskeletal system (1–3). CCSST, which
usually affects adolescents and young adults, is commonly associated
with tendons and aponeuroses and is believed to be derived from
neuroectodermal tissues (4). The tumor cells are typified by the
presence of a balanced t(12;22)(q13;q12) rearrangement: the result is
a fusion between the Ewing sarcoma gene (EWSR1) and activating
transcription factor 1 (ATF1), which permits the expression of an
EWS-ATF1 oncoprotein (5). ATF1, along with cyclic AMP (cAMP)-
responsive element binding protein and modulator (CREM), comprise
a bZIP subfamily of transcription factors, which regulate gene expres-
sion via homo- or heterodimeric binding to cAMP response elements
(CREs; Ref. 6). EWS-ATF1 activates transcription independently of
cAMP induction due to a partial deletion of the ATF1 kinase-induc-
ible domain (7); moreover, the EWS-ATF1 fusion protein has been
shown to act as a potent activator of several cAMP-inducible promot-
ers (8, 9). Therefore, EWS-ATF1 may exert its oncogenic properties
via the induction or deregulation of genes that govern transcription,
cell division, and signal transduction.

According to their histological appearance CCSST can resemble
other malignant mesenchymal tumors of childhood and adolescence.
Immunostaining for S100 and especially markers for melanocytic
differentiation (including melan-A, the microphthalmia-associated
transcription factor, or the melanosomal matrix protein Pmel17, which
is detected by HMB-45 monoclonal antibodies) is usually included in
the examination of tumor biopsies to arrive at a reliable diagnosis
(10). Because cutaneous, deeply invasive spindle-cell melanomas that
lack a demonstrable primary tumor and CCSST share a broad panel
of these histological and immunohistologic features, the distinction of
these two lesions should include proving the presence or absence of
the t(12;22) translocation, which is only found in CCSST (11, 12).

Besides the diagnosis, the treatment of CCSST patients may rep-
resent a serious challenge to the physician. The tumor often presents
as a painless, slowly growing mass, which can radiologically be
mistaken as a benign process (13, 14). Nevertheless, CCSST repre-
sents a fully malignant neoplasm with the tendency to metastasize to
regional lymph nodes and the lung, and the likelihood of local or
distant recurrences is high as evidenced by 5-year survival rates
of �50%. Only a few data are available on the clinical management
of this rare soft tissue lesion. One major problem in the treatment of
CCSST is the resistance of this entity to chemotherapeutic drugs,
which in other soft tissue tumors are reported to be at least partially
effective (14, 15).

To additionally understand the processes that control this rare,
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slowly growing but highly malignant cancer type and obtain new
insights for new potentially diagnostic markers or therapeutic targets,
we report here the microarray analysis of 6 CCSST cell lines and 21
cell lines derived from other solid tumors affecting children and
young adults.

Using this powerful tool (16, 17) in combination with statistical
analysis we were able to identify characteristic multigene expression
patterns, which point to new regulatory mechanisms, cellular func-
tions, and the molecular biological phenotype of CCSST.

MATERIALS AND METHODS

Clinical Samples and Cell Culture. Fresh-frozen as well as formalin-
fixed tumor tissue was available from a 51-year-old male patient suffering
from a CCSST located in the hollow of the knee. Histological examination
showed periodic acid Schiff (PAS)-positive tumor cells, which were charac-
terized by strong S100 and NK1C3 immunohistochemical staining together
with focal positivity of Melan A but not HMB-45. By reverse transcription-
PCR the presence of EWS-AFT1 chimeric mRNA could be shown. Fifteen
additional HMB-45-positive, formalin-fixed, and paraffin-embedded CCSST
tumor samples were kindly provided by Prof. Detlef Katenkamp (Pathology
Reference Center of Soft Tissue Tumors, Jena, Germany), three other speci-
mens were supplied by Dr. Ivo Leuschner (Pediatric Tumor Registry, Institute
for Pediatric Pathology, Kiel, Germany), and another one (HMB-45 positive,
EWS-ATF1 positive) by Prof. Goetz Brand (Bremen, Germany).

The cell lines we studied are listed in Table 1. Our experiments included 27
cell lines: 8 neuroblastoma (NB), 7 Ewing’s tumor (ET), 6 CCSST, and 6
osteosarcoma (OS). All of the cell lines were maintained using standard
procedures as described previously (18). Absence of Mycoplasma contamina-
tion was determined by the PCR-based VenorGeM Mykoplasma Detection kit
(Minerva Biolabs GmbH, Berlin, Germany) according to the manufacturer’s
protocols.

MST2 and MST3 were established by one of the authors (S. K. Liao), and
both could be shown by G banding to harbor the characteristic t(12;22)(q13;
q12) translocation. Until now, up to 50–60 population doublings in the
contributing laboratories (Taoyuan, Duesseldorf, and Hong Kong) characterize
these cells as permanent immortal cell lines.

MST2 was derived from a 60-year-old Taiwanese male who had noted a
slowly growing mass at his right knee for 5 years. Because of aggravated
pain, the tumor (measuring 6 cm � 4 cm � 3 cm) was excised in May 1994.
The initial histopathological diagnosis was synovial sarcoma. Magnetic
resonance imaging performed 2 weeks after initial surgery revealed resid-
ual tumor. After radical excision, histopathological diagnosis at a different
department revealed a spindle cell neoplasm with tumor cells exhibiting
focally clear cytoplasm, large nuclei with prominent nucleoli, and melanin
granules. Immunohistochemically, the tumor cells were positive for HMB-
45. The diagnosis was changed to CCSST. In November 1994, after radical
surgery followed by two cycles of chemotherapy using the British Colum-
bia Drug Treatment Program regimen {carmustine [1,3-bis(2-chloroethyl)-
1-nitrosourea], cisplatin, dacarbazine [5-(3,3-dimethyl-1-triazeno)-imidaz-
ole-4-carboxamide], and tamoxifen}, multiple pigmented nodular tumors
developed in the right thigh. Histopathology revealed metastasis of the
CCSST, and the MST2 cell line was established from this biopsy. Addi-
tional tumor growth into the pelvis and abdominal cavity caused ascites and
intestinal obstruction. The patient died in January 1995.

MST3 was established from the tumor of a 34-year-old Taiwanese male,
who had suffered from a slowly growing mass in his groin for 10 years, which
suddenly enlarged rapidly. Excisional biopsy in February 1996 revealed a 6
cm � 4 cm tumor in the groin and a 1 cm � 1 cm satellite nodule on the lateral
site. Histopathology showed tumors composed of clear cells with large nuclei
and distinct nucleoli. Immunohistochemically, the tumor cells were positive
for HMB-45 and S100 protein, but negative for cytokeratins (AE1/AE3) and
epithelial membrane antigen. Therefore, the diagnosis of CCSST was estab-
lished. At this time, no additional treatment was performed. In November
1996, tumor relapse in the groin was noted. The tumor and regional lymph
nodes were excised. Histopathologically, tumor metastases were found in 17 of
25 lymph nodes. Despite adjuvant chemotherapy (cisplatin and carmustine)
another tumor relapse occurred in March 1997. The tumor did not respond to
additional chemotherapy (British Columbia Drug Treatment Program regi-
men), which was performed in April 1997. The patient died in March 1998 due
to tumor metastases in the lungs, skeletal system, and lymph nodes.

Detection of the EWS-ATF1 Fusion Transcript. The EWS-ATF1 gene
fusion was detected by a reverse transcription-PCR assay, which has been
described previously (19).

Table 1 Characterizationof tumor cell lines

Cell line Diagnosis EWS-rearrangement Source/reference

STA-ET-1 ETa EWS Ex7/FLI1 Ex6 (43;44)
STA-ET-10 ET EWS/FEV Kindly provided by P. F. Ambros, Children’s Cancer Research Institute, Vienna, Austria
STA-ET-2.1 ET EWS Ex 9/FLI1 Ex 4 (43;44)
RM-82 ET EWS Ex 7/ERG Ex 6 (45;46)
TC-71 ET EWS Ex 7/FLI1 Ex 6 (46;47)
VH-64 ET EWS Ex 7/FLI1 Ex 5 (44;48)
WE-68 ET EWS Ex 7/FLI1 Ex 6 (44;45)
DTC-1 CCSST EWS Ex 8/ATF (8)
GG-62 CCSST EWS Ex 8/ATF (19)
KAO CCSST EWS Ex 8/ATF Kindly provided by T. Nojima, Department of Pathology, Hokkaido University School

of Medicine, Sapporo, Japan (49)
MST2 CCSST EWS Ex 8/ATF This article (K-L. Schaeter)
MST3 CCSST EWS Ex 8/ATF This article (K-L. Schaeter)
Su CC-S1 CCSST EWS Ex 8/ATF (50)
CH-LA-90 NB nd Kindly provided by C. P. Reynolds, Children’s Hospital of Los Angeles, The University

of Southern California Keck School of Medicine, Los Angeles, CA
IMR-5 NB nd Kindly provided by A. Voigt, Department of Pediatrics, University of Jena, Jena, Germany
KCN NB nd Kindly provided by C. P. Reynolds, Children’s Hospital of Los Angeles, The University

of Southern California Keck School of Medicine,Los Angeles, CA
LA-N-6 NB nd Kindly provided by C. P. Reynolds, Children’s Hospital of Los Angeles, The University

of Southern California Keck School of Medicine, Los Angeles, CA
NGP NB nd (51)
SK-N-FI NB nd Kindly provided by C. P. Reynolds, Children’s Hospital of Los Angeles, The University

of Southern California Keck School of Medicine, Los Angeles, CA
SHEP-SF NB nd (31)
SH-SY5Y NB nd American Type Culture Collection
HOS OS nd (52)
OST OS nd (52)
SAOS-2 OS nd (52)
SJSA-1 OS nd (52)
U-2 OS OS nd (52)
ZK-58 OS nd (52)

a ET, Ewing tumor; CCSST, clear cell sarcoma of soft tissue; NB, neuroblastoma; OS, osteosarcoma; nd, not determined.
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Complementary RNA Preparation and Oligonucleotide-Microarray
Hybridization. The preparation and processing of labeled and fragmented
cRNA targets, as well as GeneChip hybridization and scanning was carried out
according to the manufacturer’s protocol (Affymetrix, Santa Clara, CA) as
described elsewhere (20).

Microarray Data Analysis. To translate the scanned images into expres-
sion analysis files Micro-Array-Suite 5 Software was used generating a unique
Signal value for each probe set together with a “Detection P” based on the
one-sided Wilcoxon’s signed rank test, which indicates whether a transcript is
reliably detected (Present) or not detected (Absent). Probe sets characterized
by Ps � 0.04 were considered to be present. Only probe sets called present in
at least 2 of the 27 samples were included in the following statistical analysis.

To compensate for differing hybridization efficiencies, we used Micro-
Array-Suite 5 and normalized all of the chip data to a single scaling factor
target of 1000.

Each individual microarray was then standard normalized using the reduced
gene set. The data were centered to zero by subtracting the overall mean of the
chip and scaled to a range of multiples of the SD (21). To identify the
differentially expressed genes we computed t tests (two-sample, two sided t
tests with a test on homogeneous variances) and nonparametric Wilcoxon-
rank-sum tests (22, 23).

We used the Cluster 2.11 software for similarity analyses, and TreeView
1.50 permitted visualization of the results (24).

For interpretation of data in terms of chromosomal localization of up-
regulated genes GenMAPP v1.0, MAPPFinder v1.0, and MAPPBuilder 1.0
from the Gladstone Institutes/University of California at San Francisco11 were
used. From the list of genes used for our analysis (see “Results”) MAPPBuilder
assigned all of the genes to separated MAPPs according to their affiliation to
individual chromosomal arms. These MAPPs were used by MAPPFinder to
calculate significant differences in the distribution of gene activity among the
genome. A z-score is used to quantify the gene activity difference of an
individual MAPP with regard to the average gene activity of the data set. Being
the difference between observed and expected activity normalized with the SD
of the hypergeometric distribution, a z-score of 0 states no activity difference,
and a z-score of 1 means one SD more activity than expected. Negative
z-scores indicate less activity than expected.

Quantitative Real-Time PCR. For a selected set of genes the microarray-
derived expression data were evaluated by quantitative PCR using the Light-
Cycler system (Roche Diagnostics, Mannheim, Germany). Glyceraldehyde-3-
phosphate dehydrogenase (GAPD) cDNA (NM 002046) was amplified using
primers GAPD-1 (5�- GAGTCCACTGGCGTCTTCA -3�) and GAPD-2 (5�-
GGGGTGCTAAGCAGTTGGT -3�). Avian erythroblastic leukemia viral on-
cogene homologue 3 (ERBB3) cDNA (NM 001982) was amplified using
primers ERBB3–1 (5�-ATGGTGCATAGAAACCTGGC-3�) and ERBB3–2
(5�-ACTCCCAAACTGTCACACCA-3�), and primers SILV-1 (5�-AGCTG-
GCCAAGTGCCTACTA-3�) and SILV-2 (5�-GGCACCTTCTCAGGTGT-
CAT-3�) were used for quantifying the “silver like gene” (SILV;
NM 006928). For all of the primer pairs an initial denaturation at 95°C for 2
min was followed by 35 cycles of denaturation at 94°C for 1 s, annealing at
60°C for 10 s, and extension at 72°C for 10 s.

Quantitative analysis was performed using the LightCycler Software, and a
relative quantification method is described elsewhere (25).

Northern Blot Analysis. Total RNA was prepared according to the
peqGOLD TriFast protocol (peqlab, Erlangen, Germany). Four �g of RNA
were loaded onto a 1.2% formaldehyde-agarose gel and transferred onto
positively charged nylon membranes (Roche Diagnostics) using the VacuGene
XL Vacuum blotting System (Amersham Pharmacia Biotech) according to the
manufacturer’s protocol. For detection of GAPD and ERBB3 RNA, antisense
probes were generated by in vitro transcription (Biotin- or DIG-RNA labeling
kit for GAPD and ERBB3, respectively; Roche Diagnostics). DNA templates
for in vitro transcription were generated by PCR using primers 5�-CACCCAT-
GGCAAATTCCATGGC-3� and 5�-TAATACGACTCACTATAGGGAGGCAT-
TGCTGATGATCTTGAGGCT-3� for GAPD, and 5�-TTCAATGACAGTG-
GAGCCTG-3� and 5�-TAATACGACTCACTATAGGGAGCCGTACTGTCC-
GGAAGACAT-3� for ERBB3 exons 7–10 (T7 promoter sequences are
italicized). The membranes were hybridized overnight at 63°C, and chemilu-

minescent detection was carried out with anti-DIG-alkaline phosphatase
[1:10,000] (Roche Diagnostics) and CSPD [1:100] (Roche Diagnostics) ac-
cording to the supplier’s instructions. Signals were obtained by exposing X-ray
film to the membranes for 6 h. For GAPD detection, the membranes were
reprobed with the biotinylated antisense RNA, and chemiluminescent detection
was achieved using the Streptavidin-biotinylated alkaline phosphatase (Strept-
ABComplex/AP; DAKO A/S;1:30,000).

Western Blot Analysis and Immunohistochemistry. For Western blot-
ting, cells or tissues were lysed in sample buffer containing 12.5% glycerol,
0.5% SDS, 31 mM Tris (pH 6.8), and 1.25% �-mercaptoethanol. Proteins
were separated in an 8% SDS-PAGE and transferred onto prewetted Pro-
tran 0.2-�m nitrocellulose membranes (Schleicher & Schuell, Dassel,
Germany) with transfer buffer (31 mM Tris-base, 233 mM glycine, and 25%
methanol). Benchmark prestained protein ladder (Invitrogen, Karlsruhe,
Germany) was used for size estimation. The ERBB3 protein was detected
by the ErbB-3 (C-17) antibody (rabbit polyclonal IgG; Santa Cruz Bio-
technology, Heidelberg, Germany) together with a goat antirabbit IgG
peroxidase-conjugated secondary antibody (Pierce, Rockford, IL). Whole
cell lysate from breast cancer cell line SK-BR-3 (Santa Cruz Biotechnol-
ogy) was used as a positive control.

Immunohistochemistry was performed using rabbit polyclonal antibody
HER-3 antibody-10 at a dilution of 1:100 (Neomarkers, Westinghouse, CA),
and monoclonal melanosomal antibody HMB-45 at 1:200. Peroxidase staining
was done using the DAB Chromogen/DAB Substrate kit from ScyTek Labo-
ratories (Logan, UT) according to the manufacturer’s protocol.11 Internet address: http://www.genmapp.org.

Fig. 1. Hierarchical clustering of expression microarray data. Normalized expression
data for the 27 cell lines were generated by Microarray Analysis Suite 5. Cluster 2.11 and
TreeView 1.50 were used to analyze the 6358 probe sets, which were called “Present” in
at least 2 of the samples. In this cluster diagram, only the first dimension of the analysis
showing the separation of the different tumor samples is given. Cluster analysis divided
the 27 cell lines into four major groups, with SHEP-SF being grouped with the osteosar-
coma cell lines (OS) as opposed to the other neuroblastomas (NB). The Ewing tumor
samples (EFT) and clear cell sarcomas of soft tissue (CCS) were also distinguished into
their tumor-specific clusters.
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Table 2 Most abundantly expressed genes in CCSSTa

The 54 most abundantly expressed genes in CCSST (median fold change �5.0; P �0.0005) are listed ordered according to their expression level with respect to the “non-CCSST”
tumors. Individual genes are represented by numbered “probe sets” on the Affymetrix HG U95Av2 oligonucleotide microarray. The respective chromosomal localization is illustrated
in Fig. 2. Data on gene function were extracted from the Gene Ontology database (28) supplemented by GeneCards database at the Weizmann Institute of Science.12 To find potential
CREs in the gene promoter sequences “Cis-element Cluster Finder” software was employed if reliable unique reference Sequence (RefSeq) from the LocusLink database was available.

Affymetrix
probe-set

No. in
Fig. 2 Symbol Gene (Hypothetical) function RefSeq

CRE probability
score

38327_at 1 SILV Silver homolog (mouse) Pigmentation NM_006928 0.07
32242_at 2 CRYAB Crystallin, � B Chaperon NM_001885 No
41158_at 3 PLP1 Proteolipid protein 1 (Pelizaeus-Merzbacher

disease, spastic paraplegia 2, uncomplicated)
Neural NM_000533 No

37625_at 4 IRF4 IFN regulatory factor 4 DNA-binding NM_002460 0.10
34922_at 5 CDH19 Cadherin 19, type 2 Cell adhesion NM_021153 No
35367_at 6 LGALS3 Lectin, galactoside-binding, soluble, 3

(galectin 3)
Cell adhesion NM_002306 No

36040_at 7 SH3BGR SH3 domain-binding glutamic acid-rich protein SH3/SH2 adaptor protein activity NM_007341 0.12
36800_at 8 OCA2 Oculocutaneous albinism II (pink-eye dilution

homolog, mouse)
Pigmentation NM_000275 No

35817_at 9 MBP Myelin basic protein Neural NM_002385 No
32112_s_at 10 AIM1 Absent in melanoma 1 Cell adhesion n.a.
37701_at 11 RGS2 Regulator of G-protein signalling 2, 24kDa GTPase activator NM_002923 0.11
40671_g_at 12 KYNU Kynureninase (L-kynurenine hydrolase) Amino acid metabolism NM_003937 No
33442_at 13 KIAA0367 KIAA0367 protein n.a.
39301_at 14 CAPN3 Calpain 3, (p94) Protease NM_000070 No
33193_at 15 KIAA1001 Hypothetical protein FLJ10055 Sulfuric ester hydrolase NM_014960 No
32154_at 16 TFAP2A Transcription factor AP-2 � (activating enhancer

binding protein 2 �)
DNA-bind NM_003220 No

610_at 17 ADRB2 Adrenergic, �-2-, receptor, surface cyclic AMP signaling NM_000024 No
1202_g_at 18 RAB33A RAB33A, member RAS oncogene family Small GTPase mediated signal

transduction
NM_004794 No

36018_at 19 SOX10 SRY (sex determining region Y)-box 10 DNA-binding NM_006941 No
38119_at 20 GYPC Glycophorin C (Gerbich blood group) Membrane stability NM_002101 No
32787_at 21 ERBB3 v-erb-b2 erythroblastic leukemia viral oncogene

homolog 3 (avian)
Transmembrane receptor protein

tyrosine kinase signaling
NM_001982 No

38228_g_at 22 MITF Microphthalmia-associated transcription factor Pigmentation NM_000248 No
32083_at 23 TM7SF1 Transmembrane 7 superfamily member 1

(upregulated in kidney)
Membrane NM_003272 0.25

39690_at 24 ALP �-Actinin-2-associated LIM protein Motor protein NM_014476 0.33
32066_g_at 25 CREM CRE modulator cAMP-dependent gene

transcription
NM_001881 0.12

31901_at 26 KCNAB2 Potassium voltage-gated channel, shaker-related
subfamily, � member 2

Neural ion channel NM_003636 0.28

39424_at 27 TNFRSF14 Tumor necrosis factor receptor superfamily,
member 14 (herpesvirus entry mediator)

Cell signaling NM_003820 No

226_at 28 PRKAR1A Protein kinase, cAMP dependent, regulatory, type
I, � (tissue-specific extinguisher 1)

cAMP-dependent protein kinase,
regulator activity

NM_002734 No

33439_at 29 SNF1LKb SNF1-like kinase Protein kinase NM_030751 No
32962_at 30 CTH Cystathionase (cystathionine �-lyase) Amino acid metabolism NM_001902 0.28
35966_at 31 QPCT Glutaminyl-peptide cyclotransferase (glutaminyl

cyclase)
Protein modification NM_012413 No

36014_at 32 GPR126 G protein-coupled receptor 126 G protein coupled neuropeptide
receptor activity

n.a.

33141_at 33 HSD17B1 Hydroxysteroid (17-�) dehydrogenase 1 Steroid metabolism NM_000413 No
37914_at 34 ENDOFIN Endosome-associated FYVE-domain protein Endosome NM_014733 No
41549_s_at 35 AP1S2 Adaptor-related protein complex 1, � 2 subunit Endocytosis NM_003916 No
34693_at 36 STHM Sialyltransferase Protein glycosylation NM_006456 No
595_at 37 TNFAIP3 Tumor necrosis factor, �-induced protein 3 DNA-binding NM_006290 0.53
38104_at 38 DECR1 2,4-Dienoyl CoA reductase 1, mitochondrial Lipid metabolism NM_001359 No
40147_at 39 VATI Vesicle amine transport protein 1 homolog (T

californica)
Neural NM_006373 No

32186_at 40 SLC7A5 Solute carrier family 7 (cationic amino acid
transporter, y� system), member 5

Amino acid uptake NM_003486 0.07

40841_at 41 TACC1 Transforming, acidic coiled-coil containing
protein 1

Embryogenesis NM_006283 No

540_at 42 HSPB2 Heat shock 27kDa protein 2 Heat shock NM_001541 0.20
38110_at 43 SDCBP Syndecan binding protein (syntenin) Cell signaling NM_005625 No
37544_at 44 NFIL3 Nuclear factor, interleukin 3 regulated DNA-binding NM_005384 No
36938_at 45 ASAH1 N-Acylsphingosine amidohydrolase (acid

ceramidase) 1
Lipid metabolism NM_004315 No

33532_at 46 CART1 Cartilage paired-class homeoprotein 1 Chondrocyte differentiation NM_006982 No
40876_at 47 GYG Glycogenin Carbohydrate metabolism NM_004130 No
506_s_at 48 STAT5A Signal transducer and activator of

transcription 5A
DNA-binding NM_003152 No

36168_at 49 FGFR1 Fibroblast growth factor receptor 1 (fms-related
tyrosine kinase 2, Pfeiffer syndrome)

Cell signaling n.a.

33452_at 50 PLAT Plasminogen activator, tissue Extracellular matrix NM_000930 No
41320_s_at 51 LRRFIP1 Leucine rich repeat (in FLII) interacting protein 1 Transcriptional regulation NM_004735 No
37272_at 52 ITPKB Inositol 1,4,5-trisphosphate 3-kinase B Cell signaling NM_002221 No
32563_at 53 ATP1B3 ATPase, Na�/K� transporting, � 3 polypeptide Na/K transport NM_001679 No
1833_at 54 CDK2 Cyclin-dependent kinase 2 Cyclin-dependent protein kinase

activity
NM_001798 0.29

a CCSST, clear cell carcinoma of soft tissue; CRE, cyclic AMP response elements; n.a., not analyzed; cAMP, cyclic AMP.
b Gene annotation corrected by authors.
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RESULTS

Confirmation of Chromosomal t(12;22) Translocation. For all
of the six CCSST cell lines as well as the primary tumor biopsy,
reverse transcription-PCR analysis for the EWS-ATF1 fusion gene
mRNA revealed an in-frame fusion between the Ewing sarcoma gene
(EWSR1) codon 325 and the activating transcription factor 1 gene
(ATF1) codon 65, which permits the production of chimeric EWS-
ATF1 oncoproteins (data not shown).

Gene Expression Patterns, Cluster Analysis, and Statistical
Analysis. We investigated differential gene expression in 27 human
cancer cell lines using Affymetrix Human Genome U95Av2 Arrays
carrying 12,626 probe sets representing �12,000 different genes.
These cell lines included 6 CCSST, 7 ETs, 6 OSs, and 8 NBs. After
removing all of the probe sets, which were not called “present” for at
least 2 of the 27 samples by the Micro-Array-Suite 5 software (Af-
fymetrix), the remaining 6,358 probe sets were used in an unsuper-
vised hierarchical clustering algorithm as described elsewhere (26),
and the results were visualized with the TreeView program.

In the hierarchical cluster analysis (Fig. 1) all of the cell lines were
readily grouped according to their respective tumor tissue of origin
with the exception of the NB cell line, SHEP-SF, clustering with the
osteosarcomas.

In restricting our focus to analyze only those genes exhibiting
statistically significant differential expression in CCSST, we per-
formed t tests (two-sample, two sided t tests with a test on homoge-
neous variances) and nonparametric Wilcoxon rank-sum tests using
the corresponding expression values for each gene in each group.

For each statistic we computed Ps to assess the strength of the
evidence (statistical significance) against the null hypothesis of an
average equal expression in CCSST and “non-CCSST” (27). Using a
cutoff level for the P of 0.05 we found 88% common genes in both
groups.

Among the 6358 probe sets used for statistical analysis the Wil-
coxon rank-sum test identified 2697 probe sets to be significantly
(P � 0.05) up- or down-regulated in CCSST including 1527 probe
sets showing Ps � 0.01 and 331 probe sets characterized by
Ps � 0.001. Lists of complete raw-data and processed data including

statistical analysis, “GeneOntology” annotations and “LocusLink”
chromosomal localizations are available.13,14

To obtain an overview of the expression profile of CCSST with
respect to the entire human genome, we first sought to identify
chromosomal regions showing elevated gene activity. Merging all
genes of an individual chromosomal arm into one map, MAPPFinder
calculated the impact of differences of the distribution pattern. For this
analysis probe sets showing at least a 2-fold increased median expres-
sion level in CCSST samples together with a P � 0.05 in the
Wilcoxon test were considered to be activated (337 genes). Chromo-
somal arms showing at least 1.0 SD more activity than expected were
8p and q (z score � 3.153 and 4.742), 18p and q (z score � 3.504 and
2.376), 6q (z score � 2.528), 17q (z score � 1.707), 7p and q (z
score � 1.505 and 1.343), and 10p (z score � 1.167).

The 54 most highly overexpressed genes (fold change �5;
P � 0.0005; 54 genes) are summarized in Table 2, and their chro-
mosomal localization is illustrated in Fig. 2. In addition to the char-
acteristically up-regulated genes a list comprising the most signifi-
cantly down-regulated genes (P � 0.005; fold change �0.25) is given
in Table 3.

Gene Ontology Analysis. The genes listed in Table 2 were also
used for the analysis of biological processes that might be of impor-
tance for biology of CCSST. By Onto-Express (28)15 we translated
the up-regulated genes into functional profiles, using information
available from GeneOntology database. Sufficient information on
biological processes was available for 37 of the 54 highly significant
genes. Focusing on ontology terms for which more than one up-
regulated gene was annotated we observed over-representation of
genes especially involved in “amino acid metabolism” (CTH and
SLC7A4; P � 0.024) and “regulation of transcription from Pol II
promoter” (PRKAR1A, STAT5A, LRRFIP1, and SOX10; P � 0.028;
Ps corrected for multiple testing).

12 Internet address: http://bioinformatics.weizmann.ac.il/cards/.
13 Internet address: http://www-public.rz.uni-duesseldorf.de/�k-sch00l/download/

CCST-DATA-processed.XLS.
14 Internet address: http://www-public.rz.uni-duesseldorf.de/�k-sch001/download/

CCSST-DATA-raw.XLS.
15 Internet address: http://vortex.cs.wayne.edu/projects.htm#Onto-Express.

Fig. 2. Chromosomal distribution of genes over-
expressed in clear cell sarcomas of soft tissue. The
chromosomal localizations of the 54 most up-reg-
ulated genes are indicated as given by the Gene-
Cards database.12 Identity of genes is given in
Table 2. Obvious foci of high gene activity are at
chromosome 8, 12q13, and 17q.
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Marker Genes in Neuroblastoma and Ewing’s Tumors. We
additionally sought to compare our GeneChip data with a former
expression profiling study on neuroblastoma and Ewing’s tumors
together with rhabdomyosarcoma and Burkitt lymphoma by Khan et
al. (29). Using artificial neuronal networks the authors established a
list of 96 ranked genes that could be used to classify their tumor
samples according to the tissue type of origin. From this list of 96
ranked genes 56 were found to: (a) represent fully annotated genes (no
expressed sequence tag); and (b) be also included in our list of probe
sets, which were at least twice called “present.” We applied the �2 test
to determine whether genes found to be overexpressed in Ewing’s
tumors or neuroblastoma, respectively, by Khan et al. (29) were also
up-regulated at least 1.5-fold (calculated by median values) in our
tumor cell lines. If a gene was represented by more than one probe set,
the median value of all of the corresponding probe sets was used for
this purpose. We calculated Ps of 0.0000026 for the comparison of
up-regulated Ewing’s tumor genes and P � 0.0000415 for the neu-
roblastoma samples using Microsoft Excel. Characteristic genes con-
cordantly found in both studies were APLP1, AF1Q, CDH2, FHL1,
GAP43, GATA2, MAP1B, SFRP1, NFIB, and PIG3 for NB and
CCND1, DPYSL2, ANXA1, CAV1, DAPK1, FCGRT, FVT1, GYG2,
MIC2, PTPN13, SELENBP1, TLE2, TNFAIP6, TUBB5, MYC, GAS1,
and MN1 for EFT. All of the genes used for this analysis are assem-
bled in Table 4.

Validation of Microarray Experiments by Real-Time PCR.
Real-time PCR using the LightCycler system was used as an inde-
pendent method for validating microarray experiments and assessing
relative gene expression for a subset of genes. ERBB3 and SILV
expression levels, measured by real-time PCR, were highly compara-
ble with expression-microarray data (probe set 32787_at and
38327_at, respectively; Fig. 3). For both genes we could confirm that
they are obviously up-regulated in CCSST compared with the ET,
NB, and OS samples.

For ERBB3 additional probe sets (1585_at, 2089_s_at, and
1742_at) were represented on the GeneChip. Using Microsoft Excel
we calculated Pearson correlation coefficients of 0.993, 0.910, and
0.437 when comparing the data with probe set 32787 at (ERBB3).

Is ERBB3 a Target Gene of EWS/ATF1? Because constitutively
active EWS-ATF1 may mimic cAMP-induced gene activation, the
promotor region (transcription start sites from �1000 to �50) of
ERBB3 (NM 001982), in comparison to all of the other up-regulated
genes of Table 2 were extracted using “PROMOSER”16 and were
analyzed for CREs (consensus TGACGTCA) using the web-accessi-
ble “cis-element Cluster Finder” analysis software “CISTER”.17 Be-
cause CISTER looks for clusters of potential transcription factor

16 Internet address: http://biowulf.bu.edu/zlab/promoser/.
17 Internet address: http://zlab.bu.edu/�mfrith/cister.shtml.

Table 3 Genes downregulated in CCSSTa

List of the 38 most significantly down regulated genes [P � 0.005, fold change �0.25, calculated by MEDIAN (CCSST)/MEDIAN (nonCCSST)] in CCSST.

Affymetrix probe set Symbol Gene Map location (Hypothetical) function Fold change

36990_at UCHL1 Ubiquitin carboxyl-terminal esterase L1
(ubiquitin thiolesterase)

4p14 Peptide metabolism 0.00

157_at PRAME Preferentially expressed antigen in melanoma 22q11.22 Melanoma antigene 0.01
39070_at FSCN1 Singed-like (fascin homolog, sea urchin)

(Drosophila)
7p22 Cytoskeleton 0.02

35668_at RAMP1 Receptor (calcitonin) activity modifying protein 1 2q36-q37.1 Cell signaling 0.02
36606_at CPE Carboxypeptidase E 4q32.3 Peptide metabolism 0.03
33440_at TCF8 Transcription factor 8 (represses interleukin

2 expression)
10p11.2 Transcriptional regulation 0.04

37591_at UCP2 Uncoupling protein 2 (mitochondrial, proton carrier) 11q13 Mitochondrial transport 0.05
32598_at NELL2 NEL-like 2 (chicken) 12q13.11-q13.12 Cell adhesion 0.07
37920_at PITX1 Paired-like homeodomain transcription factor 1 5q31 DNA binding 0.08
32190_at FADS2 Fatty acid desaturase 2 11q12-q13.1 Lipid metabolism 0.09
32607_at BASP1 Brain abundant, membrane attached signal protein 1 5p15.1-p14 Neural 0.12
34820_at PTN Pleiotrophin (heparin binding growth factor 8, neurite

growth-promoting factor 1)
7q33-q34 Cell signaling 0.13

38717_at DKFZP586A0522 DKFZP586A0522 protein 12q11 Methyltransferase 0.13
364_s_at PLCB3 Phospholipase C, � 3 (phosphatidylinositol-specific) 11q13 Cell signaling 0.13
40478_at DJ971N18.2 Hypothetical protein DJ971N18.2 20p12 Electron transport 0.13
38750_at NOTCH3 Notch homolog 3 (Drosophila) 19p13.2-p13.1 Embryogenesis 0.14
37194_at GATA2 GATA binding protein 2 3q21 DNA binding 0.15
41719_i_at FADS1 Fatty acid desaturase 1 11q12.2-q13.1 Lipid metabolism 0.15
33655_f_at SSX3 Synovial sarcoma, X breakpoint 3 Xp11.2-p11.1 DNA binding 0.16
40512_at CHN1 Chimerin (chimaerin) 1 2q31-q32.1 Cell signaling 0.16
38087_s_at S100A4 S100 calcium binding protein A4

(calcium protein, calvasculin, metastasin)
1q21 Invasive growth 0.16

35917_at MAP1A Microtubule-associated protein 1A 15q13-qter Cytoskeleton 0.17
32798_at GSTM3 Glutathione S-transferase M3 (brain) 1p13.3 Neural 0.18
40043_at PRSS3 Protease, serine, 3 (mesotrypsin) 9p11.2 Proteolysis 0.18
32689_s_at PTGER3 Prostaglandin E receptor EP3 subtype 1p31.2 Steroid signaling 0.21
1107_s_at G1P2 IFN stimulated protein, 15 kDa 1p36.33 Immune response 0.22
35628_at TM7SF2 Transmembrane 7 superfamily member 2 11q13 Steroid metabolism 0.22
41770_at MAOA Monoamine oxidase A Xp11.4-p11.3 Electron transport 0.22
35740_at EMILIN1 Elastin microfibril interface located protein 2p23.3-p23.2 Cell adhesion 0.22
39178_at RTN1 Reticulon 1 14q21-q22 Neural 0.23
38156_at MDFI MyoD family inhibitor 6p21 Embryogenesis 0.23
38364_at BCE1 BCE-1 protein 9q21.32 No GO entry 0.23
36097_at ETR101 Immediate early protein 19p13.13 Cell signaling 0.23
40511_at GATA3 GATA binding protein 3 10p15 DNA binding 0.23
34412_s_at PNUTL1 Peanut-like 1 (Drosophila) 22q11.21 Cytokinesis 0.24
41764_at APOC1 Apolipoprotein C-I 19q13.2 Lipid metabolism 0.25
38933_at KIFC1 Kinesin-like 2 6p21.3 Mitosis 0.25
36993_at PDGFRB Platelet-derived growth factor receptor,

beta polypeptide
5q31-q32 Cell signaling 0.25

a CCSST, clear cell carcinoma of soft tissue.
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binding sites, besides CREs, the DNA sequences were scanned addi-
tionally for TATA, Sp1, CCAAT, AP1, LSF, and GATA elements. A
probability score of �0.01 was delivered indicating that ERBB3 is not
likely to be directly affected by a CRE-binding transcription factor.
Somatostatin (SST) and c-fos (FOS), both known to transcriptionally
respond to cAMP, deliver probability scores of 0.12 and 0.12, respec-
tively. Overall, 13 of the 50 (26%) most up-regulated genes of CCSST
show potential CREs near to their transcription start point. Using the
list of genes found by Khan et al. (29) to be characteristically
regulated in ET and/or NB (Table 4) as a reference panel reveals
CREs for only 8 (17%) of these 46 genes (17%; for 10 of the 56 genes
no unique reference cDNA sequence could be obtained) even if this
difference does not reach statistical significance (�2 test).

ERBB3 Northern Analysis. For the ERBB3 gene, alternatively
spliced variants are known and only the full-length transcript codes
for the functional receptor, which is composed of the extracellular
ligand binding domain, the transmembrane domain, and the cytoplas-
mic effector domain. Shorter versions of the ERBB3 mRNA only code
for the extracellular domain, and these are considered to have an
antagonistic effect.

To evaluate whether the truncated antagonistic forms of ERBB3
were also present in CCSST cells, an exon 7–10 spanning antisense
probe, designed to detect all of the previously observed variants of
ERBB3 mRNA, was used for Northern analysis. We found a strong
hybridization signal at �6.2 kb in all of the six CCSST cell lines,
which was expected for the full-length receptor mRNA. No abundant

Table 4 Comparison of GeneChip data from this study to expression profiling by Khan et al. (29) for neuroblastoma and Ewing’s tumors

List of 56 genes found suitable for tumor classification (Gene Class) by Khan et al. (29) for which also reliable data were generated in the study presented here. Genes classified
as EWS or in combination with other entity (e.g. EWS/BL) by Khan et al. (29) and showing an at least 1.5-fold up-regulation according to our GeneChip data (calculated using median
values of all cell line samples) were considered to be concordantly overexpressed. For comparison of promoter region of CCSST-activated genes versus EWS- or NB-activated genes
the probability score for CRE as calculated by “Cis-element Cluster Finder” software is also included if reliable unique reference Sequence (RefSeq) was available.

Gene Symbol Image Id. Gene class ET_median/all_median NB_median/all_median RefSeq CREa probability score

MT1L 297392 BL 3.10 0.33 n.a.
ACTA2 868304 BL 0.72 1.30 NM_001613 0.07
ELF1 241412 BL 1.30 0.92 NM_172373 No
HLA-DPB1 840942 BL 1.04 0.84 NM_002121 No
MME 200814 BL 1.24 0.89 n.a.
PIM2 1469292 BL 1.42 1.04 NM_006875 No
PRKAR2B 609663 BL 1.49 1.43 NM_002736 No
TLE2 1473131 EWS 1.70 0.61 NM_003260 No
ANXA1 208718 EWS 1.89 0.22 NM_000700 No
FVT1 814260 EWS 1.95 0.74 NM_002035 No
SELENBP1 80338 EWS 1.99 0.65 NM_003944 No
TUBB5 291756 EWS 2.29 0.38 NM_006087 No
DAPK1 364934 EWS 2.31 0.70 NM_004938 No
MIC2 1435862 EWS 2.55 0.15 NM_002414 No
PTPN13 866702 EWS 2.69 0.66 n.a.
GYG2 43733 EWS 3.36 0.57 NM_003918 No
TNFAIP6 357031 EWS 4.68 0.51 NM_007115 No
FCGRT 770394 EWS 5.10 0.79 NM_004107 0.07
CAV1 377461 EWS 16.39 0.12 NM_001753 0.10
IFI16 824602 EWS/BL 1.11 0.20 NM_005531 No
MYC 417226 EWS/BL 1.91 0.19 NM_002467 No
CRYAB 839736 EWS/RMS 0.40 0.53 NM_001885 No
GAS1 365826 EWS/RMS 6.31 0.56 NM_002048 No
MN1 41591 EWS/RMS 1.92 0.08 NM_002430 No
LGALS3BP 811000 EWS/NB 0.85 0.99 NM_005567 0.11
APLP1 289645 EWS/NB 0.91 2.42 NM_005166 No
CCND1 841641 EWS/NB 3.55 0.96 n.a.
DPYSL2 841620 EWS/NB 2.24 1.17 NM_001386 No
CRMP1 878280 NB 1.04 0.80 NM_001313 No
PFN2 486110 NB 1.47 1.15 n.a.
DPYSL4 395708 NB 0.79 1.36 NM_006426 No
FHL1 813266 NB 0.71 1.59 NM_001449 0.47
CDH2 325182 NB 0.20 3.63 NM_001792 No
MAP1B 629896 NB 0.96 4.16 n.a.
AF1Q 812105 NB 0.96 4.38 NM_006818 No
GATA2 135688 NB 1.30 6.34 n.a.
SFRP1 82225 NB 0.67 6.91 NM_003012 0.07
GAP43 44563 NB 0.70 74.51 NM_002045 No
NFIB 416959 RMS/NB 2.57 3.57 NM_005596 No
PIG3 859359 RMS/NB 0.27 2.06 n.a.
COL3A1 122159 RMS 2.51 1.42 NM_000090 No
IGFBP5 45542 RMS 1.77 0.34 NM_000599 No
TNNT1 1409509 RMS 2.97 0.85 n.a.
GATM 42558 RMS 1.12 2.66 NM_001482 No
IGF2 296448 RMS 1.21 10.93 NM_000612 No
HSPB2 324494 RMS 0.64 1.18 NM_001541 0.20
ITGA7 377671 RMS 0.72 1.01 NM_002206 No
NME2 755750 RMS 0.97 0.96 NM_002512 No
IL4R 714453 RMS/BL 0.61 0.73 NM_000418 No
IGFBP2 233721 Not BL 3.92 1.87 NM_000597 No
PTPRF 897788 Not BL 1.06 1.70 n.a.
APP 323371 Not BL 1.05 0.93 NM_000484 No
CKB 1416782 Not BL 1.09 1.34 NM_001823 No
CTNNA1 21652 Not BL 0.94 0.63 NM_001903 No
GSTA4 504791 Not BL 1.10 1.45 NM_001512 0.09
TIMP3 768370 Not BL 1.08 0.83 NM_000362 No

a CRE, cyclic AMP responsive element; CCSST, clear cell sarcoma of soft tissue; n.a., not analyzed; BL, Burkitt lymphoma; EWS, Ewing’s sarcoma; NB, neuroblastoma; RMS,
rhabdomyosarcoma.
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amounts of shorter variants of the ERBB3 mRNA could be detected
(Fig. 4).

ERBB3 Protein Analysis. Western blot analysis of the CCSST
cell lines, in comparison to ETs, NBs, and OSs, was performed using
a polyclonal antibody directed against the COOH-terminal domain of
the ERBB3 receptor. A strong signal at �170 kDa found in both the
CCSST as well as the breast cancer cell line SK-BR-3, which is
known to overexpress ERBB3, indicated that not only the mRNA but
also the protein product is produced at elevated levels. Lower amounts
of the ERBB3 protein were detected in the 1 of 5 OS (OST), in 2 of
4 ET (WE-68 and VH-64), and a weak signal in 1 of 2 NB (SHSY-5Y;
Fig. 5).

From 1 patient suffering from a histologically and molecular ge-
netically proven CCSST, frozen tissue as well as formalin-fixed tissue
of the initial tumor biopsy was available. The former was used for
protein extraction and Western blot analysis as indicated in Fig. 6A
showing specific ERBB3 expression also in this primary tumor sam-
ple. The latter, together with 19 additional CCSST specimens, was
examined by immunohistochemistry for SILV and ERBB3 protein
expression. Two osteosarcoma, 2 neuroblastoma, and 2 Ewing sar-
coma samples were also included in the immunohistochemical anal-
ysis. We found 19 of 20 CCSST samples to be positive for SILV/
HMB-45 (the negative sample could be shown to harbor an EWS-
ATF1 rearrangement), and 18 of 20 clinical CCSST samples revealed
abundant expression of the ERBB3 protein (Fig. 6, B and C). As
expected, none of the other 6 tumor specimens (osteosarcomas, neu-
roblastomas, and Ewing sarcomas) or other negative controls (e.g.,
tonsil) showed positive staining for SILV or ERBB3.

DISCUSSION

CCSST accounts for only 1% of all malignancies of the musculo-
skeletal system but may represent a serious challenge to the physician
regarding diagnosis and treatment. Molecular genetically, the most
characteristic feature of this tumor is the presence of the reciprocal
t(12;22) translocation; therefore, the proof of the presence or absence
of this chromosomal rearrangement should be included whenever
possible. Unfortunately, not all of the biopsy samples are suitable for

genetic or molecular genetic analysis due to inadequate pretreatment
of tissue specimens. Therefore, we sought in this study to identify new
diagnostically valuable marker genes that are characteristically over-
expressed in this tumor entity. In addition we were interested to
discover signaling pathways, which are critical for malignant growth
of CCSST and could therefore be used as targets for new therapeutic
strategies.

We have characterized six cell lines derived from CCSST by their
expression profiles in comparison to 21 cell lines derived from other
solid extracranial tumors affecting children and young adults. All of
the CCSST cell lines were known or could be shown here to harbor
the characteristic t(12;22) translocation, resulting in an EWS-ATF1
gene fusion transcript type 1 (30).

Applying two-dimensional hierarchical cluster analysis based on a
subset of �6000 reliably measured genes, the 27 cell lines analyzed
here were grouped in the first dimension according to their four tumor
entities. Only the NB cell line SHEP-SF was found to be more related
to the OSs than the NBs regarding their expression profiles. This
aberrant clustering of SHEP-SF apart from all of the other 7 NBs was
not entirely unexpected, because SHEP-SF has been characterized as
an atypical neuroblastoma exhibiting epithelial differentiation (31).
Moreover, we have observed previously SHEP-SF being clustered
apart from the NB cell lines Kelly, NGP, and SH-SY5Y in a gene
expression analysis of NB and ET cell lines using a different type of
oligonucleotide microarray (20). Despite this single case, our data
clearly confirm that expression profile analysis is a valuable tool to
define tumors based on their molecular biological characteristics. In
fact, there are examples published where expression profiling was the
basis to discover improperly diagnosed tumors and led to the reclas-
sification of these malignancies (19, 32). In addition, comparison of
our GeneChip data to a former expression profiling study on EFT and
NB showed strong correlation between these two data sets regardless
of the type of microarray used (Affymetrix versus Image cDNA array)
or the used numerical analysis (nonparametric Wilcoxon rank-sum
tests versus artificial neuronal network).

Several of the genes we found to be significantly (P � 0.05)

Fig. 3. Relative expression of SILV and ERBB3 by expression microarrays and
quantitative real-time PCR. The GeneChip signal values from all of the 6 CCSST cell
lines, 5 osteosarcoma cell lines, 6 neuroblastoma, and 4 Ewing’s family of tumors cell
lines were compared with real-time PCR data. For both methods the target gene expres-
sion data are represented in correlation to the corresponding values of the housekeeping
gene glyceraldehyde-3-phosphate dehydrogenase (GAPD). For calculation of GeneChip
data, probe sets 38327 at (SILV), 32787 at (ERBB3), and AFFX-HUMGAPDH/
M33197 3 at (GAPD) were used; additional redundant probe sets for these genes of the
HG-U95Av2 Chip were ignored. Both microarray signal values (p) as well as LightCycler
data (1) are expressed as percentage with respect to the highest-expressing cell line.

Fig. 4. Northern blot analysis of ERBB3 expression in cancer cell lines. Four �g of total
RNA were separated in 1.2% formaldehyde-agarose gel and transferred onto positively
charged nylon membranes. The blot was hybridized with biotin-labeled GAPD and
DIG-labeled ERBB3 antisense probes. StyI-digested and biotin-labeled �-DNA was used
as size-marker (SM). Only the 6.2 kb full-length ERBB3 mRNA was detectable, and no
abundant amounts of shorter variants of the ERBB3 mRNA could be seen.
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overexpressed in CCSST had already been characterized in this entity
by other methods including the S100 protein (S100A11), the microph-
thalmia-associated transcription factor (MITF; Ref. 33), or the silver
(mouse homologue)-like melanosomal protein Pmel17 (SILV), which
is detected by the antibody HMB-45 in routine immunohistochemical
examination of CCSST. These findings, together with the comparison
of the real-time PCR data (Fig. 3) prove the reliability of GeneChips
and confirm them as a valuable molecular genetic tool even if the
annotation of individual probe sets on the U95Av2 Chip may lead to
conflicting results whereas measuring target gene mRNA abundance
was shown here for one of the four probe sets representing ERBB3. In
this case the probe set 1742 at was designed to identify a rare splice
variant of the ERBB3 mRNA, which was originally observed in
gastric cancer cell line MNK45 (GenBank S61953). Another source of
conflicting data may arise from incorrect annotations of probe sets.
For example we found probe sets representing the gene “transcription
factor 8” (TCF8) in both, the list of up- and down-regulated genes.
Reanalysis of the sequences used to generate the probes of set
33439 at clearly showed that they belong to the “SNF1-like kinase”
gene rather than TCF8.

While this article was under review Segal et al. (34) described the
discrimination of four CCSST tumor specimens from other soft tissue
tumors and cutaneous melanoma by computational analysis of
U95Av2-data. In their Fig. 4 the authors present a list of 55 probe sets

representing 41 different genes that were the most significantly over-
expressed genes in their CCSST tumor tissues. Three of these probe
sets did not meet our criteria of being “present” in at least 2 of the
samples in our study. Of the remaining 52 probe sets, 45 (representing
34 genes) were observed to be differentially (Wilcoxon and/or t test)
regulated in our samples. Keeping in mind that these were two
completely separate studies comparing different tumor entities against
CCSST, the observed concordance powerfully underlines the robust-
ness of GeneChip expression profiling and the suitability of tumor cell
lines to serve as a model system in many respects.

Analyzing our 54 most activated genes (Table 2) by OntoExpress
reveals that tight gene expression regulation seems to be a critical
factor for malignant CCSST growth. Because sufficient information
was available for only 37 of the 54 genes in the GO database, Table
2 was supplemented by the records found in the GeneCards database.
Merging this information, we found CCSST to be largely character-
ized by the overexpression of genes that are involved in the response
or extinguishing of cAMP signals (MITF, CREM, and PRKAR1A), in
signaling or structure maintenance of neuronal tissue (PLP1, MBP,
KCNAB2, and VATI) or which are critical for pigmentation (SILV,
OCA2, and MITF).

The chimeric EWS-ATF1 protein was shown previously to consti-
tutively deregulate promoters harboring an ATF1-binding site (8).
These findings could be endorsed by our computational analysis of the

Fig. 5. SDS-PAGE analysis of whole cell ly-
sates. Western blot analysis using a rabbit poly-
clonal Erbb3-antibody reveals a strong signal at
�170 kDa in all of the clear cell sarcoma of soft
tissue cell lines (Su-CCS1, MST3, MST2, KAO,
DTC1, and GG62) as well as the breast cancer cell
line SK-BR-3, which is known to overexpress
ERBB3. Weak signals of the ERBB3 protein were
detected in 2 of 4 Ewing tumors (WE-68 and VH-
64) and in 1 of 2 neuroblastomas (SHSY-5Y). One
of 5 osteosarcomas (OST) also shows increased
ERBB3 expression in conformity with the mRNA
data.

Fig. 6. Protein expression in primary tumor
specimen. A, Western blot analysis of proteins ex-
tracted from fresh-frozen clear cell sarcoma of soft
tissue confirms expression of the �170 kDa
ERBB3 protein, which is also found in the control
cell line. B and C, example of light microscopic
examination (magnification �400) of clinical clear
cell sarcoma of soft tissue specimens revealing
strong SILV (B) and ERBB3 (C) expression in
tumor cells by immunohistochemical analysis of
formalin-fixed, paraffin-embedded biopsy. None of
2 Ewing tumors, none of the 2 osteosarcomas (ex-
ample given in D), and none of the 2 neuroblasto-
mas (E) control tumor samples showed immuno-
histochemical staining for ERBB3.
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promoter region of the most up-regulated genes in CCSST showing a
higher (even if not significantly) proportion of genes harboring a
potential ATF1-binding site when compared with characteristically
up-regulated genes in Ewing’s tumors or neuroblastoma. On the other
hand, CCSST cells are deficient, at least to some extent, to respond
transcriptionally to cAMP stimulation (7).

We observed increased expression of MITF (microphthalmia-asso-
ciated transcription factor, mainly the melanocyte specific variant;
Ref. 35), the CREM, and the protein kinase, cAMP-dependent, reg-
ulatory subunit, type I, � (tissue specific extinguisher 1; PRKAR1A).

CREM and PRKAR1A play a role in extinguishing cAMP-induced
signals. In untransformed cells, the cAMP-dependent transcription
factors ATF1 and CRE binding protein are activated by phosphoryl-
ation by protein kinase A (PKA). In the absence of cAMP induction,
the PKA catalytic subunits are sequestered and inactivated by regu-
latory subunits encoded by PRKAR1A. However, because EWS-ATF1
proteins lack a complete ATF1 NH2-terminal kinase-inducible do-
main, they function independently of activation by PKA. Therefore,
the PRKAR1A up-regulation in CCSST cells may indicate a futile
attempt by the cells to counter the constitutive activity of EWS-ATF1.
The CREM variant inducible cAMP early repressor is transcription-
ally activated by cAMP (and EWS-ATF1?) but, at the same time,
functions as a powerful repressor of cAMP-induced transcription by
binding to CREs within its own and other gene promoter regions (36).
Therefore, we speculate that the constitutive overexpression of CREM
considerably contributes to the deficiency of EWS-ATF1-positive
cells to respond to cAMP by gene transcription.

In melanocytes and melanoma of the skin there is a well-established
link between cAMP signaling and induction of melanogenesis (37).
Elevation of intracellular cAMP leads to PKA activation and finally
results in the transcription of MITF; MITF is essential for the expres-
sion of tyrosinase, the rate-limiting enzyme in melanogenesis.
Whereas the regulatory subunits, type I, � of PKA and MITF are both
dramatically up-regulated in our CCSST cell lines, only a subset of
these cells also expresses tyrosinase mRNA and protein (35). This
may explain the histological presence of immature melanosomal
structures but absence of detectable melanin pigment in most CCSST
cases. It will be interesting to determine whether the melanocytic
phenotype of CCSST is just an epiphenomenon due to severe disturb-
ance of cAMP pathways or is based on a close etiological relation to
melanoma of the skin defining CCSST as a subtype of melanoma as
suggested by Segal et al. (34).

When we focused on the 54 most up-regulated genes we observed
a small cluster of three activated genes on the same chromosomal
band as the ATF1 breakpoint (12q13). This co-up-regulation of
ERBB3, CDK2, and SILV in CCSST, which can also be deduced from
the data by Segal et al. (34) for their four tumor tissue specimens, is
momentous because it distinguishes this tumor not only from ET, NB,
and OS, but also from malignant melanoma of the skin. In 17 cuta-
neous melanoma cell lines, Walker and Hayward (38) found strong
expression of both SILV and CDK2 in just 6 samples (35%). SILV or
CDK2 alone were each expressed in 3 cell lines, and, in the remaining
5 cell lines, both genes were down-regulated. In addition, immuno-
histochemistry could detect only a weak ERBB3 expression in a
minor subset of primary cutaneous melanoma biopsies (12 of 30;
Ref. 39).

One of the most significant findings of our study is the dramatic and
characteristic overexpression of ERBB3, encoding a member of the
epidermal growth factor receptor family, in CCSST at both the mRNA
and protein levels. The knowledge of this characteristically overex-
pressed growth factor receptor offers new possibilities to further
improve the diagnosis of CCSST.

In addition, the understanding of the multiple processes that mod-

ulate epidermal growth factor receptor signal transduction, such as
heterodimerization, tyrosine kinase activity, and endocytosis, together
with the discovery that certain receptors are selectively overexpressed
in special cancer types, has revealed new opportunities in the devel-
opment of modern anticancer therapeutics (reviewed in Ref. 40). One
example is the development of agents consisting of a targeting ligand
coupled to a potent toxin (41).

This is of special interest because CCSST are highly resistant to
adjuvant chemotherapy. It remains to be elucidated whether ERBB3
overexpression is not only a new marker of the CCSST phenotype but
also a prerequisite for malignant growth of this tumor type. Our
ongoing studies have already excluded the presence of secreted iso-
forms of the ERBB3 receptor, produced from an alternatively spliced
mRNA transcript, which are known to antagonize the activation of
ERBB heterodimers (42).
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