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Abstract

Sixteen dedifferentiated and pleomorphic liposarcomas were analyzed
by comparative genomic hybridization (CGH) to genomic microarrays
(matrix-CGH), cDNA-derived microarrays for expression profiling, and
by quantitative PCR. Matrix-CGH revealed copy number gains of numer-
ous oncogenes, i.e., CCND1, MDM2, GLI, CDK4, MYB, ESR1, and AIB1,
several of which correlate with a high level of transcripts from the
respective gene. In addition, a number of genes were found differentially
expressed in dedifferentiated and pleomorphic liposarcomas. Application
of dedicated clustering algorithms revealed that both tumor subtypes are
clearly separated by the genomic profiles but only with a lesser power by
the expression profiles. Using a support vector machine, a subset of five
clones was identified as “class discriminators.” Thus, for the distinction of
these types of liposarcomas, genomic profiling appears to be more advan-
tageous than RNA expression analysis.

Introduction

LSs3 represent the most common soft tissue tumors in adults and
account for �20% of all mesenchymal malignancies. The tumors are
characterized by a high morphological diversity and a great variation
in biological behavior. According to the WHO classification, five
morphological liposarcoma subtypes are distinguished, i.e., WLS,
myxoid, round cell, PL, and DL. Progression ranges from nonmetas-
tasizing neoplasms such as WLSs to LSs with overt metastatic poten-
tial, such as round cell LS, DL, and PL (1). On the basis of recent
molecular studies, DL is discussed as a variant of WLS, characterized
by a stepwise morphological progression and by ring or large marker
chromosomes (2, 3). Only little is known about recurrent cytogenetic
aberrations in PL, and therefore it remains unclear whether PL is
contained in the genetic WLS/DL continuum or whether it represents
an independent pathogenetic entity (4).

Characterization of chromosomal copy number changes as well as
gene expression analysis provides evidence for pathogenic mecha-
nisms involved in tumor etiology or development. Furthermore, they
have the potential to identify novel diagnostic and prognostic molec-
ular markers. In the present study, we applied two high-throughput
screening methods, i.e., matrix-CGH allowing detection of genomic

imbalances with high resolution and DNA chip-based gene expression
profiling, as well as quantitative PCR for the analysis of eight DLs and
eight PLs. This led to the identification of new candidate genes
involved in the pathogenesis of these tumors. Furthermore, cluster and
classification algorithms allowed us to discriminate between both LS
subtypes by the pattern of genomic aberrations and revealed a mini-
mal set of genes required for this distinction.

Materials and Methods

Tumor Samples, Genomic DNA, and RNA. Diagnosis of the tumors was
based on standard histopathological criteria in conjunction with immuno-
chemical analysis according to the WHO classification (1). All tumors were
classified as grade III except cases DL41 and DL45, which were grade II. For
matrix-CGH, genomic DNA was isolated using a standard phenol/chloroform
extraction protocol. Genomic DNA from blood of healthy donors served as
control. For cDNA microarray analysis, total RNA was isolated from homog-
enized samples using Trizol reagent (Life Technologies, Inc.). mRNA isolation
was performed using a poly(A)� mRNA isolation kit (Qiagen) according to
the manufacturer’s instructions. A pool of mRNAs derived from different
tissues (human total RNA panel I; Clontech) was used as a reference. To
identify tumor-associated changes in gene expression, RNA isolated from
healthy adipocytic tissue was used.

Matrix-CGH. Our recently designed DNA chip consisting of 188 DNA
fragments (5) was extended by a set of 112 sequence-verified and fluorescence
in situ hybridization-mapped BAC fragments localized on chromosome 12q.
Arraying, probe labeling, and hybridization, as well as digital imaging and data
analysis, were performed as described recently (5).

cDNA Microarray. Microarrays containing 1600 nonredundant, sequence-
validated human cDNAs, selected on their putative involvement in tumorigen-
esis, were processed essentially as described (6, 7). Approximately 1 �g of
tumor and 1 �g of reference poly(A)� mRNA were Cy3 or Cy5 labeled using
the Omniscript Reverse Transcriptase kit (Qiagen) and hybridized with 10 �g
of CotI DNA, 30 �g of tRNA, and 10 �g of poly(T) oligonucleotides in an
automated hybridization chamber (GeneTac; Genomic Solutions). For all
samples, we performed color switch experiments, where test and control DNA
were labeled via Cy3 and Cy5, respectively, and vice versa. Image acquisition
was done using the Axon 4000 reader (Axon Instruments). For image analysis,
GenePix imaging software 3.0 was used. The normalization was done follow-
ing Beissbarth et al. (8), but low-intensity signals were kept (9). Ratio values
were computed, and ratios from low-intensity signals (15% quantile) or miss-
ing values were treated as normally expressed. The geometric mean was
calculated from color shift experiments.

RQ-PCR. First-strand cDNA synthesis was performed using random hex-
amer primers (RNA PCR System; PE Applied Biosystems), and RQ-PCR was
carried out using TaqMan Universal Master Mix and SYBR Green PCR Core
Reagents according to the protocols provided by the manufacturer (PE Applied
Biosystems). Each cDNA sample was analyzed in triplicate using the ABI
PRISM 7700 Sequence Detector. To obtain a calibration graph, cDNA from
Universal RNA (Stratagene) was serially diluted eight times in H2O at a ratio
of 2:1 and measured in every single RQ-PCR run. To standardize the amount
of sample cDNA, two endogenous control amplicons were used, the house-
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keeping gene coding for phosphoglycerate kinase 1 (PGK1) and lamin b1 gene
(LMNB1; SYBR Green). The average value of PGK1 and LMNB1 amplicons
served as calibrator for a first normalization. Thereafter, the patient data were
normalized using control data (human total RNA panel I, Clontech; and
skeletal muscle, Stratagene) yielding the relative expression of each gene.

Cluster Analysis and Classifying Algorithms. Matrix-CGH clustering
was performed using an implementation of the decision tree algorithm C5.0 in
Clementine4 and a predefined number of four clusters (Fig. 3). The principal
component analysis was done using J-Express 2.01 d.5 Detection of genes with
predictive value from matrix-CGH (data not shown) and cDNA measurements
(Fig. 4B) was performed using an implementation of the algorithm C5.0 in
Clementine and the support vector machine SVMlight.6 The P for the detected
combinations of genes was calculated using a permutation test (null hypothe-
sis: measurements distributed at random between the tumors; test statistic: sum
of the absolute values of the measurement from the decision hyperplane). For
tumor type assignment of the two initially unclassified samples PL39 and
DL48 (Fig. 4B), we used a support vector machine.

The classification error was calculated as follows. Because of the sparse
data in the full 228-dimensional space (all clones), we used the distance of the
classified samples to the separating hyperplane for density probability estima-
tion of the two classes and assumed normal distribution. According to the
distance of the unclassified samples to the separating hyperplane and the

density probability estimations of the two classes, we calculated the error
probabilities using Bayes’s rule.

Results

Genomic Profile. Copy number changes of oncogenes and tumor
suppressor genes in the eight DL and eight PL analyzed are indicated
in Fig. 1, A and B.7 High-level amplifications (intensity ratio �2)
were detected for CCND1, CCND2, MYB, MDM2, GLI, and CDK4.
The highest ratio values were observed for MDM2, GLI, and CDK4
localized on chromosomal subregion 12q13–q15 and were present in
all DL tumors. Copy number variations along the long arm of chro-
mosome 12 were determined using a set of 112 BACs with a genomic
spacing of roughly 1 MB (Fig. 1C). Interestingly, highly amplified
clones (i.e., RP11-1007B5 and RP11-1143G9) are interspersed by
clones that are balanced, revealing a noncontiguous amplicon struc-
ture. Within chromosome band 20q13, low-level gains were detected
in four of eight PLs and two of eight DLs including BCAS1 (breast
cancer amplified sequence 1), ZNF217 (zinc finger gene 217), and
AIB1 (amplified in breast cancer 1).

4 Internet address: www.spss.com.
5 Internet address: www.molmine.com.
6 Internet address: http://svmlight.joachims.org.

7 A complete list of the matrix-CGH results will be seen at http://www.dkfz-
heidelberg.de/kompl_genome/Other/mCGH-analysis.zip.

Fig. 1. Results from matrix-CGH analysis. A,
pseudocolor image of a hybridization of case DL10
(tumor labeling, Cy3; control labeling, Cy5) onto
the matrix-CGH microarray consisting of an onco-
gene subarray of 188 BAC or P1-derived artificial
chromosome clones and a chromosome 12q subar-
ray of 112 BAC clones. B, copy number changes of
oncogenes and tumor suppressor genes in 8 DL and
8 PL. HLA, high level amplification; LLA, low level
amplification. Max.amp., maximum amplitude. C,
normalized copy-number ratios (ordinate, log2

space) of genomic DNA of sample DL10 and nor-
mal reference DNA. Clones in the oncogene and
chromosome 12q subarray are ordered by position
in the genome from 1p to Xq and from 12q cen to
12q ter, respectively.
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Expression Profile. Expression levels of 1600 gene-specific se-
quences were assessed and averaged for all DLs and PLs, respec-
tively. These mean numbers were compared with the expression levels
in normal adipocytic tissue (Fig. 2, A and B). Two tumor suppressor
genes, i.e., the activator of apoptosis harakiri (HRK) and metastasis-
suppressor gene KISS1, were weakly expressed in PL and DL (68- and
42-fold, respectively, as compared with nonneoplastic adipose tissue).
Among the sequences highly expressed in both LS subtypes were the
RAL oncogene (40-fold), the SWI/SNF-related, actin-dependent reg-
ulator of chromatin SMARC1 (22-fold), and the dual-leucine zipper
kinase DLK (11-fold). For CDK4, expression above the control tissue
was 18-fold in DL and 4-fold in PL.

RQ-PCR. To assess the microarray data, a subset of amplified or
up-regulated genes was analyzed in further detail using RQ-PCR (Fig.
2C). In general, chip-based and RQ-PCR-based expression data cor-
related well. The mean expression rate of DL as compared with PL of
CDK4 was 38-fold versus 3-fold (P � 0.01 according to Student’s t
test), of CCND1 3-fold versus 10-fold (P � 0.07), and of the dual-
leucine zipper kinase gene DLK 3-fold versus 9-fold (P � 0.04). A
strongly reduced expression level of the putative tumor suppressor
HRK representing an apoptosis activator was observed, i.e., 68-fold in
DL and 54-fold in DL by cDNA profiling and 12-fold by RQ-PCR
(10-fold in DLs and 14-fold in PLs). Within the set of analyzed genes,
no obvious correlation between DNA copy number and RQ-PCR data

Fig. 2. Results from cDNA expression analysis.
A, pseudocolor image of a cDNA microarray hy-
bridization of sample DL42. Inset, enlarged portion
of the array containing cyclin-dependent kinase 4
(CDK4) and HRK cDNAs. B, list of cDNAs that
are differentially expressed (�10-fold change) in
PL and DL. C, expression level of CDK4, CCND1,
HRK, and DLK according to RQ-PCR (ordinate,
log10 space).
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was noticed. Candidate genes for breast carcinoma BCAS1, ZNF217
and AIB1 located on chromosome 20q13, frequently amplified in PL
and DL, showed no significantly elevated transcript level.

Clustering and Classification Analysis. To test whether DL and
PL can be subdivided into different groups based on the genomic
aberration pattern, two-step cluster analysis and principal component
analysis were performed. This revealed an unequivocal separation of
both subtypes, i.e., DL and PL strongly correlate with a different
aberration pattern (Figs. 3 and 4A). For classification of the tumors,
support vector machine algorithms were used to deduce the rules,
which a distinct clone or a combination of clones have to meet, to act
as a classifier. Fig. 4B depicts a classification scheme in which tumors
with positive decision values are classified as PL and those with
negative decision values as DL. Using a class predictor algorithm
established by the identification of such discriminating ratio values,
we were able to correctly classify two LS tumors of unknown path-
ological classification at the time of the analysis (tumors PL39 and

DL48). PL39 was scored as PL, which corresponds to the previous
clinicopathological classification. DL48 was assessed as DL with a
decision value close to 0, i.e., close to the classification border
between DL and PL. Detailed pathological investigation revealed that
this tumor represented a DL but was mixed with cells of pleomorphic
appearance. The error probability for wrong classification was �5%
via Bayes’s rule.

An analogous cluster analysis based on the expression profile of
1600 cDNAs revealed that the pleomorphic liposarcomas PL6, PL11,
PL32, PL33, and PL40 were grouped in one cluster, whereas all
dedifferentiated liposarcomas as well as PL27, PL30, and PL31 were
grouped in a second cluster. Thus, the expression data did not corre-
late well with the pathological diagnosis of the tumors. To identify
individual markers with diagnostic potential, the gene expression
profiles of DL and PL were screened for genes that are typically
differentially expressed in both subtypes. Best discrimination between
PL and DL was achieved by combination of the expression data of
SCAP and HSP90 (P � 0.02; Fig. 4C) and of DAPK (death-associated
protein kinase 1) and calgranulin B (P � 0.05).

Discussion

In the present study, numerical alterations of genomic loci and the
expression of genes with oncogenic potential were assessed in DL and
PL. Using DNA-chip technology and quantitative PCR, a number of
genes possibly relevant for the development of these tumors were
identified. Cluster analysis revealed an unequivocal discrimination
between DL and PL based on their pattern of genomic imbalances.
Several “class predictors” were identified including, in particular,
genes located on chromosomal subregion 12q13–q15. This region is
frequently amplified in soft tissue tumors including WLS (10) and
was found in the present study amplified in all DLs but not in PLs.
Applying matrix-CGH with �100 DNA fragments spanning the entire
long arm of chromosome 12, the structure of the 12q amplicon was
delineated at high resolution. A characteristic discontinuous amplified
region was discovered, which was interrupted by two defined bal-
anced regions in all DL. It is possible that this specific architecture
corresponds to a distinct mechanism of 12q amplifications, which
might be involved in the formation of ring chromosome 12 known to
occur in this tumor type (11).

Within the 12q amplicon, MDM2, GLI, and CDK4 were found
coamplified in DL. This corresponds to results obtained from well-
differentiated LS and therefore suggests the molecular relationship of
both subtypes (2, 10). Besides these well-known candidate genes,
there is evidence for another relevant gene from this amplified region,
previously not considered to play a role in LPs, the dual-leucine zipper
kinase gene DLK (12q13). This gene, recurrently found overex-
pressed, is involved in the control of cell growth and differentiation,
particularly during the process of tissue remodeling (12). MUK, the rat
homologue of DLK, functions as an activator of the JNK pathway, and
results in the accumulation of hyperphosphorylated c-Jun oncogene
product (13). Expression analyses also revealed an interesting candi-
date tumor suppressor gene, which might play a role in LS tumori-
genesis, i.e., the activator of apoptosis harakiri (HRK). This gene
selectively interacts with the survival-promoting proteins BCL2 and
BCLXL (14) and was found strongly down-regulated in all PLs and
DLs analyzed.

Two other chromosomal regions, 6q25 and 20q13, were frequently
involved in genomic overrepresentations. On 6q25 additional copy
numbers of the MYB oncogene and of the estrogen receptor gene
ESR1 were found to be amplified. Gain of the long arm of chromo-
some 6 was shown previously in different types of soft tissue sarco-
mas (15). Interestingly, ESR1 on 6q25 and genes for steroid receptor

Fig. 3. Cluster analysis of eight PL and eight DL cases using the TwoStep algorithm.
Note that only samples are clustered (X axis), whereas the clones are ordered by their
genomic position (Y axis). Dark green, high-level amplification (log2 1); light green,
low-level amplification (log2 0.32); red, underrepresentation (log2 �0.41); black, bal-
anced (log2 0); white, unknown.
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coactivators AIB1 and BCAS1 on 20q13 are coamplified or overex-
pressed in breast carcinoma. Recent data indicate that estrogen-
dependent mitogenic stimulation of breast cancer cells are conferred
by cooperation of AIB1 with ESR1 (16). This enhances the functional
interaction of ESR1 with the CCND1 promoter, resulting in increased
transcription of CCND1 (17). In the present study, overexpression of
CCND1 was observed in 80% of the DLs and PLs. Thus, in breast
carcinoma and LS, similar biochemical pathways could be activated.

Whereas cluster and classification analysis using expression data
has come of age and is broadly used, we here show the potential of
matrix-CGH data to better discriminate between DL and PL. The best
discriminators were derived from DNA fragments mapping on chro-
mosome 12q including CDK4, MDM2, and GLI and RP11-1143G9.
The successful performance of this algorithm was demonstrated by
two blind samples, which were correctly classified with a confidence
interval of �95%. Amplification of these clones together with the
characteristic amplicon structure found in DL not only allows a clear
discrimination from PL but strongly argues for different pathogenic
mechanisms leading to these LS subtypes.

Clustering on the basis of the expression of 1600 genes allowed a
separation in a pleomorphic and dedifferentiated group, however, with
few exceptions. This might be partly attributable to a relatively low
proportion of disease-specific genes within the cDNA chip described.
However, expression scores provided useful discriminators including
the combination of heat shock protein HSP90 and the adaptor protein
gene SCAP, which were both observed to be more highly expressed in
PL versus DL. Interestingly, these genes are located on the same
chromosomal subband, i.e., 1q22, which was shown recently to be
significantly more often overrepresented in PL as compared with DL
by chromosomal CGH (4). In addition, the presence of 1q22–q24
overrepresentation was shown to be associated with the acquisition of
higher malignancy in soft tissue tumors (18).
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