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Abstract:

Conventional cytogenetic and molecular genetic studies have both clinical and
biological significance in sarcomas. However, the resolution of these methods does
not always suffice to screening of novel, specific genetic changes, such as small
deletions, amplifications, and fusion genes. Tumor-specific chromosomal
translocations revealed by cytogenetic and molecular methods play a decisive role in
the differential diagnosis of sarcomas. The novel molecular karyotyping techniques
have proven to be powerful in the screening of clinically and biologically relevant
molecular changes in human neoplasias. A variety of platforms for molecular
karyotyping is available, e.g., arrayed cDNA clones or oligonucleotides that can be
used in microarray-based comparative genomic hybridization (CGH) and gene
expression analysis. We review here the clinically most relevant cytogenetic and
molecular changes in sarcomas and describe latest microarray techniques for
screening of clinically relevant gene copy number and expression changes.

1. SARCOMAS AND GENETIC ALTERATIONS

Bone and soft tissue sarcomas are a heterogeneous group of rare mesenchymal
tumors comprising only 1% of all human neoplasms. In most sarcoma types, the
cell of origin remains undefined, but there is some evidence that tumor cells in
Ewing’s sarcoma are derived from neural crest cells [1]. Osteosarcoma, chon-
drosarcoma, and Ewing’s sarcoma as the three most common forms of bone
sarcoma, and the most prevalent soft tissue sarcomas are malignant fibrous his-
tiocytoma, liposarcoma, leiomyosarcoma, and synovial sarcoma [2,3]. The
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patients’ age distribution varies according to the histological type of the tumor,
but bone tumors frequently affect teenagers and young adults, whereas soft tis-
sue sarcomas usually show a gradual increase of incidence with advancing
age [3]. Although the etiology and pathogenesis of specific sarcomas are still
largely unknown, in recent years considerable progress has been made in the
genetic typing of solid tumors, including sarcomas. Based on cytogenetics, the
sarcomas can be divided into two groups: (1)_ cancers with translocations (e.g.,
Ewing’s sarcoma, desmoplastic round cell tumor, alveolar rhabdomyosarcoma,
and synovial sarcoma) and (2) cancers with complex karyotypes without any
uniform translocations (e.g., osteosarcoma, malignant fibrous histiocytoma,
leiomyosarcoma, and chondrosarcoma). Small round cell tumors include histo-
logically indistinguishable sarcomas, neuroblastomas, and lymphomas, which
makes differential diagnosis difficult (for review, see Tarkkanen and Knuutila
[4]). To ensure proper prognostic and therapeutic assessment, early and accurate
diagnosis can be aided using cytogenetic and molecular methods.

Specific chromosomal translocations have proven to be useful in diagnostics
and monitoring residual disease [4]. By coupling a transcriptional activation
domain with a DNA-binding domain, the translocation results often in creation
of novel fusion protein with oncogenic properties. Table 5.1 shows a summary
of selected sarcoma types and their characteristic translocations. A classical
example in the Ewing family of tumors is the t(11;22)(q24;q12) translocation,
which leads to production of the EWS-FLI1 fusion protein [5]. This transloca-
tion is seen in about 85% of Ewing’s sarcoma patients while the remaining 15%
display other nonrandom gene rearrangements with EWS (for review see
Burchill [6]), as shown in Table 5.1. Gains of chromosomes 8, 12, and 1q are
detected secondary aberrations in Ewing tumors and a deletion at 9p21 (encom-
passing the p/4 and p16 genes) has been suggested to be a marker for poor prog-
nosis [7,8]. Although the role of secondary aberrations is not fully understood,
they may have a role in tumor progression.

The sarcomas with complex karyotypes show numerous chromosomal aberra-
tions, e.g., translocations, inversions, gains, losses, and amplifications of genetic
material [9-11]. This limits the potential of conventional cytogenetic analysis,
especially when mitotic cells are scarce and yield poor chromosome banding and
morphology. Many specific aberrations can be detected by molecular methods,
i.e., fluorescence and chromogenic in situ hybridization (FISH and CISH), PCR,
CGH, and newly developed microarray-based techniques [4,12].

Clinical and diagnostic features often fail to classify the tumor in time. Rapid
diagnosis is particularly crucial for sarcoma patients whose treatment strategy
to eradicate the disease should be determined as the optimal combination of
chemo-and/or radiotherapy together with extensive surgery. Detection of resid-
ual disease and distinct prognostic markers for recurrence or metastasis are also
of clinical importance. Today novel molecular karyotyping methods can be used
for high-resolution genome-wide screening for molecular signatures that assist
us in tumor classification and offer new reliable prognostic parameters in
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Table 5.1. Cytogenetic and molecular genetic features of selected sarcomas

Bone and soft tissue tumors Translocation Gene fusion Other cytogenetic
characteristics
Alveolar soft part sarcoma t(X;17)(p11;q25) ASPLITFE3 -
Clear cell sarcoma t(12;22)(q13;q12)  EWSIATFI +7,+8
Congenital fibrosarcoma/ t(12;15)(p13;q25)  ETV6/NTRK3 +8, +11, +17, 420
Infantile fibrosarcoma
Desmoplastic small round t(11;22)(p13;q12)  EWS/IWTI -
cell tumor
Dermatofibrosarcoma t(17;22)(q22;q13)  COILAI/PDGFB Amp (17q,22q)
protuberans
Extraskeletal myxoid 1(9;22)(q22;q12) NR4AIIEWS -
chondrosarcoma t(9;17)(q22:q11) NR4A3/RBP56 -
Ewing sarcoma/PNET t(11;22)(q24;q12)  FLII/IEWSRI +1q, +8, +12
main
t(21;22)(q22;q12)  ERG/EWSRI -
t(7;22)(p22;q12) ETVIIEWSRI -
t(17;22)(q21;q12)  ETV4/EWSRI -
1(2;22)(q33;q12) FEVIEWSRI -
Lipoma t(3;12)(q28:;q14) HMGICILPP Changes in 12q13-15,
6p and 13q
Liposarcoma, myxoid t(12;16)(q13;pll)  FUS/DDIT3 -
t(12;22)(q13;12) EWSIDDIT3 -
Rhabdomyosarcoma, alveolar  t(2;13)(q35;q14) PAX3/FKHR 12q13-15
t(1;13)(p36:q14) PAX7IFKHR amplification,
MYCN amplification
Synovial sarcoma t(X;18)(pll;qll) SS18/SSX1 =3, +7, 48, +12
- SS18/SSX2 -
- SS18/SSX4 -

diagnosis. In the following sections we will briefly describe the microarray-based
molecular karyotyping methods and discuss its clinical potentials.

2. METHODOLOGICAL CONSIDERATIONS
2.1. Cytogenetics and molecular genetics

In addition to chromosomal translocations, alterations in DNA copy numbers are
important in the progression of carcinogenesis, as reviewed by Knuutila [12]. The
activation of cellular proto-oncogenes may occur by increase in the copy number
of the corresponding genomic region, and the inactivation of tumor suppressor
genes may occur by copy number decrease. CGH is a powerful method in genome-
wide detection of copy number changes, e.g., gains, losses, and amplifications [13].
Differentially labeled tumor and normal tissue DNAs are hybridized competi-
tively on a metaphase spread, and based on the tumor tissue copy numbers in rela-
tion to normal tissue, specific chromosomal regions appear as gained or lost. The
tissue used for the analysis may be fresh or fresh-frozen tumor, or even paraffin-
embedded fixed tumor material [14]. An illustration of the CGH methods is
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Figure 5.1. Comparative genomic hybridization (CGH) and gene expression analysis. DNA or RNA
is extracted from tumor tissue and labeled with a fluorescent dye. Before labeling RNA can be con-
verted to cDNA. A reference DNA or RNA with normal DNA copy number or expression level is
labeled with another dye. The samples are combined and hybridized on a metaphase spread (e.g.,
chromosomal CGH) or on arrayed cDNA clones (e.g., array CGH, expression array). The resulting
images are analyzed by compatible software, which shows over- and underrepresentation of tumor
DNA or RNA as compared with the control sample. Thus, the results can be interpreted as gains or
losses of genomic regions (DNA analysis) or as over- or underexpression of particular genes (RNA
analysis).

shown in Figure 5.1. A comprehensive data compilation of copy number changes
is publicly accessible at www.helsinki.fi/cmg/cgh_data.html [15]. Figure 5.2 shows
recurrent amplicons seen in all sarcomas.

Given that the resolution of conventional chromosomal CGH is at the level
of chromosomal bands (10-20 Mb), the method is not sufficient to detect spe-
cific amplification or deletion targets at gene level. Therefore microarray meth-
ods have been developed using BAC or cDNA-based targets [16,17]. In
cDNA-based platforms, cDNA clones arrayed on a glass slide yield genome-
wide gene-level information, as exemplified by our osteosarcoma array results
[18]. Figure 5.3 shows a genome-wide copy number profile of an osteosarcoma
sample, analyzed using cDNA array CGH. The latest technological advance
arrays 30-80-mer oligonucleotides representing different exons of a specific
gene or intergenic regions on a single platform [19,20]. The oligonucleotide-
based CGH arrays give an average resolution of 35 kb (Human Genome CGH
microarray Kit 44B, Agilent, Palo Alto, CA), which reveals aberrations not vis-
ible by other techniques, e.g., small deletions or amplifications. As shown in
Figure 5.4, a sample with MLL-ARG fusion indicates that also apparently bal-
anced translocations may harbor cryptic deletions [21].

The CGH techniques have certain limits, e.g., balanced translocations cannot
be detected since the copy number levels are not altered. It has been argued
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Figure 5.2. Recurrent amplicons seen in all sarcomas (www.helsinki.fi/cmg/cgh_data.html) [15].
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Figure 5.3. Example of a cDNA array CGH result of an osteosarcoma sample [18]. The cumulative
base pair locations of the genome (1pter-Xqter) are indicated on the X-axis and the relative fluo-
rescence ratios (tumor vs normal tissue) on the Y-axis. In addition to the well-known amplification
at 17p11-13 (arrow), a novel region of amplification was found at 17q25 (arrow).



58 CHAPTER 5

11

A C -16x -4x -2x 0 -2X  -4x +46
; e
Case 2, Chromosome 11 : 8
p15.4
3 p15.2
(o]
= 2
o 1 p14.3
D p14.1
S ot |
1 .3 . p12

1800000 1850000 1900000 1950000
Cumulative kb p11.12

B q12.1
qi2.3
q13.2

q13.4
q14.1
q14.3

q22.1
q22.3
q33.2

q24.1

q24.3

Figure 5.4. A deletion observed within a fusion gene in leukemia [21]. Panel A shows the results
obtained using cDNA arrays and panel B shows the presence of the fusion gene with FISH (white
arrowheads). The results shown in Panel C are produced using CGH on oligoarray platforms. The
1.8-Mb deletion containing approximately 30 genes (arrow) was not detected in conventional CGH
or cODNA aCGH. The result is a fusion gene in chromosome 11q (MLL-LARG), which is thereafter
amplified. The oligoarray results in Panel C are shown as Log2 ratios of fluorescence intensities with
the corresponding genomic location in the ideogram. The losses are shown on the left side (negative
Log2 values) and gains on the right side of the X-axis (positive Log2 values).

that CGH methods are less useful in detecting primary events, for instance
translocations in Ewing’s sarcoma. Instead, CGH is capable of revealing gains
and losses, which are thought to be secondary events [7]. Whether apparently bal-
anced translocations in sarcomas contain small regions of deletion or small ampli-
fications has yet to be shown. But, the secondary changes are valuable in the
prognostification of the disease. Applied to sarcoma research, the oligonucleotide-
based platform will provide novel information of small copy number gains and
losses not detected by other methods and it will possibly help to identify novel
fusion genes that can be generated by minor aberrations, e.g., small deletions.
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2.2. Gene expression analysis

The gene expression of a tissue sample is assessed by analyzing its mRNA con-
tent on arrays [22,23] (Figure 5.1), using either cDNA or oligonucleotide plat-
forms. The observation of up- or downregulated genes in tumors supports
diagnosis and prognosis and helps to specify targets for drug development.
Furthermore, molecular signatures of sarcomas, which have been obtained
using gene expression profiling, can be applied in diagnosis, prognosis, and
treatment of these malignancies. Systems biology approach, integration of
genome-wide gene expression data (coregulated transcripts) with gene function
annotations (e.g., GO, KEGG, and Biocarta databases) and genomic sequence
(regulatory DNA elements), provides knowledge of functional networks and
activated signal transduction pathways in sarcomas. Holistic inferences of gene
functionality and gene expression regulating machinery are essential in under-
standing carcinogenesis of sarcomas at molecular level. A variety of sarcomas
have been subjected to expression analysis, e.g., osteosarcoma, synovial sar-
coma, clear cell sarcoma, chondrosarcoma, synovial sarcoma, and liposarcoma
[24-29]. The main aim of these works has been to obtain gene expression signa-
tures and novel marker genes for specific tumor types, aiding their separation
from other solid tumors with similar appearance [30,31]. As an example of stud-
ies with clinical aims, expression profile-based clustering of Ewing’s sarcomas
[32] and leiomyosarcomas [33] has distinguished low-risk patients from patients
with high risk of relapse or metastasis.

2.3. Laboratory practice

Preparation of samples requires special care because mRNA degrades at a rapid
rate. Accordingly, expression analysis is generally not applicable on paraffin-
embedded material. It should be further emphasized that expression analysis
covers only a cross-section of the mRNA content at the time point of the tumor
excision. In addition, rapidly degrading mRNA molecules, which can also be
up- or downregulated, may not necessarily show the actual state of the tran-
scriptome in the tumor. Besides, the heterogeneity of the tumor sample includ-
ing, differential cancer cell clones, contaminating normal tissue or inflammatory
cells may interfere with interpretation [34]. Still, the gene expression profiles of
different macroscopic parts of a tumor have been shown to cluster together and
to give a distinct profile to individual tumors [35].

2.4. Tissue microarrays

Tissue microarrays can be used to validate the clinical significance of targets
found in aCGH and expression array studies [36]. A tissue microarray consists of
a large number of tissue samples with known histology and patient history. The
samples are embedded in a single paraffin block, of which sections are sliced to
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represent all of the samples. Then FISH, CISH, or immunohistochemistry is
performed on the tissue sections to facilitate the association of molecular kary-
otyping results with the clinical parameters and the validation of specific targets
[30]. The presence of translocations can be tested using breakapart probe-FISH
[37,38], thus avoiding the need for immunohistochemistry or PCR. Engellau
et al. [39] used 140 arrayed soft tissue sarcoma samples with different clinico-
pathological characteristics and found that immunopositivity of Ki-67,
B-catenin, CD44, and Pgp has prognostic value for tumor metastasis. In
another example, the prognostic significance of a novel amplicon in breast
cancer was validated using 262 arrayed tissue samples [38]. The amplicon was
found to reside close to a rearranged gene and to co-occur in the same samples
with the rearrangement. Furthermore, the novel amplicon was confirmed to be
associated with poor prognosis using FISH and breakapart probe-FISH on the
tissue microarray [38]. Similarly, the results obtained from DNA copy number
and expression studies of sarcoma samples could be tested on a tissue micro-
array with large sample populations to evaluate the clinical significance of the
findings.

3. CLINICAL APPLICATIONS

Sarcomas are divided into prognostic subtypes according to histopathological
features (e.g., tumor size, location, and number of mitotic cells). Specific
translocations are determined by cytogenetic analysis, fusion gene transcripts by
RT-PCR, and chromosomal gains or losses by FISH or conventional CGH.
Table 5.1 gives an overview of sarcoma-specific translocations. However, these
methods are not accurate enough to give sufficient gene-level information for
diagnostic purposes, classification of the tumors, or prognostification. The
molecular profiles generated by array-based methods have provided predictive
markers for treatment response in breast cancer [40-42], molecular classification
of tumors in lung adenocarcinomas [43] and diffuse large B-cell lymphomas
[44], and markers for resistance of treatment in pediatric osteosarcomas [29].
The methodology enables also the detection of novel fusion genes [21], which
may be useful in cancer diagnostics, and the detection of residual disease after
primary tumor eradication [45]. However, further clinical trials should be con-
ducted to validate these findings.

4. CONCLUSIONS AND FUTURE PROSPECTS

Molecular karyotyping methods include genome-wide techniques to assess the
DNA copy-number and gene expression changes in tumor samples. The results
provide distinct molecular signatures or single targets, which can be used for
tumor classification, prognosis, and prediction of treatment response and occur-
rence of residual disease. Gene expression microarrays and systems biology
tools can be used to identify novel drug targets, genes, which are actively
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transcribed in sarcomas, and signaling proteins and transcription factors, which
promote sarcomagenesis.
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