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Background: Malignant transformation requires the accumulation of multiple genetic alterations such as 

chromosomal abnormalities, oncogene activation, loss of tumor suppressor genes, or abnormalities in genes that

control DNA repair and genomic instability. Sarcomas are a heterogeneous group of malignant mesenchymal

tumors of difficult histologic classification and strong genetic predisposition. This article provides a comprehensive

review of the cytogenetic abnormalities observed in bone and soft-tissue tumors, emphasizing known downstream

molecular changes that may play a role in oncogenesis.

Methods: The database of the National Library of Medicine was searched for literature relating to genetic and

molecular mechanisms in sarcomas in general and in each of the main tumor entities.

Results: Recent techniques in chromosome analysis and molecular cytogenetics have improved our ability 

to characterize genetic changes in mesenchymal tumors. Some changes are so characteristic as to be virtually

pathognomonic of particular histologic types, while others are complex, difficult to characterize, and of unknown

relevance to pathogenesis. The implications to the cell of some of these abnormalities are now being recognized.

Conclusions: The study of sarcomas will benefit from the information derived from genetic studies and 

translational research. The human genome project and new methodologies, such as computer-based DNA 

microarray, may help in the histogenetic classification of sarcomas and in the identification of molecular 

targets for therapy.

Advances in chromosome analysis

and molecular cytogenetics have

enhanced our ability to characterize

genetic and molecular changes in

mesenchymal tumors.
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Introduction

The field of cytogenetics has provided insight into
the underlying genetic abnormalities of mesenchymal
lesions. Techniques that have been successfully applied
to the study of sarcomas include (1) polymerase chain
reaction (PCR) to detect known gene abnormalities, (2)
reverse transcriptase PCR (RT-PCR) to identify mRNA
transcripts, (3) fluorescence in situ hybridization (FISH)
to detect known genetic loci, (4) comparative genomic
hybridization to detect chromosomal differences
between neoplastic tissue and its normal counterpart,
(5) chromosome painting to identify individual chro-
mosomes, (6) spectral karyotyping (SKY) to identify the
chromosomal location of DNA sequences in metaphase
spreads,(7) representational differential analysis to com-
pare expression libraries, and (8) loss of heterozygosity
(LOH). Some of the genetic abnormalities observed in
sarcomas are characteristic of certain tumor types
(Table 1), while others (Table 2) are complex and less
reproducible. Whether these changes are due to an
inherent genomic instability or the result of a carefully
orchestrated oncogenic machinery remains to be seen.
The latter hypothesis seems to be supported by the fact
that some of these alterations are found across histolog-
ic subtypes. New advances in molecular biology and
signal transduction will help us not only to understand
the biology of the tumors, but also to establish a molec-
ular classification of sarcomas, identify prognostic indi-
cators, and detect minimal residual disease.

This article reviews the molecular changes that
occur downstream to DNA and that provide a link

between genetic abnormalities and the dynamic onco-
genic machinery. The study of these molecular path-
ways will help us not only to appreciate commonalities
and differences among tumors, but also to anticipate
potential trends for future translational research that
ultimately will lead to novel therapeutic approaches.
The entities described have been grouped according to
presumed histogenetic origin, and they have been
selected because of their clinicopathologic importance
or because they share abnormalities with other entities
supporting a paradigm in the oncogenesis of sarcoma.

Adipose Tissue Tumors

Benign

Studies in lipomas have revealed that benign
tumors, previously considered cytogenetically normal,
are characterized not only by specific numerical and
structural changes, but also by complex chromosome
rearrangements that are generally considered a hall-
mark of malignancy. A subgroup of lipomas character-
ized by recurrent chromosome translocations involving
the chromosome segment 12q13-q15 and either 3q27-
q28 or other genes, such as lipoma-preferred partner
gene (LPP) in chromosome 3, have been found as
translocation partners.1 Also, as in leiomyoma, the tran-
scriptional regulator HMGI-C at the 12q14-q15 locus
has been found to be abnormally regulated. Rearrange-
ments of chromosome 13 with loss of the band 13q14,
the site of retinoblastoma and osteosarcoma tumor sup-
pressor genes, have also been observed.2

Table 1. — Chromosomal Translocations Frequently Observed in Sarcomas

Tumor Translocation Fusion Protein References

Myxoid/round-cell liposarcoma t(12;16)(q13;p11)  TLS(FUS)-CHOP  7, 8, 9
t(2;22)(q13;q12) EWS-CHOP
t(12;22;20)(q13;q12;q11) EWS-CHOP

Dermatofibrosarcoma protuberans t(17;22)(q22;q13) COL1A1-PDGF-B 15

Fibrosarcoma t(12;15)(p13;q25) ETV6-NTRK3 17, 18

Desmoplastic small round-cell tumor t(11;22)(p13;q12) EWS-WT1 33

Ewing’s sarcoma family t(11;22)(q24;q12)  EWS-FLI1 34, 35, 49
t(21;22)(q22;q12)  EWS-ERG 
t(7;22)(p22;q12)   EWS-ETV1  

Alveolar rhabdomyosarcoma t(2;13)(q35;q14)  PAX3-FKHR 39, 40
t(1;13)(p36;q14) PAX7-FKHR

Extraskeletal myxoid chondrosarcoma t(9;22)(q22;q12)  EWS-CHN (TEC) 62
t(9;17)(q22;q11.2) RBP56 (HTAF1168)

-CHN(TEC)

Clear cell sarcoma t(12;22)(q13-q14;q12) EWS-ATF1 68

Synovial sarcoma t(X;18)(p11.2;q11.2) SYT-SSX1 or SSX2 69
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Table 2. — Chromosomal Abnormalities in Tumors of Bone and Soft Tissues

Tumor Translocations Chromosomal Gains Chromosomal Losses Loss of References 
Heterozygosity

Lipoma 12q13-q15; 13q14 1

Spindle lipoma 16q13; 13q; 16 3

Lipoblastoma 8q11-q13 4

Atypical lipomatous tumor 12q13-15 5

Nodular fasciitis 3q21 10

Proliferative myositis 2 11

Fibroma of tendon sheath t(2;11)(q31-32;q12) 12

Desmoplastic fibroblastoma 11q12in 13

Solitary fibrous tumor t(9;22)(q31;p13) 14

Dermatofibrosarcoma t(17;22)(q22;q13) 15
protuberans

Sclerosing epithelioid 10, 18, 12q13, 18
fibrosarcoma 12q15, 9, 20

Malignant fibrous 7q32; 1p31; 12q13-q14; 9p21; 10q; 11q23; 19-22
histiocytoma 12q12-q15; 3; 4q31; 5p; 13q10-q31; 13q21; 

6; 7; 14q22; 1q21-q22; 13q22
17q28; 20q; 7p15r

Leiomyoma 7q 24

Leiomyosarcoma 10 24

Neurofibroma 17q11.2 25

Schwannoma 22q12 26-28

Acoustic neuroma 22 26

Malignant peripheral 17q24-17 7p22; 1p21; 7p11,14q11; 29, 30
nerve sheath tumors 12p13; 1; 8; 16; 22; Xq26; 

11q22; 13p; 9p22; 11p13;  
17p; 17q11-21; 1p22-32;  
1p34; 6q25 

Malignant triton tumors t(1;13)(q10;q10) 8;  1 31

Embryonal 2; 7; 8; 11; 12; 6; 17; 14q21-32; 16q23-16; 41
rhabdomyosarcoma 13q21; 20 1p35-36.3; 9q22 11p15.5

Rhabdoid tumors t(11;22)(p15.5;q11.23) 43

Neuroblastoma 17q21; 1q21-q25  11; 1p36; 11q23; 14q23; 44-49
18q21.1, 18p-q12.3

Giant cell tumors 11; 16; 19; 20; 21 50

Osteosarcoma 1q21, (8q21.3-q22),  6q16; 6q21-q22; 3p; 3q; 13q; 17p; 52-54
8-q1314, q24;   10q; 11p; 13 18q; Xq21;
Xp11.2-p21; 1p21-31;   6-q22; 18-q11.2
3q25; 6p12-21; 8q12;   
12p11-12; 12q12-15; 
0q12; 20p; 8q24.1

Chondroid lipoma t(11;16)(q13;p12-p13) 56

Chondroid hamartoma t(12;14)(q15;q24) 57

Chondromyxoid fibroma Inv(6)(p25q13) 57

Chondrosarcoma 20q; 17p; 20p; 1-q24; X-q21;  6-q22; 9p21; 10; 59-61
14q23; 6-q22; 7; 18-q11.2 13q14; 17p13
5q14-q32; 6p; 12q; 
20q12; 20q; 8q24.1

Chordoma Dic(1;9)(p36.1;p21) 1p 1p36 65

Malignant mesenchymoma 1q21-q25;  12q14-q15 66

Epithelioid sarcoma t(6;8)(p25;q11.2);  Add(7)(p15) 70
t(8;22)(q22;q11)

Alveolar soft-part sarcoma 1q; 8q; 12q; 16p; 12 1; 2; 3; 10; 11; 67
14; 15; 16; 17
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In spindle/pleomorphic lipoma, loss of genetic
material from the region 16q13 and 13q deletions have
been reported. Similar abnormalities have been found in
mammary myofibroblastomas, suggesting a link between
these two tumors.3 Lipoblastoma shows a characteristic
rearrangement in 8q11-q13.4 Similar changes in the
11q13 region have been reported in hibernoma.

Atypical Lipomatous Tumors

A molecular spectrum from lipomas to atypical
lipomatous tumor (ALT) has been proposed. At one
end are lipomas, characterized by 12q13-q15 rearrange-
ments and HMGI-C (high mobility group) activation
and, at the other end, ALT with ring chromosomes,
12q13-q15 amplification, and overexpression of HMGI-
C, CDK4, or the murine double-minute type 2 gene
(MDM2) genes.5

Liposarcoma

It has been suggested that there are three distinct
pathogenic groups of liposarcoma: (1) the retroperi-
toneal group, where MDM2-mediated inactivation of
p53 may play a role in pathogenesis, (2) the non-
retroperitoneal group, where TP53 mutations (17p13.1)
appear to correlate with dedifferentiation, and (3) the
myxoid group, characterized by its own unique cytoge-
netic profile without apparent involvement of the TP53
or MDM2 genes. It has also been reported that the
absence of MDM2 and p53 immunoreactivity in lipomas
may be used in the differential diagnosis from well-dif-
ferentiated liposarcoma lipoma-like (WDLPS).6 The
WDLPS/atypical lipoma group is characterized by an
extra ring and/or an extra giant chromosome marker.
Myxoid liposarcoma has a t(12;16) translocation or,
more rarely, a t(12;22) translocation, resulting in fusion
of the transcription factor gene CHOP (GADD153) in
chromosome 12q13 with TLS-FUS on chromosome
16p11 or with Ewing’s sarcoma (EWS) on chromosome
22. The translocation t(12;16)(q13;p11) is shared with
round-cell liposarcoma. The resulting two fusion pro-
tein variants, TLS-CHOP and FUS-CHOP, have different
lengths and seem to activate a variety of genes with high
similarity to glial-derived nexin,neuronatin, and the RET
protooncogene.7 TLS (translocated in liposarcoma) is a
65 kDa protein (p65) recently identified as a member of
a family of nuclear RNA-binding proteins involved in
RNA processing. The N-terminus of TLS binds the DNA-
binding domain in estrogen, thyroid, and glucocorticoid
receptors and contains a potent transactivation domain
that, when fused with the DNA-binding protein CHOP,
converts it into a powerful transforming oncogene and
transcription factor. In the case of FUS, the RNA-binding
domain is replaced with the DNA-binding and leucine
zipper dimerization domain of CHOP,8 while translin-

binding sequences and consensus topoisomerase II
cleavage sites have been detected at both of TLS-FUS
and CHOP breakpoints. Of interest is that if the FUS-
CHOP transgene is introduced into the mouse genome,
most of the histologic features of human liposarcoma,
such as lipoblasts with round nuclei and accumulation
of intracellular lipid, are reproduced.9 In some cases,
however, only minor genetic alterations have been
observed, suggesting that secondary cytogenetic aberra-
tions are not a prerequisite for the development of
round-cell morphology.

Fibrous Lesions

Benign

Abnormalities in 3q21 have been reported in nodu-
lar fasciitis10 and trisomy 2 and the haplotype
46,XX,t(6;14)(q23;q32) in proliferative myositis.11

Superficial fibromatosis exhibits trisomy 8, which is
also observed in deep fibromatosis in association with
trisomy 20. In fibroma of tendon sheath, a t(2;11)(q31-
32;q12) has been reported, suggesting that this entity is
a neoplasm instead of a reactive process.12 Clonal chro-
mosomal abnormalities involving the long arm of chro-
mosome 11, 11q12in, have been described as collage-
nous fibroma (desmoplastic fibroblastoma). Since
11q12 is also rearranged in fibromas of tendon sheath,
this region might be a common genetic denominator of
benign fibroblastic lesions.13

Intermediate Malignancy and Malignant

In solitary fibrous tumor, the translocation
t(9;22)(q31;p13) and a rearrangement of 12q13-15 have
been reported. This latter abnormality is shared with a
subset of hemangiopericytomas, suggesting a histoge-
netic relationship between the two tumors.14 Der-
matofibrosarcoma protuberans and its juvenile form,
giant cell fibroblastoma, are related tumors with unique
cytogenetic abnormalities, such as supernumerary ring
chromosomes containing sequences from chromosomes
17 and 22 and the translocation t(17;22)(q22;q13), a
new tumor-associated chromosome rearrangement.15

These aberrations lead to gene fusions between the
platelet-derived growth factor B-chain (PDGF-B) gene,
the cellular equivalent of the v-sis oncogene,and the col-
lagen type 1 alpha 1 gene (COL1A1) that codes for the
major protein constituent of the extracellular matrix in
skin connective tissue. The location of breakpoints with-
in COL1A1 is limited to the region encoding the alpha-
helical domain. The PDGF-B segment of the chimeric
transcript always starts with exon 2, placing PDGF-B
under the control of the COL1A1 promoter and remov-
ing all known elements negatively controlling PDGF-B
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transcription and translation. The aberrant transcripts
may function in an autocrine loop in fibroblasts.16 This
fusion gene COL1A1-PDGF-B has not been detected in
dermatofibroma, malignant fibrous histiocytoma, or
fibrosarcomatous areas of dermatofibrosarcoma protu-
berans. The congenital (or infantile) form of fibrosarco-
ma (CFS) is histologically identical to adult-type fibrosar-
coma (ATFS),but it has an excellent prognosis and a low
metastatic rate.

A recently described t(12;15)(p13;q25) rearrange-
ment in CFS fuses the helix-loop-helix protein dimer-
ization domain of the ETV6 gene (also known as TEL) in
12p13 with the protein tyrosine kinase domain of
NTRK3, neurotrophin-3 receptor gene (also known as
TRKC) in 15q25. ETV6-NTRK3 chimeric transcripts are
not detected in ATFS or infantile fibromatosis.17 The
TEL-TRKC fusion variants are also associated with acute
myelogenous leukemia (AML) and are potent activators
of the MAP kinase pathway. A gene located in the long
arm of chromosome 1 and involved in cellular senes-
cence has also been implicated in the pathogenesis 
of fibrosarcoma. Sclerosing epithelioid fibrosarcoma is
a recently described low-grade fibrosarcoma. In one
case,18 40-45,XY,add(9)(p13),add(10)(p11),-12,-13,
-18,add(18)(q11),add(20)(q11) was the observed kary-
otype. Both the add(10) and the add(18) contained
amplified sequences from 12q13 and 12q15, including
the HMGI-C gene. This karyotype is unrelated to that of
other tumors such as synovial sarcoma or chondrosar-
coma, suggesting that sclerosing epithelioid fibrosarco-
ma is a low-grade variant of fibrosarcoma.

Fibrohistiocytic Tumors

Malignant Fibrous Histiocytoma

Multiple chromosomal structural and numerical
aberrations (eg, marker chromosomes, translocations,
telomeric associations, double minutes, and ring chro-
mosomes) have been reported in malignant fibrous his-
tiocytoma (MFH), predominantly in the storiform/pleo-
morphic variant.19 Certain chromosomal gains such as
7q32 and 1p31 have been associated with decreased
metastasis-free survival and overall survival.20 Amplifi-
cation of the MDM2 gene has been reported in one
third of cases but, in contrast to TP53, it does not have
a significant effect on either disease-free or overall sur-
vival.21 In the myxoid variant, ring chromosomes and
trisomy of chromosome 2 have been reported in up to
50% of cases. The amplification unit in 12q13-q14 con-
taining the sarcoma-amplified sequence (SAS) observed
in many soft-tissue tumors has also been reported.22

Some childhood MFH share abnormalities with adult
MFH such as co-amplification of MDM2,CDK4,SAS,and

CHOP. A genetic linkage of the rare autosomal-domi-
nant bone dysplasia/cancer syndrome, diaphyseal
medullary stenosis with malignant fibrous histiocytoma
(DMS-MFH), has been mapped to a region on chromo-
some bands 9p21-q22, suggesting the presence of a
tumor suppressor gene in the DMS-MFH critical region
and a common genetic etiology for autosomal domi-
nant and sporadic forms of MFH.23

Smooth Muscle Tumors

Transformation of leiomyoma into leiomyosarcoma
is yet to be conclusively confirmed, but the absence of
specific anomalies common to benign and malignant
tumor argues against their being benign-malignant
counterparts. In leiomyoma, deletion of 7q, a potential
site for a tumor suppressor gene, is commonly found.
Almost 60% of leiomyosarcomas show LOH for at least
one marker on chromosome 10. It has recently been
suggested that in leiomyosarcoma, restoration of wild-
type p53 not only enhances cell cycle control in vitro
and inhibits tumor growth, but also inhibits angiogene-
sis via transcriptional repression of vascular endothe-
lial growth factor (VEGF), a key mediator of tumor
angiogenesis.24

Neural Tumors

Neurofibroma

Neurofibromatosis type 1 (NF1) is an autosomal
dominant disorder affecting 1 in 3,000 people and char-
acterized by multiple peripheral nerve tumors contain-
ing mainly Schwann cells and fibroblasts. The NF1 is a
tumor suppressor gene located on chromosome
17q11.2 that encodes for “neurofibromin,” a Ras
GTPase-activating protein (RasGAP) that functions as a
negative regulator of Ras-controlling cell growth and
differentiation. However, since Ras activity is detected
in only a fraction of Schwann cells, neurofibromin may
not be an essential regulator of ras activity. LOH of NF1
has been reported in 25% of neurofibromas. The S-100
positive cells in neurofibromas typically lack the NF1
transcript, while the fibroblasts carry at least one nor-
mal NF1 allele and express both NF1 mRNA and pro-
tein. This suggests that additional molecular events
besides NF1 inactivation in Schwann cells and/or other
neural crest derivatives are necessary for the develop-
ment of neurofibromas.25

Neurilemoma (Schwannoma)

Neurofibromatosis type 2 (NF2) was separated
from NF1 when the NF1 gene was located to chromo-
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some 17 and the NF2 gene to chromosome 22.26 NF2
is an uncommon autosomal dominant disorder in
which patients are predisposed to neoplastic lesions of
Schwann cells (schwannomas and schwannosis),
meningeal cells (meningiomas and meningioan-
giomatosis), and glial cells (gliomas and glial hamar-
tomas). Vestibular schwannomas, the hallmark of NF2,
do not occur with increased frequency in NF1 patients.
Schwannomas carry inactivating mutations of the NF2
tumor suppressor gene on chromosome 22q12. The
NF2 gene encodes a widely expressed protein,“merlin,”
that links the cytoskeleton to the cell membrane. Chro-
mosome 22 deletions have been detected in over 80%
of the cases, suggesting that genes other than the NF2
locus are involved in the development of schwanno-
mas. In some cases, a putative locus on 22q has been
suspected.27 Alterations in 1p similar to those observed
in meningiomas, another NF2-associated neoplasm,
have been reported. Furthermore, the nerve growth
factor (NGF), which binds to a specific cell surface
receptor (NGFR), exists in high affinity (trk) and low
affinity (p75NGFR) forms. During early development
and after nerve injury, Schwann cells express only
p75NGFR, suggesting that transcriptional repression
plays a major role in the regulation of these genes and
that the markedly different regulation of NGFI-A, NGFI-
B, and c-fos may guide Schwann cell differentiation.28

Malignant Peripheral Nerve Sheath Tumors

Malignant peripheral nerve sheath tumors (MPN-
STs) exist in sporadic forms and in association with
neurofibromatosis. Since the genes involved in
peripheral and central neurofibromatosis are located
in chromosomes 17q and 22, respectively, these two
regions are of particular interest to MPNST pathogen-
esis. In NF1, MPNSTs may arise in a preexisting neu-
rofibroma or may be the initial manifestation of the
disease. MPNSTs are often triploid, and recent studies
have shown inactivation of both NF1 gene alleles dur-
ing the development of MPNSTs in patients with NF1.
All chromosome arms, except 22p and the Y chromo-
some, have been reported in recombinations. Inacti-
vation of the TP53 gene has been reported in a few
tumors. It has been suggested that the NF1 gene may
function as a tumor suppressor gene and that both the
NF1 and the TP53 genes may be critical for the pro-
gression to malignancy. Overexpression of p53 is
found in 60% of MPNSTs,while neurofibromas are typ-
ically p53 immunonegative. Half of the NF1 patients
with p53-positive MPNSTs develop recurrence, metas-
tases, or a second malignancy within 2 years of diag-
nosis, whereas patients with p53-positive sporadic
MPNSTs are free of disease for up to 7 years.29 The
NF1 gene may also contain a mutation that results in
either greatly reduced transcription or message insta-

bility.30 In malignant triton tumors, which are rare
variants of MPNSTs showing muscle differentiation
and often seen in patients with NF1, an isochromo-
some for the long arm of chromosome 8 and an unbal-
anced translocation (1;13) (q10;q10) leading to a gain
of the long arm of chromosome 1 have been
observed.31

Small Round-Cell Tumors

Desmoplastic Small Round-Cell Tumor

Desmoplastic small round-cell tumor (DSRT) is a
multiphenotypic, primitive tumor characterized by the
t(11;22)(p13;q12) chromosomal translocation. This
translocation produces a chimeric protein in which the
transactivation domain of the EWS protein is fused to
zinc-fingers 2-4 of WT1, the Wilms’ tumor suppressor
and transcriptional repressor. One of the conse-
quences is the induction of platelet-derived growth fac-
tor A chain (PDGF-A), a potent fibroblast growth factor
that may contribute to the characteristic fibrosis
observed in DSRT. Novel molecular variants of the spe-
cific EWS-WT1 gene fusion involving an in-frame junc-
tion of the exon 9 or exon 10 of EWS to exon 8 of WT1
have been reported.32

Ewing’s Sarcoma Family

The recently defined Ewing’s sarcoma family of
tumors (EWSFT) includes EWS, extraosseous EWS,
primitive neuroectodermal tumor (PNET), neuroep-
ithelioma, and Askin’s tumor. These entities share bal-
anced chromosomal translocations involving the EWS
gene. A hallmark of EWS and PNET is the immunohis-
tochemical expression of CD99/MIC2, a cell surface 
glycoprotein encoded by a pseudoautosomal gene on
chromosomes X and Y. Two translocations —
t(11;22)(q24;q12) and t(21;22)(q22;q12) — that are
observed in more than 85% of the tumors are consid-
ered characteristic of EWSFT. They result in the fusion
of the 5′ portion of the EWS gene (22q12) to either the
FLI1 gene (11q24) or the ERG gene (21q22). The EWS
gene encodes an RNA-binding protein of unknown
function, and the FLI1 gene encodes an Ets-1-related
transcriptional activator. The translocation t(11;22)
consists of a series of breakpoints in central introns of
EWS and FLI1 that result in various fusion proteins dif-
fering in the sequence surrounding the breakpoint
where the transcriptional regulation domain is located.
EWS-FLI1 upregulates the expression of manic fringe
(MFNG) reported to be involved in neuroectodermal
differentiation and in leukemogenesis via the Notch sig-
naling pathway.33 EWS-FLI1 is also a transactivator of
the c-myc promoter and activates genes such as type I
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insulin-like growth factor receptor (IGF-IR) and EAT-2,
which contain a functionally active Src-homology
domain. An autocrine pathway involving IGF-I and IGF-
IR may also be responsible for blocking apoptosis in
tumor cells. Thus, antisense oligonucleotides against
EWS-FLI1 prevent the growth of EWS cells in vitro and
in vivo. Although no differences in survival have been
shown for EWS-FLI1 and EWS-ERG, type 1 EWS-FLI1
seems to be a weaker transcriptional activator than
type 2 EWS-FLI2.34 Furthermore, type 1 EWS-FLI1
fusions, with a breakpoint between exon 7 of EWS and
exon 6 of FLI1, seem to be associated with better prog-
nosis, possibly due to a differential regulation of the
IGF-IR pathway.35 While EWS-ETS fusion proteins may
function as dominant negative forms of ETS transcrip-
tion factors, the EWS-FLI1 protein seems to target the
transforming growth factor beta (TGF-β) type II recep-
tor (TβR-II), a putative tumor suppressor gene. In fact,
transcriptional repression of TGF-β appears to be an
important target of all three oncogenes. Thus, fibro-
blasts transfected with EWS-FLI1, EWS-ERG, or EWS-
ETV1 gene fusions express reduced levels of TβR-II
mRNA and protein and are less sensitive to TGF-β-medi-
ated effects. Furthermore, co-transfection of these
fusion genes and the TβR-II promoter suppresses the
activity of TβR-II, FLI1, ERG, and ETV.

The molecular mechanism responsible for these
translocations is not completely understood. However,
the observation that different translocation partners of
the EWS gene are specifically associated with several
distinct types of sarcomas suggests a model in which
the translocation partner supplying the DNA-binding
domain confers the target specificity of the transcrip-
tional activation mediated by these chimeric proteins,
whereas the partner supplying the N-terminal domain
and promoter region determines their transactivation
potential and expression level. Furthermore, the adeno-
virus early region 1A (E1A) gene has been shown to
induce the fusion transcript EWS-FLI1, suggesting a
direct link between viral genome and chromosome
translocations.36

Chromosomal amplification has been detected in
EWSFT with various frequencies. Thus,1q21-q22 ampli-
fication is detected in 18% of the tumors and amplifi-
cation of chromosome 8 in 38%. Amplification of chro-
mosome 12 is observed in 12% of cases and, if 6p is
coamplified, distant disease-free and overall survival is
decreased. Secondary genetic alterations (eg, overex-
pression of the c-myc gene and amplification of N-myc
and c-erb B-1) are rare in EWS. Aberrant p53 expres-
sion, present in 11% of patients, appears to define a
small clinical subset of patients with markedly poor
outcome.37 Interestingly, hybrid cells of a PNET cell
line and normal human fibroblasts, or HeLa cells, are

nontumorigenic, while hybrid cells of the PNET cell
line and other soft-tissue sarcoma cell lines are highly
tumorigenic. The genetic abnormality responsible for
this conversion has been mapped to chromosome 17,
suggesting the presence of a tumor suppressor gene on
this chromosome.38

Alveolar Rhabdomyosarcoma

Alveolar rhabdomyosarcoma is characterized by two
variant translocations, t(2;13)(q35;q14) and t(1;13)
(p36;q14). In t(2;13)(q35;q14), the NH2-terminal paired
box and homeodomain DNA-binding domains of PAX3
on chromosome 2 are fused in frame to COOH-terminal
regions of the FKHR gene, a novel member of the fork-
head DNA-binding domain family located on chromo-
some 13. The sequences that flank the t(2;13) break-
point are similar to the DNA-binding site for a protein
termed “translin,” also known to flank other chromoso-
mal translocations. The PAX3 gene seems to function
upstream of genes that control skeletal muscle differen-
tiation. This effect on differentiation appears to be sup-
ported by the fact that MDM2 has also been found as
amplified in association with this translocation. MDM2
seems to block MyoD, which drives terminal differentia-
tion of skeletal muscle cells. Furthermore, amplification
of the ATR gene has been also observed. ATR, a protein
kinase that regulates DNA repair, has been shown to
block skeletal muscle differentiation. The PAX3-FKHR
fusion protein may function as an oncogenic transcrip-
tion factor by enhancing activation of normal PAX3 tar-
get genes and by an antiapoptotic mechanism due, at
least in part, to direct transcriptional modulation of
BclXL.39 Furthermore, the twist gene, which is overex-
pressed in rhabdomyosarcoma and known to block
skeletal muscle differentiation, may also contribute to
oncogenesis by blocking myc-induced apoptosis. Cells
with the translocation t(2;13) often overexpress the
MET protooncogene, which encodes for the hepatocyte
growth factor (HGF) receptor. The combination of
MET/HGF is believed to increase cell motility and
metastatic potential. In the variant translocation t(1;13),
a novel fusion gene, PAX7-FKHR, is formed. While PAX7
is virtually inactive, PAX7-FKHR is comparable to PAX3-
FKHR.40 Microarray studies have revealed 37 genes con-
sistently expressed and related to both primary (PAX3-
FKHR) and secondary (CDK4) genetic alterations.40

Embryonal Rhabdomyosarcoma

Loss of 1p36 affects the locus for PAX7, the paired
box characteristically altered in embryonal rhab-
domyosarcoma, and the region 9q22 corresponds to
the locus of a putative tumor suppressor gene. LOH
has been reported at 16q23-16qter and 11p15.5, a
region containing several genes — RRM1,GOK,Nup98,
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CARS, hNAP2 (NAP1L4), H19, IGF-II, WT2, p57KIP2
(CDKN1C), KVLQT1,TAPA-1,TH, ASCL2,TSSC1,TSSC2,
and TSSC3.41 TSSC1 shows homology to the Rb-associ-
ated protein p48 and the chromatin assembly factor
CAF1. TSSC2 is homologous to the Caenorhabditis 
elegans beta-mannosyl transferase, and TSSC3 shows
homology to the mouse TDAG51, implicated in FasL-
mediated apoptosis. The 5′ region of the human tyro-
sine hydroxylase gene (TH) on chromosome band
11p15.5 contains several important loci for disease
phenotypes such as the congenital overgrowth disor-
der,Beckwith-Wiedemann syndrome,and Wilms’ tumor,
and it appears to be involved in rhabdomyosarcoma. In
rhabdomyosarcoma, p53 has been shown to inhibit the
activity of the P3 and P4 promoters of IGF-II, thus
decreasing endogenous IGF-II gene expression. Cells
with a high expression of IGF-II have shortened cycling
time and diminished G1 checkpoint associated with
increases in cyclin D1, p21, and p53 protein levels, as
well as mitogen-activated protein kinase activity.42

Rhabdoid Tumors

Malignant rhabdoid tumors are extremely aggres-
sive soft-tissue sarcomas that tend to be widely metasta-
tic at diagnosis. These tumors, first described as vari-
ants of Wilms’ tumor, have been found in a variety of
extrarenal sites. A chromosomal translocation t(11;22)
(p15.5;q11.23) encoding a tumor suppressor gene,
INI1, has been reported. The chromosome 11 break-
point has been mapped to a region in the vicinity of
genes involved in rhabdomyosarcoma, Wilms’ tumor,
and Beckwith-Wiedemann syndrome. Two other
tumor-associated loci, EWS1 and NF2, mapped to
22q11.2 do not appear to be involved.43 In a rhabdoid
tumor cell line, the chromosome 11 breakpoint of the
translocation has been mapped to the vicinity of IGF-II.

Neuroblastoma

Gain of genetic material from chromosome arm 17q
(17q21) is the most frequent cytogenetic abnormality
and is associated with advanced disease. A novel chro-
mosomal gain at 1q21-q25 has been found in 50% of
advanced cases.44 Amplification of N-myc is also a
prominent genetic abnormality and suggests the
involvement of IGF-IR in neuroblastoma pathogenesis.
In some cases, N-myc amplification may be due to the
formation of double minutes and loss of chromosome
11. Amplification of N-myc and telomerase activity are
predictors of poor prognosis. A complex translocation
of chromosome 17 has also been found to be associated
with poor prognosis.45 A putative novel zinc-finger gene
(zf5-3) has been mapped to chromosome 19. During
development of the fetal human brain,high levels of zf5-
3 mRNA are restricted to the mitotically active, undif-

ferentiated neuroblasts, and morphologic evidence of
differentiation is accompanied by a marked loss in zf5-3
expression.46 Consistent areas of chromosomal loss,
including 1p36, 11q23, 14q23,18q21.1 and possibly at
18-q12.3, may identify the location of neuroblastoma
suppressor genes. A suppressor gene associated with N-
myc-amplified tumors probably maps to a region that
harbors genes such as FGR, SLC9A1, HMG17, EXTL1,
AML2, RH, and OP18 with roles in cell growth, differen-
tiation, and morphogenesis.47 The chromosome 18 is
frequently deleted in neuroblastoma,and a distinct com-
mon region of allelic imbalance at 18q21.1 has been
shown to include the DCC (deleted in colon carcinoma)
gene but not the Smad2 and Smad4 genes. The DFFB
gene, encoding the active subunit of the apoptotic
nuclease DNA fragmentation factor (DFF40), maps to
1p36, near the imprinted putative tumor suppressor
gene TP73. The DFFA gene, encoding the inhibitory
DFF45 subunit, also maps to 1p36.2-36.3, and a
processed DFFB pseudogene maps to chromosome 9.
However, DFFB does not seem to be the neuroblastoma
tumor suppressor gene TP73.48 In olfactory neuroblas-
toma, a t(11;22) translocation identical to that of EWS
has been observed, and some tumors have been shown
to produce the EWS-FLI1 fusion protein. Recent stud-
ies,49 however, have failed to confirm a relationship of
olfactory neuroblastoma to EWSFT.

Bone-Forming Tumors

Giant Cell Tumor of the Bone

Giant cell tumor of the bone is a benign, primary
skeletal neoplasm with variable biologic aggressiveness
that demonstrates telomeric associations of chromo-
somes 11,16,19,20,and 21,reduction of telomere length,
marker chromosomes,double minutes,chromosome frag-
ments, ring chromosomes, and polyploidy. Overexpres-
sion of TGF-β, but not TGF-β, has been reported.50

Adamantinoma

Adamantinoma of long bones is a biphasic malig-
nant tumor composed of epithelial and fibroblastic
cells. Results of one study, based on flow cytometric
and genetic analysis, suggest that in adamantinoma the
epithelial component is malignant, while the fibroblas-
tic component is part of an osseofibrous reaction.51

Osteogenic Sarcoma

Karyotypes in osteosarcoma (osteogenic sarcoma,
OS) are usually complex with extensive numerical and
structural changes, particularly in high-grade tumors.
The highest frequencies of LOH have been reported on
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chromosomes 3q,13q,17p,and 18q. The high incidence
of LOH on chromosome 3q suggests the presence of a
novel tumor suppressor gene.52 The most frequent aber-
rations found by comparative genomic hybridization are
copy number increases at 1q21 and 8q (8q21.3-q22)
and 8cen-q13, followed by copy number increases at
14q24-qter and Xp11.2-p21. The most common losses
are detected at 6q16 and 6q21-q22. Patients with copy
number increases at 8q21.3-q22, 1q21, and 8cen-q13
have diminished distant disease-free survival and show a
trend toward short overall survival.

Genomic amplification, especially of both the
p53-binding MDM2 gene and the flanking SAS gene,
plays an important role in the biology of these tumors.
SAS is the human homolog of the MDM2. SAS ampli-
fication, however, is more common in surface OS than
in conventional intramedullary OS. Overexpression of
c-erb B-2, a cellular growth factor, is observed in
approximately 40% of OS and correlates with
decreased 4-year survival, early pulmonary metastases,
and poor survival.53 Alterations in c-fos occur more
frequently in patients with recurrent or metastatic
disease, and LOH of Rb has been identified as a nega-
tive prognostic marker. Alterations of c-myc and N-
myc are also common, and mutations have been
reported in p53, MDM2, DCC, p16INK4A, and p19INK4D.
The cdk inhibitors p15, p16, and p18 are seldom
mutated in OS, although p15 and p16 have been found
co-deleted in some tumors. The INK4A gene, localized
to human chromosome 9p21, encodes p16INK4A, a
tumor suppressor protein that functions at least in
part through the inhibition of CDK4, a cyclin-depen-
dent kinase encoded by a gene at 12q13.

The prevalence of these alterations, in conjunc-
tion with the reported inactivation of Rb in up to 80%
of cases, suggests that genetic lesions deregulating the
G1 to S cell cycle checkpoint are a constant feature in
OS pathogenesis. Of interest for the study of OS aris-
ing in Paget’s disease is that in sporadic OS, LOH has
identified a putative tumor-suppressor locus that
maps to chromosome 18q in a region tightly linked to
familial Paget’s disease.54 Parosteal OS, a less aggres-
sive form of OS, seems to have consistent gains of
genetic material on chromosome 12q13-q15. Double
minutes and monosomy of 17p and 6p have also been
reported. In low-grade central OS, translocation
between chromosomes 14 and 15, balanced transloca-
tions involving chromosomes 5, 21, 12, and 20, and a
supernumerary ring chromosome derived from chro-
mosome 1 have been detected despite a near diploid
karyotype. Other tumors display a range from diploid
to peritetraploid DNA content. The low number of
genetic alterations found in this type of tumor may
explain its relatively low malignancy.

Cartilage-Forming Lesions

Hereditary multiple exostosis (EXT) is an autosomal
dominant disorder characterized by the formation of
osteochondromas in the growth centers of the long
bones. EXT is genetically heterogeneous with three loci
on chromosomes 8q24.1, 11p13, and 19q. Mutations of
the EXT1 gene on chromosome 8q24.1 have been iden-
tified. Some mutations result in frameshifts and prema-
ture termination codons, while others result in amino
acid substitutions. The EXT2 gene maps to the region
containing the marker D11S903, suggesting that EXT
genes may be tumor-suppressor genes and that the ini-
tiation of tumor development may follow a multistep
model. In fact, mutations at EXT1 and other genetic
events including LOH at other loci may be required for
the development of the malignant phenotype.55 The
patterns of EXT gene mutation observed in EXT, in soli-
tary and multiple osteochondromas, and in chondrosar-
coma are analogous to those observed in tumor sup-
pressor genes responsible for other cancers. In chon-
droid lipoma, a three-way rearrangement among chro-
mosomes 1, 2, and 5, and an 11;16 translocation with a
breakpoint in 11q13, proximal to the MEN1 region fre-
quently rearranged in hibernoma, have been reported.
The t(11,16)(q13;p12-p13), however, is different from
that reported in myxoid/round-cell liposarcoma.56 In
chondroid hamartoma, rearrangement of 12q15 is com-
mon. A t(12;14)(q15;q24), similar to that observed in
leiomyoma, has also been detected. Rearrangements of
chromosome 6 involving the band 6q13 with a peri-
centromeric inversion 6 [inv(6)(p25q13)] seem to be
relatively specific for chondromyxoid fibroma. Cytoge-
netic studies have also identified a complex karyotype
and an unbalanced reciprocal translocation between
the short arm of chromosome 3 and the long arm of
chromosome 6. The rearrangement affects two genes
that control growth and maturation of endochondral
bone — the type X collagen gene (COL10A1), located at
6q21-q22, and the parathyroid hormone/parathyroid
hormone-related peptide receptor gene (PTH/PTHrP),
located at 3p21.1-p22.57 In enchondroma, supernumer-
ary ring chromosomes in chromosome 12 and chromo-
somal abnormalities involving the 12q13-q15 region,
associated with a wide range of benign soft-tissue
tumors and sarcomas, have been reported. Genes impli-
cated in the control of the cell cycle such as SAS, the
protooncogenes CHOP/GADD153, GLI, A2MR, and
CDK4, and the high mobility group (HMGI-C) gene
implicated in mesenchymal tumorigenesis are all locat-
ed on the long arm of chromosome 12.58

Chondrosarcoma

Chondrosarcomas may arise centrally in bone (cen-
tral chondrosarcoma) or secondarily within the carti-
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laginous cap of a hereditary or sporadic exostosis
(peripheral chondrosarcoma). In one study,59 the vast
majority of peripheral chondrosarcomas were highly
proliferative with LOH at many loci, while a small sub-
group of central chondrosarcomas showed anomalies
that were restricted to 9p21, 10, 13q14, and 17p13 and
were peridiploid or near haploid. The cytogenetic
analysis of a well-differentiated (grade I) chondrosarco-
ma shows numerous structural chromosome aberra-
tions and a striking degree of genetic instability. In
some studies,60 genetic aberrations were found in 72%
of chondrosarcomas and amplifications of small chro-
mosome regions in only 17% of cases. The RET onco-
gene locus, implicated in the pathogenesis of multiple
endocrine neoplasia types 2A and 2B,Hirschsprung dis-
ease, and medullary and papillary thyroid carcinomas,
has been reported to be involved in chondrosarcoma.
Amplification of the c-myc protooncogene has rarely
been observed,61 and fos/jun has recently been impli-
cated in chondrosarcoma pathogenesis.62

Extraskeletal Myxoid Chondrosarcoma

The t(9;22)(q22;q12) translocation is common in
extraskeletal myxoid chondrosarcoma. A newly identi-
fied chromosomal translocation, t(9;17)(q22;q11.2),
seems to generate a fusion transcript consisting of an
EWS-like gene (HTAF1168 or RBP56) and the CHN
nuclear receptor gene (TEC).63 As a result of the translo-
cation, a protein that is analogous to the EWS-CHN is
produced. CHN encodes a novel orphan nuclear recep-
tor with a zinc-finger DNA-binding domain. Other stud-
ies have revealed t(9;22;15)(q31;q12.2;q25) and
10q21.1 rearrangements. Although some cases show
neither an EWS-CHN fusion transcript nor EWS or CHN
genomic rearrangement, extraskeletal myxoid chon-
drosarcoma is another tumor containing a gene fusion
involving EWS.

Dedifferentiated Chondrosarcoma

Dedifferentiated chondrosarcoma is a high-grade
sarcoma adjacent to a low-grade malignant cartilagi-
nous tumor. In one study,64 numerous genetic alter-
ations were found in both the high- and low-grade
components. However, a shared loss of chromosome
13 suggests that both components originate from a
common precursor.

Miscellaneous Tumors

Tenosynovial Tumors

Localized giant cell tumor of tendon sheath exhibits
two different karyotypic changes. One involves 1p11 in

a translocation with chromosome 2 or with another
chromosome. A second type involves 16q24.

Myxoma

In cardiac myxomas, karyotype abnormalities that
perhaps are responsible for defective DNA repair have
been reported. In patients with the autosomal domi-
nant Carney complex, a major 17 cM locus on chromo-
some 17q2 containing the Carney complex disease
gene has been identified.65

Chordoma

Chordomas are rare skeletal sarcomas of the spine
that originate from remnants of the notochord. The
rearrangement dic(1;9)(p36.1;p21) has been report-
ed.66 Chromosome 1p appears to be involved in unbal-
anced translocations with different chromosomes, lead-
ing to variable losses of 1p. Microsatellite instability, an
indirect marker of globally defective DNA mismatch
repair, has also been demonstrated.

Malignant Mesenchymoma

In one study,67 supernumerary ring- and rod-shaped
marker chromosomes were observed next to an other-
wise normal diploid karyotype. The chromosome
1q21-q25 and 12q14-q15 sequences were amplified,
suggesting an association with the well-differentiated
liposarcomatous component of the tumor.

Alveolar Soft-Part Sarcoma

Alveolar soft-part sarcoma is a rare, histologically
distinctive soft-tissue sarcoma typically occurring in
children and young adults. Comparative genomic
hybridization studies have shown that gains are more
common than losses.68

Clear Cell Sarcoma 
(Melanoma of Soft Parts)

Clear cell sarcoma is characterized by the translo-
cation t(12;22)(q13-q14;q12). Thus, the oncoprotein
EWS-ATF1 is a highly specific marker for clear cell sar-
coma and is a potent activator of several cAMP-
inducible promoters, including the somatostatin pro-
moter. As in EWS and multiple myxoid liposarcoma, tri-
somy/tetrasomy 8 represents a nonrandom secondary
aberration.69

Synovial Sarcoma

Synovial sarcoma (SS) is characterized by the
translocation t(X;18)(p11.2;q11.2),which fuses the SYT
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gene (SSXT) on chromosome 18 to the SSX gene on the
X chromosome. Of the five variants of the SSX gene
identified, SSX1, SSX2, and SSX4 have been shown to
fuse with SYT. The SYT-SSX2 seems to be largely restrict-
ed to monophasic synovial sarcomas, while the SYT-
SSX1 occurs in 80% of the tumors,either monophasic or
biphasic,but not in other sarcomas.70 This translocation
seems to correlate with a higher proliferation rate (Ki-
67 index) and a shorter metastasis-free survival. Two
alternative breakpoint regions involving Xp11.2 — one
in the ornithine aminotransferase-like 1 (OATL1) region
and the other in the OATL2 region — have also been
described. The IGF-IR plays a crucial role in prolifera-
tion and survival of transformed cells, and when over-
expressed (in approximately 50% of cases), it is associ-
ated with a high incidence of lung metastases. No asso-
ciation has been found between IGF-IR and the type of
fusion gene transcript (SYT-SSX1 or SYT-SSX2).

Epithelioid Sarcoma

Cytogenetic studies have revealed translocations
t(6;8)(p25;q11.2), t(8;22)(q22;q11), and add(7)(p15).
In one case,71 the band of chromosome 22 involved in
the translocation is the same as is involved in the major-
ity of EWS-PNET tumors.

Conclusions

Potentially diagnostic chromosomal translocations
and associated fusion genes are (1) Ewing's sarcoma/
primitive neuroectodermal tumor: t(11;22)(q24;q12),
EWS-FLI1; t(21;22)(q22;q12),EWS-ERG; t(7;22) (p22;q12),
EWS-ETV1, (2) desmoplastic small round-cell tumor:
t(11;22)(p13;q12), EWS-WT1, (3) extraskeletal myxoid
chondrosarcoma: t(9;22)(q22;q12), EWS-TEC(CHN), (4)
malignant mesenchymoma: t(11;22) (q24;q12),EWS-FLI1,
(5) alveolar rhabdomyosarcoma: t(2;13)(q35;q14), PAX-3-
FKHR; t(1;13)(p36;q14), PAX-7-FKHR, (6) myxoid/round-
cell liposarcoma: t(12;16) (q13;p11), CHOP-TLS(FUS), (7)
synovial sarcoma: t(X;18)(p11.2;q11.2), SSX1-SYT, and
(8) clear cell sarcoma: t(12;22)(q13-14;q12). Many
other genetic abnormalities are currently being studied
to ascertain their relationship to histogenesis and onco-
genesis. The molecular pathways linking genetic aber-
rations to known and unknown signal transduction
mechanisms are being completed at a steady pace.
Transfection methodologies in combination with
microarray technologies will soon reveal genes that
may increase our knowledge in sarcoma oncogenesis
and help us to establish new therapeutic modalities.

The EndNote 4.0 software (ISI ResearchSoft,
Berkeley, CA) was used to avoid article duplication.
Also, selected literature from the bibliography sections

of the articles retrieved was cross-referenced with the
list of articles provided by the software.

References

1. Petit MM, Mols RR, Schoenmakers EF, et al. LPP, the preferred
fusion partner gene of HMGI-C in lipomas, is a novel member of the
LIM protein gene family. Genomics. 1996;36:118-129.

2. Sreekantaiah C, Berger CS, Karakousis CP, et al. Cytogenetic
subtype involving chromosome 13 in lipoma: report of three cases.
Cancer Genet Cytogenet. 1989;39:281-28

3. Pauwels P, Sciot R, Croiset F, et al. Myofibroblastoma of the
breast: genetic link with spindle cell lipoma. J Pathol. 2000;191:282-
285.

4. Kanazawa C, Mitsui T, Shimizu Y, et al. Chromosomal aberra-
tion in lipoblastoma: a case with 46,XX,ins(8;6)(q11.2;q13q27).
Cancer Genet Cytogenet. 1997;95:163-165.

5. Dei Tos AP, Doglioni C, Piccinin S, et al. Coordinated expres-
sion and amplification of the MDM2, CDK4, and HMGI-C genes in
atypical lipomatous tumours. J Pathol. 2000;190:531-536.

6. Pilotti S, Della Torre G, Lavarino C, et al. Distinct mdm2/p53
expression patterns in liposarcoma subgroups: implications for dif-
ferent pathogenetic mechanisms. J Pathol. 1997;181:14-24.

7. Thelin-Jarnum S, Lassen C, Panagopoulos I, et al. Identifica-
tion of genes differentially expressed in TLS-CHOP carrying myxoid
liposarcomas. Int J Cancer. 1999;83:30-33.

8. Powers CA, Mathur M, Raaka BM, et al. TLS (translocated-in-
liposarcoma) is a high-affinity interactor for steroid, thyroid hormone,
and retinoid receptors. Mol Endocrinol. 1998;12:4-18.

9. Perez-Losada J, Pintado B, Gutierrez-Adan A, et al. The
chimeric FUS/TLS-CHOP fusion protein specifically induces liposar-
comas in transgenic mice. Oncogene. 2000;19:2413-2422.

10. Weibolt VM,Buresh CJ,Roberts CA,et al. Involvement of 3q21
in nodular fasciitis. Cancer Genet Cytogenet. 1998;106:177-179.

11. McComb EN, Neff JR, Johansson SL, et al. Chromosomal
anomalies in a case of proliferative myositis. Cancer Genet Cyto-
genet. 1997;98:142-144.

12. Dal Cin P, Sciot R, De Smet L, et al. Translocation 2;11 in a
fibroma of tendon sheath. Histopathology. 1998;32:433-435.

13. Sciot R, Samson I, van den Berghe H, et al. Collagenous fibro-
ma (desmoplastic fibroblastoma): genetic link with fibroma of ten-
don sheath?  Mod Pathol. 1999;12:565-568.

14. Donner LR, Silva MT, Dobin SM, et al. Solitary fibrous tumor
of the pleura: a cytogenetic study. Cancer Genet Cytogenet.
1999;111:169-171.

15. Vanni R, Faa G, Dettori T, et al. A case of dermatofibrosarcoma
protuberans of the vulva with a COL1A1/PDGFB fusion identical to a
case of giant cell fibroblastoma. Virchows Arch. 2000;437:95-100.

16. O’Brien KP, Seroussi E, Dal Cin P, et al. Various regions within
the alpha-helical domain of the COL1A1 gene are fused to the second
exon of the PDGFB gene in dermatofibrosarcomas and giant-cell
fibroblastomas. Genes Chromosomes Cancer. 1998;23:187-193.

17. Bourgeois JM, Knezevich SR, Mathers JA, et al. Molecular
detection of the ETV6-NTRK3 gene fusion differentiates congenital
fibrosarcoma from other childhood spindle cell tumors. Am J Surg
Pathol. 2000;24:937-946.

18. Gisselsson D,Andreasson P, Meis-Kindblom JM, et al. Amplifi-
cation of 12q13 and 12q15 sequences in a sclerosing epithelioid
fibrosarcoma. Cancer Genet Cytogenet. 1998;107:102-106.

19. Szymanska J, Tarkkanen M, Wiklund T, et al. A cytogenetic
study of malignant fibrous histiocytoma. Cancer Genet Cytogenet.
1995;85:91-96.

20. Hinze R, Schagdarsurengin U,Taubert H, et al. Assessment of
genomic imbalances in malignant fibrous histiocytomas by compara-
tive genomic hybridization. Int J Mol Med. 1999;3:75-79.

21. Reid AH,Tsai MM,Venzon DJ, et al. MDM2 amplification, P53
mutation, and accumulation of the P53 gene product in malignant
fibrous histiocytoma. Diagn Mol Pathol. 1996;5:65-73.

22. Meltzer PS, Jankowski SA, Dal Cin P, et al. Identification and
cloning of a novel amplified DNA sequence in human malignant
fibrous histiocytoma derived from a region of chromosome 12 fre-
quently rearranged in soft tissue tumors. Cell Growth Differ.
1991;2:495-501.



May/June 2001, Vol.8, No.3250 Cancer Control

23. Martignetti JA, Gelb BD, Pierce H, et al. Malignant fibrous his-
tiocytoma: inherited and sporadic forms have loss of heterozygosity
at chromosome bands 9p21-22. Evidence for a common genetic
defect. Genes Chromosomes Cancer. 2000;27:191-195.

24. Hill MA, Gong C, Casey TJ, et al. Detection of K-ras mutations
in resected primary leiomyosarcoma. Cancer Epidemiol Biomarkers
Prev. 1997;6:1095-1100.

25. Zhang L,Yu D, Hu M, et al. Wild-type p53 suppresses angio-
genesis in human leiomyosarcoma and synovial sarcoma by tran-
scriptional suppression of vascular endothelial growth factor expres-
sion. Cancer Res. 2000;60:3655-3661.

26. Rutkowski JL,Wu K, Gutmann DH, et al. Genetic and cellular
defects contributing to benign tumor formation in neurofibromatosis
type 1. Hum Mol Genet. 2000;9:1059-1066.

27. Bruder CE, Ichimura K,Blennow E,et al. Severe phenotype of
neurofibromatosis type 2 in a patient with a 7.4-MB constitutional
deletion on chromosome 22: possible localization of a neurofibro-
matosis type 2 modifier gene?  Genes Chromosomes Cancer.
1999;25:184-190.

28. Matheny C, DiStefano PS, Milbrandt J. Differential activation
of NGF receptor and early response genes in neural crest-derived
cells. Brain Res Mol Brain Res. 1992;13:75-81.

29. Liapis H,Marley EF,Lin Y,et al. p53 and Ki-67 proliferating cell
nuclear antigen in benign and malignant peripheral nerve sheath
tumors in children. Pediatr Dev Pathol. 1999;2:377-384.

30. Reynolds JE, Fletcher JA, Lytle CH, et al. Molecular character-
ization of a 17q11.2 translocation in a malignant schwannoma cell
line. Hum Genet. 1992;90:450-456.

31. Hennig Y, Loschke S, Katenkamp D, et al. A malignant triton
tumor with an unbalanced translocation (1;13)(q10;q10) and an
isochromosome (8)(q10) as the sole karyotypic abnormalities. Can-
cer Genet Cytogenet. 2000;118:80-82.

32. Lee SB, Kolquist KA, Nichols K, et al. The EWS-WT1 translo-
cation product induces PDGFA in desmoplastic small round-cell
tumour. Nat Genet. 1997;17:309-313.

33. Antonescu CR,Gerald WL,Magid MS,et al. Molecular variants
of the EWS-WT1 gene fusion in desmoplastic small round cell tumor.
Diagn Mol Pathol. 1998;7:24-28.

34. Ida K, Kobayashi S, Taki T, et al. EWS-FLI-1 and EWS-ERG
chimeric mRNAs in Ewing’s sarcoma and primitive neuroectodermal
tumor. Int J Cancer. 1995;63:500-504.

35. de Alava E, Panizo A,Antonescu CR, et al. Association of EWS-
FLI1 type 1 fusion with lower proliferative rate in Ewing’s sarcoma.
Am J Pathol. 2000;156:849-855.

36. Sanchez-Prieto R, de Alava E. Palomino T, et al. An association
between viral genes and human oncogenic alterations: the aden-
ovirus E1A induces the Ewing tumor fusion transcript EWS-FLI1. Nat
Med. 1999;5:1076-1079.

37. de Alava E,Antonescu CR, Panizo A, et al. Prognostic impact
of P53 status in Ewing sarcoma. Cancer. 2000;89:783-792.

38. Chen P, Ellmore N, Weissman BE, et al. Functional evidence
for a second tumor suppressor gene on human chromosome 17. Mol
Cell Biol. 1994;14:534-542.

39. Margue CM,Bernasconi M,Barr FG,et al. Transcriptional mod-
ulation of the anti-apoptotic protein BCL-XL by the paired box tran-
scription factors PAX3 and PAX3/FKHR. Oncogene. 2000;19:2921-
2929.

40. Bennicelli JL, Advani S, Schafer BW, et al. PAX3 and PAX7
exhibit conserved cis-acting transcription repression domains and
utilize a common gain of function mechanism in alveolar rhab-
domyosarcoma. Oncogene. 1999;18:4348-4356.

41. Anderson J, Gordon A, McManus A, et al. Disruption of
imprinted genes at chromosome region 11p15.5 in paediatric rhab-
domyosarcoma. Neoplasia. 1999;1:340-348.

42. Zhang L, Kim M, Choi YH, et al. Diminished G1 checkpoint
after gamma-irradiation and altered cell cycle regulation by insulin-
like growth factor II overexpression. J Biol Chem. 1999;274:13118-
13126.

43. Newsham I, DaubD, Besnard-Guerin C, et al. Molecular sublo-
calization and characterization of the 11;22 translocation breakpoint
in a malignant rhabdoid tumor. Genomics. 1994;19:433-440.

44. Hirai M,Yoshida S, Kashiwagi H, et al. 1q23 gain is associated
with progressive neuroblastoma resistant to aggressive treatment.
Genes Chromosomes Cancer. 1999;25:261-269.

45. Panarello C, Morerio C, Russo I, et al. Full cytogenetic char-
acterization of a new neuroblastoma cell line with a complex 17q
translocation. Cancer Genet Cytogenet. 2000;116:124-132.

46. Dimitroulakos J, Pienkowska M, Sun P, et al. Identification of
a novel zinc finger gene, zf5-3, as a potential mediator of neuroblas-
toma differentiation. Int J Cancer. 1999;81:970-978.

47. Spieker N, Beitsma M, van Sluis P, et al. An integrated 5-Mb
physical, genetic, and radiation hybrid map of a 1p36.1 region impli-
cated in neuroblastoma pathogenesis. Genes Chromosomes Cancer.
2000;27:143-152.

48. Judson H, van Roy N, Strain L, et al. Structure and mutation
analysis of the gene encoding DNA fragmentation factor 40 (caspase-
activated nuclease), a candidate neuroblastoma tumour suppressor
gene. Hum Genet. 2000;106:406-413.

49. Argani P, Perez-Ordonez B, Xiao H, et al. Olfactory neuroblas-
toma is not related to the Ewing family of tumors: absence of
EWS/FLI1 gene fusion and MIC2 expression. Am J Surg Pathol.
1998;22:391-398.

50. Butler MG,Dahir GA,Schwartz HS,et al. Molecular analysis of
transforming growth factor beta in giant cell tumor of bone. Cancer
Genet Cytogenet. 1993;66:108-112.

51. Hazelbag HM, Fleuren GJ, Cornelisse CJ, et al. DNA aberra-
tions in the epithelial cell component of adamantinoma of long
bones. Am J Pathol. 1995;147:1770-1779.

52. Kruzelock RP, Murphy EC, Strong LC, et al. Localization of a
novel tumor suppressor locus on human chromosome 3q important
in osteosarcoma tumorigenesis. Cancer Res. 1997;57:106-109.

53. Onda M, Matsuda S, Higaki S, et al. ErbB-2 expression is cor-
related with poor prognosis for patients with osteosarcoma.. Cancer.
1996;77:71-78.

54. Nellissery MJ, Padalecki SS, Brkanac Z, et al. Evidence for a
novel osteosarcoma tumor-suppressor gene in the chromosome 18
region genetically linked with Paget disease of bone. Am J Hum
Genet. 1998;63:817-824.

55. Hecht JT, Hogue D, Wang Y, et al. Hereditary multiple exos-
toses (EXT): mutational studies of familial EXT1 cases and EXT-asso-
ciated malignancies. Am J Hum Genet. 1997;60:80-86.

56. Thomson TA, Horsman D, Bainbridge TC, et al. Cytogenetic
and cytologic features of chondroid lipoma of soft tissue. Mod
Pathol. 1999;12:88-91.

57. Safar A, Nelson M, Neff JR, et al. Recurrent anomalies of 6q25
in chondromyxoid fibroma. Hum Pathol. 2000;31:306-311.

58. Shadan FF, Mascarello JT, Newbury RO, et al. Supernumerary
ring chromosomes derived from the long arm of chromosome 12 as
the primary cytogenetic anomaly in a rare soft tissue chondroma.
Cancer Genet Cytogenet. 2000;118:144-147.

59. Bovee JV,Cleton-Jansen AM,Kuipers-Dijkshoorn NJ,et al. Loss
of heterozygosity and DNA ploidy point to a diverging genetic mech-
anism in the origin of peripheral and central chondrosarcoma. Genes
Chromosomes Cancer. 1999;26:237-246.

60. Larramendy ML, Mandahl N, Mertens F, et al. Clinical signifi-
cance of genetic imbalances revealed by comparative genomic
hybridization in chondrosarcomas. Hum Pathol. 1999;30:1247-1253.

61. Castresana JS, Barrios C, Gomez L, et al. Amplification of the
c-myc proto-oncogene in human chondrosarcoma. Diagn Mol
Pathol. 1992;1:235-238.

62. Franchi A, Calzolari A, Zampi G. Immunohistochemical detec-
tion of c-fos and c-jun expression in osseous and cartilaginous
tumours of the skeleton. Virchows Arch. 1998;432:515-519.

63. Brody RI, Ueda T, Hamelin A, et al. Molecular analysis of the
fusion of EWS to an orphan nuclear receptor gene in extraskeletal
myxoid chondrosarcoma. Am J Pathol. 1997;150:1049-1058

64. Bovee JV, Cleton-Jansen AM, Rosenberg C, et al. Molecular
genetic characterization of both components of a dedifferentiated
chondrosarcoma, with implications for its histogenesis. J Pathol.
1999;189:454-462.

65. Casey M, Mah C, Merliss AD, et al. Identification of a novel
genetic locus for familial cardiac myxomas and Carney complex. Cir-
culation. 1998;98:2560-2566.

66. Butler MG,Dahir GA,Hedges LK,et al. Cytogenetic, telomere,
and telomerase studies in five surgically managed lumbosacral chor-
domas. Cancer Genet Cytogenet. 1995;85:51-57.

67. Geurts van Kessel A, Simons A, Comtesse PP, et al. Ring chro-
mosomes in a malignant mesenchymoma. Cancer Genet Cytogenet.



May/June 2001, Vol.8, No.3 Cancer Control 251

1999;109:119-122.
68. Kiuru-Kuhlefelt S, El-Rifai W, Sarlomo-Rikala M, et al. DNA

copy number changes in alveolar soft part sarcoma: a comparative
genomic hybridization study. Mod Pathol. 1998;11:227-231.

69. Mrozek K, Karakousis CP, Perez-Mesa C, et al. Translocation
t(12;22)(q13;q12.2-12.3) in a clear cell sarcoma of tendons and
aponeuroses. Genes Chromosomes Cancer. 1993;6:249-252.

70. Zilmer M, Harris CP, Steiner DS, et al. Use of nonbreakpoint
DNA probes to detect the t(X;18) in interphase cells from synovial
sarcoma: implications for detection of diagnostic tumor transloca-
tions. Am J Pathol. 1998;152:1171-1177.

71. Cordoba JC, Parham DM, Meyer WH, et al. A new cytogenetic
finding in an epithelioid sarcoma, t(8;22)(q22;q11). Cancer Genet
Cytogenet. 1994;72:151-154.


