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Abstract

A subset of sarcomas is characterised by recurrent chromosome translocations that generate novel fusion oncoproteins. One or
both of the genes involved in these translocations often encode transcription factors, and the resulting fusion proteins have aberrant
transcriptional function compared to their wild-type counterparts. These fusion transcription factors disrupt multiple biological
pathways by altering expression of target genes, and thereby result in a variety of altered cellular properties that contribute to
the tumourigenic process. However, experimental data indicate that the fusion gene alone is not sufficient for transformation in pri-
mary cells (EWS–FLI1) or tumourigenesis in the mouse (PAX3–FKHR, FUS–CHOP), suggesting that additional collaborating
genetic alterations are required. In addition to improving our understanding of the etiology of these tumours, this accumulating
knowledge of the oncogenic properties of these fusion proteins, their downstream targets, and cooperating genetic alterations will
permit the development of a variety of novel approaches to improve the therapy of these cancers.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Cytogenetic analysis has frequently demonstrated
chromosomal rearrangements in cancers. Non-random
chromosome translocations have been detected in four-
teen sarcoma categories (Table 1), which comprise about
one third of all sarcomas [1]. In general, these transloca-
tions occur in the majority of cases of the sarcoma cat-
egory and do not occur in other tumour types. As a
result of the translocation, two protein-coding regions
(or portion of these regions) are fused in frame, produc-
ing a chimeric protein. Molecular genetic studies identi-
fied that genes encoding transcription factors are often
involved at one or both of the breakpoints in these chro-
mosomal translocations. Therefore, the fusion proteins
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are aberrant transcription factors, usually demonstrat-
ing higher activity than their wild-type counterparts.
For many of these gene fusions, only one of the two chi-
meric products is consistently and highly expressed, and
is therefore presumed to be the major product of the
translocation.

It is widely accepted that fusion proteins resulting from
chromosome translocations are oncogenic, based on evi-
dence demonstrating they are able to transform cells in
culture, mostly using the immortalised mouse NIH3T3
fibroblast cell line as a model system. The fusion proteins
with evidence of transforming activity in this system are
PAX3–FKHRfrom the t(2;13)(q35;q14) in alveolar rhab-
domyosarcoma (ARMS), EWS–FLI1 from the t(11;22)-
(q24;q12) in Ewing�s sarcoma, SYT–SSX1 from the
t(X;18)(p11;q11) in synovial sarcoma, and FUS–CHOP
from the t(12;16)(q13;p11) in myxoid liposarcoma [2–5].
Injection of these transformed cells into immunodeficient
mice, usually as subcutaneous xenografts, form tumours
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Table 1
Chromosome translocations in sarcomasa

Tumour Translocation Fusion product Reference

Alveolar rhabdomyosarcoma t(2;13)(q35;q14) PAX3–FKHR [19]
t(1;13)(p36;q14) PAX7–FKHR [20]

Alveolar soft-part sarcoma t(X;17)(p11;q25) TFE3–ASPL [119]

Angiomatoid fibrous histiocytoma t(12;16)(q13;p11) FUS–ATF1 [120]

Clear-cell sarcoma t(12;22)(q13;q12) EWS–ATF1 [89]

Dermatofibrosarcoma protuberans t(17;22)(q22;q13) COL1A1–PDGFB [121]

Desmoplastic small-round cell tumour t(11;22)(p13;q12) EWS–WT1 [93]

Endometrial stromal sarcoma t(7;17)(p15;q21) JAZF1–JJAZ1 [122]

Ewing�s tumour family t(11;22)(q24;q12) EWS–FLI1 [123]
t(21;22)(q22;q12) EWS–ERG [124]
t(7;22)(p22;q12) EWS–ETV1 [125]
t(2;22)(q33;q12) EWS–E1AF [126]
t(17;22)(q12;q12) EWS–FEV [127]
t(16;21)(p11;q22) FUS–ERG [59]

Infantile fibrosarcoma t(12;15)(p13;q25) ETV6–NTRK3 [128]

Inflammatory myofibroblastic tumour t(1;2)(q22;p23) TPM3–ALK [129]
t(2;19)(p23;p13) TPM4–ALK [129]
t(2;17)(p23;q23) CLTC–ALK [130]

Low grade fibromyxoid sarcoma t(7;16)(q33;p11) FUS–CREB3l2 [131]

Myxoid chondrosarcoma t(9;22)(q22;q12) EWS–CHN [132]
t(9;17)(q22;q11) TAF2N–CHN [133]
t(9;15)(q22;q21) TCF12–CHN [134]

Myxoid liposarcoma t(12;16)(q13;p11) FUS–CHOP [104]
t(12;22)(q13;q12) EWS–CHOP [135]

Synovial sarcoma t(X;18)(p11;q11) SYT–SSX1 [136]
SYT–SSX2 [136]
SYT–SSX4 [137]

a Bold part contains DNA binding domain.
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supporting their tumourigenic function [5,6]. Further-
more, a transgenic mouse model expressing FUS–CHOP
revealed liposarcoma formation, and a conditional
PAX3–FKHR knock-in mouse model displayed ARMS
formation, further demonstrating the link between the fu-
sion gene and these sarcomas [7,8]. The finding of a low
tumour frequency in these animals that can be increased
by crosses with animals carrying mutations in other loci
indicates that the fusion gene is not sufficient for tumouri-
genesis [8], but rather additional genetic events are needed
as collaborating events during multistep tumourigenesis.

The potential activities of these fusion proteins that
contribute to oncogenesis include increasing cell prolif-
eration, promoting anchorage-independent cell growth,
abrogating cell contact inhibition, inhibiting apoptosis,
enhancing invasion, and suppressing terminal differenti-
ation. As aberrant transcription factors, the fusion pro-
teins perform their oncogenic functions mainly through
deregulating downstream target gene expression, result-
ing in changes of biological signalling pathways and ulti-
mately cellular changes, such as in cell cycle control,
apoptosis and differentiation. In addition to their role
as DNA binding proteins, some fusion proteins interact
directly with other transcription factors. For example,
EWS–ATF1 interacts with the coactivator CBP to sup-
press p53 mediated trans-activation [9]. In addition
to transcriptional control, some fusion proteins also
interfere with post-transcriptional processes, such as
EWS–FLI1, which interacts with splicing factors and
modulates the splicing process [10].

Variant translocations, which occur less frequently
than the characteristic translocations, have been re-
ported in at least six sarcoma categories (Table 1).
Molecular genetic analysis has determined that, in these
variants, one of the two fusion partners is identical to a
gene involved in the common translocation whereas the
other partner is usually closely related to the other gene
involved in the common translocation. The resulting
variant fusion proteins have similar structure and func-
tion as the more common fusion proteins, with similar
target genes and comparable tumourigenic phenotypes
[11,12].
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Even though the fusion proteins generated by these
chromosome translocations have oncogenic potential,
it is unlikely that a single genetic change is sufficient
for human malignancy. Studies of cellular transforma-
tion and tumourigenesis support the notion that intro-
duction of multiple oncogenes and/or inactivation of
tumour suppressor genes are required to transform
mouse cells. In addition to these events, telomerase acti-
vation is also required to transform human cells [13]. In
fact, amplification of MYCN (an oncogene) is found in
ARMS, and deletion of p16 (a tumour suppressor) is
frequently detected in Ewing�s sarcoma [14,15], suggest-
ing that such oncogene activating and tumour suppres-
sor gene inactivating events are candidates for
collaborators in oncogenesis induced by the sarcoma-
associated fusion proteins. Use of modern genomic
strategies to identify additional collaborating events will
contribute to a better understanding of the mechanisms
underlying tumourigenesis in sarcomas.

As the biology of these fusion proteins and collabo-
rating factors are elucidated and refined, investigations
are beginning to pursue potential applications for ther-
apy. At first, many efforts were directed towards target-
ing the fusion protein itself since it plays a fundamental
role in oncogenesis. Secondly, the downstream targets of
the fusion protein and the collaborating factors also
provide promising molecular targets for therapeutic pur-
suit. Finally, manipulating a combination of more than
one target may lead to optimal result for sarcoma
therapeutics.

This review will focus on the findings that establish
these fusion proteins in sarcomas as oncogenic tran-
scription factors. In addition to discussing the structure
of these proteins, this review will consider their effects on
downstream target genes, the cellular changes evoked by
expression of these proteins, and the putative cooperat-
ing genetic alterations required for tumourigenesis. Fi-
nally, the potential for translating these recent
advances into novel therapeutic strategies will also be
explored.
2. Alveolar rhabdomyosarcoma

Rhabdomyosarcoma (RMS) is a common childhood
soft tissue tumour associated with the skeletal muscle
lineage. There are two subtypes of RMS based on hist-
opathologic features: ARMS and embryonal RMS
(ERMS). ARMS typically occurs in the age group of
adolescents and young adults, frequently in the sites of
trunk and extremities, and portends a poorer prognosis;
whereas ERMS often occur in children younger than ten
years old, most frequently in the head and neck, genito-
urinary tract, and the retroperitoneum, and has a more
favorable prognosis [16].
2.1. Chromosome translocation in ARMS

Of the two RMS subtypes, recurrent chromosome
translocations were found in the ARMS subtype [17].
The most prevalent finding is a translocation involving
chromosomes 2 and 13, t(2;13)(q35;q14), which was de-
tected in 70% of published ARMS cases. In addition,
there are several reports of a t(1;13)(p36;q14) variant
translocation. These two translocations are not associ-
ated with any other tumour type and thus appear to
be specific markers for ARMS, providing a molecular
diagnostic tool to distinguish these two RMS subtypes.

Based on physical mapping studies, PAX3 was
localised to the 2;13 translocation breakpoint on chro-
mosome 2, and PAX7 was found on the 1;13 transloca-
tion breakpoint on chromosome 1 [18–20]. These two
genes encode highly related members of the paired box
transcription factor family that are organised with N-
terminal DNA binding domains and C-terminal tran-
scriptional activation domains [21]. PAX3 and PAX7
constitute a subfamily within the paired box (PAX)
transcription factor family characterised by an N-termi-
nal DNA binding domain consisting of a paired box,
intervening octapeptide and complete homeodomain.

Studies of PAX3 have demonstrated an essential role
in early skeletal muscle development. Though the hetero-
zygous mutation of Pax3 in Splotch mice produces a phe-
notype of abnormal pigmentation due to neural crest
defects, the homozygous mutation is an embryonic lethal
condition due to defects in skeletal muscle in addition to
abnormalities of neural tube and neural crest derivatives.
The skeletal muscle defect is characterised by an absence
of limb musculature which results from a failure of myo-
genic precursor cells to migrate from the lateral dermo-
myotome to the limbs [22]. PAX3 mutations are found
in the human disease Waardenburg syndrome, which is
characterised by pigmentation abnormalities, deafness,
and other neural crest defects [23]. Functional studies re-
vealed that the mutations in Splotch and Waardenburg
syndrome alter or abolish PAX3 transcriptional activity,
and result in a loss of function [24]. Gene transfer studies
demonstrate that PAX3 initiates myogenesis cascades in
embryonic cell lines [25].

PAX7 has a distinct and essential role in later postna-
tal skeletal muscle development. In mouse embryogene-
sis, Pax7 and Pax3 share expression domains in the
dorsal neural tube and the somite, but with spatial and
temporal differences. Though the precise role in postna-
tal myogenic satellite cell development is controversial,
it is clear that the absence of Pax7 leads to a loss of mus-
cle satellite cells during postnatal development and im-
paired muscle regeneration in Pax7 null mice [26,27].
However, the relatively normal phenotype of homozy-
gous Pax7 null mutation mice at birth suggests that
there is functional redundancy, perhaps with Pax3 [28].
In a further test of this functional redundancy, Pax3
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was replaced with Pax7 in a gene targeting experiment,
demonstrating that Pax7 can substitute for Pax3 in neu-
ral tube, neural crest and somite development, but not in
limb muscle development and muscle precursor cell
migration [29].

The FKHR (FOX01A) gene is located at the 2;13
translocation breakpoint on chromosome 13. The
FKHR protein is a member of the forkhead transcrip-
tion factor family and is the prototype of a subfamily
of forkhead transcription factors which play roles in cel-
lular metabolism, cell cycle progression, and apoptosis
[30]. As a transcription factor, FKHR contains an N-
terminal forkhead DNA binding domain and a C-termi-
nal transcriptional activation domain. In addition,
FKHR contains three AKT phosphorylation sites
responsible for phosphoinositide 3-kinase mediated sig-
nal transduction [30]. Signalling pathways, such as insu-
lin and insulin-like growth factor (IGF), regulate the
transcriptional activity of FKHR by modulating the
phosphorylation status of these sites and thereby regu-
late the cellular localisation of the protein. However, a
phosphorylation independent mechanism of FKHR
subcellular localisation appears to be operative during
myotube fusion in myoblasts [31].

The 2;13 or 1;13 chromosome translocation generates
a fusion protein that contains the intactDNAbinding do-
main of PAX3 or PAX7 in the N-terminal region fused in
frame with a C-terminal FKHR segment containing the
transactivation domain (Fig. 1). A series of molecular
biology studies demonstrated that the chromosomal
changes in ARMS result in high level expression, potent
transcriptional activity, and constitutive nuclear localisa-
tion of the PAX3–FKHR and PAX7–FKHR fusion
products [32–36]. The end result is exaggerated activity
at multiple biological levels that converges to inappropri-
ate activation of PAX3/PAX7 target genes and ultimately
contributes to tumourigenic behavior.
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PB HDPAX3
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Fig. 1. Fusion protein generated by the 2;13 chromosome transloca-
tion in ARMS. The wild-type and fusion proteins are shown. The
paired box (PB), octapeptide, homeodomain (HD) and fork head
domain (FD) are shown as solid boxes and the overall DNA binding
domains and transactivation domains are shown as horizontal lines.
The vertical line indicates the fusion point.
2.2. Effects of PAX3–FKHR oncogene on cellular process

Gene transfer studies provided evidence to support
the oncogenic role of this tumour-specific fusion protein.
In chicken embryo fibroblasts and NIH3T3 fibroblasts,
expression of PAX3–FKHR but not wild-type PAX3
led to cellular transformation, including morphological
changes, anchorage-independent growth and focus for-
mation [2,37]. In another study, stable transfection of
PAX3–FKHR into two ERMS cell lines resulted in in-
creased proliferative rate and cell growth in low serum
conditions [38]. This study also showed that tumours
formed by implanting the PAX3–FKHR transfected
ERMS cells in immunodeficient mice were more aggres-
sive than tumours arising from control transfectants.

Downregulation of fusion gene expression in an
ARMS cell line using antisense oligonucleotides resulted
in cell death, presumably by promoting apoptosis [39].
Further studies were performed to address the relation-
ship between PAX3–FKHR and the anti-apoptotic pro-
tein BCL-XL. Following introduction of PAX3–FKHR
into cultured cells, BCL-XL mRNA was elevated [40].
Moreover, BCL-XL was able to rescue tumour cells
from apoptosis induced by PAX3–FKHR antisense
incubation and DNA binding and reporter studies sup-
ported the premise that BCL2L1 (BCL-XL) is a direct
transcriptional target of PAX3–FKHR. These findings
indicate that PAX3–FKHR is required to maintain cell
viability by preventing apoptosis, involving a BCL-XL-
dependent mechanism.

2.3. PAX3–FKHR upregulates downstream targets

enhancing metastasis in ARMS

MET is the receptor for hepatocyte growth factor/
scatter factor (HGF/SF) and a member of the tyrosine
kinase family of signalling molecules [41]. MET–HGF/
SF signalling induces cell proliferation and motility in
normal cells, and is also implicated in invasion and
metastasis in cancer. During embryogenesis, Met is ex-
pressed in the Pax3-expressing cells that migrate from
the lateral dermomyotome to the limb buds and form
the limb musculature. The Met homozygous mutant
mouse has a very similar muscle phenotype as the
Pax3/Splotch homozygous mutant mouse, indicating
that both proteins function in a common pathway
involving myogenic precursor development [42]. The
relationship was clarified when Pax3 was shown to bind
to the MET promoter and upregulate Met expression
[43]. Additional studies indicate that MET is also a
downstream target for PAX3–FKHR [44]. The overex-
pression of MET in ARMS is associated with altered cell
behavior of ARMS cells in the presence of HGF, includ-
ing increased locomotion, chemotaxis, adhesion to other
cells, and invasion through matrigel [45]. The propensity
of ARMS cells to metastasise to the bone marrow can be
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at least partly explained by the bone marrow�s secretion
of HGF, which is a potent chemotactic agent for the
ARMS cells.

CXCR4 is a G-protein coupled chemokine receptor
whose ligand is stromal derived factor-1 (SDF1), which
is also secreted by bone marrow stromal cells [46]. The
CXCR4–SDF1 signalling pathway is proposed to play
an important role in the homing of normal cells to
hematopoietic sites and the corresponding metastasis
of tumour cells to the same sites [47]. As evidence that
CXCR4 is a downstream expression target of PAX3–
FKHR, the expression level of CXCR4 was directly cor-
related with the expression level of PAX3–FKHR in
stable long-term RD ERMS subclones constitutively
expressing PAX3–FKHR and in a population of RD
cells expressing a tamoxifen-inducible form of PAX3–
FKHR [48]. To explore the influence of CXCR4–
SDF1 signalling on the metastatic behavior of ARMS
cells, SDF1 treatment of ARMS cell lines was shown
to induce cell motility, adhesion, invasion and protease
(MMP2) secretion [49]. Furthermore, T140, a CXCR4-
specific inhibitor, blocked SDF1 directed adhesion and
chemotaxis in ARMS cells, thus providing a model for
a therapeutic strategy aimed at inhibition of this signal-
ling pathway.

2.4. PAX3–FKHR disrupts developmental processes

Several studies indicate that PAX3–FKHR also inter-
feres with the myogenic pathway. Introduction of
PAX3–FKHR in C2C12 myoblasts and MyoD-trans-
fected C3H10T1/2 fibroblasts, which undergo myogenic
differentiation under low serum conditions, resulted in
inhibition of myogenic differentiation [50]. Using micro-
array profiling to compare the expression patterns in
NIH3T3 cells transduced with either PAX3 or PAX3–
FKHR, PAX3–FKHR, but not PAX3, was found to in-
duce expression of a large set of genes involved in myo-
genesis, including the transcription factors MyoD,
Myogenin, Six1 and Slug [51]. The apparent contrast
of the findings of these two studies may be explained
by the hypothesis that PAX3–FKHR may initiate the
early steps of the myogenesis pathway, but block this
process at the late phase. This aberrant regulation of
myogenic differentiation by PAX3–FKHR may contrib-
ute to the relative lack of differentiated markers and
inability to undergo terminal differentiation seen in this
tumour.

To study the impact of PAX3–FKHR on mouse
development, mouse models expressing Pax3–Fkhr were
created [8,29,52,53]. In several models, Pax3–Fkhr was
expressed from Pax3 regulatory elements, either by a
transgenic approach with a Pax3 regulatory cassette or
gene targeting of Fkhr sequences into the Pax3 locus.
The experiments expressing Pax3–Fkhr in Pax3 expres-
sion domains generally resulted in loss of viability dur-
ing embryogenesis or soon after birth, or selection for
low Pax3–Fkhr expression in surviving animals. The
embryos demonstrated a variety of developmental
abnormalities, some of which are similar to loss of
Pax3 function seen in the Splotch mice while other find-
ings suggest a gain of function phenotype. Examples of
the latter include ectopic delamination, ectopic neuro-
progenitor cell proliferation, and abnormal migration
of myogenic precursors. At least some of these gain of
function effects could be attributed to PAX3–FKHR
expression inducing upregulation and ligand-indepen-
dent signalling of the Met receptor [29]. Despite these
gain of function effects and the finding that strains with
low Pax3–Fkhr expression survived, no mice developed
tumours, suggesting that additional collaborative events
are required for PAX3–FKHR induced tumourigenesis.

2.5. Collaboration of other genetic alterations is required

for PAX3–FKHR transformation

Studies of the oncogenic role of PAX3–FKHR in
NIH3T3 cells revealed an inverse correlation of
PAX3–FKHR expression level and transformation effi-
ciency [54]. This inverse relationship is explained by
the finding that high level PAX3–FKHR expression,
which is comparable to that in ARMS cells, suppresses
the growth of immortalised murine cell lines. The inabil-
ity of these cell lines to tolerate the high PAX3–FKHR
expression levels characteristic of ARMS cells suggests
that additional genetic alterations are required for a cell
to abrogate the growth suppressive effects of the gene fu-
sion and thereby become tolerant. As candidate collab-
orating events, comparative genomic hybridisation
studies have shown that gene amplification occurs fre-
quently in ARMS but not ERMS cells [55,56]. In partic-
ular, the most frequently amplified chromosomal
regions are 2p24 (involving MYCN) and 12q13-15
(involving MDM2 and CDK4) [55]. These alterations
may result in overexpression of proteins that increase
the tolerance of cells for PAX3–FKHR toxicity, thereby
permitting PAX3–FKHR to exert its oncogenic effects.

The Pax3–Fkhr knock-in mouse models described
above revealed that widespread early embryonic expres-
sion of Pax3–Fkhr in Pax3 expression domains is toxic
whereas low level expression is tolerated and results in
developmental abnormalities but does not cause tu-
mours [29]. Several possibilities can be explored to fur-
ther examine the potential of Pax3–Fkhr as an
oncogene in this mouse model. First, additional genetic
events may be necessary to permit the cells to tolerate
the high level of Pax3–Fkhr expression. Alternatively,
the gene fusion could be introduced into a smaller num-
ber of cells to avoid affecting entire lineages with its del-
eterious consequences. Finally, Pax3–Fkhr expression
could be delayed until late in development. To explore
this latter possibility, a mouse strain was generated with
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a conditional Pax3–Fkhr knock-in allele activated in
Myf6-expressing cells, which are predominantly termi-
nally differentiated skeletal muscle cells. In these Pax3–
Fkhr heterozygous mice, ARMS tumours developed in
1 of 228 mice at 12 months [8]. Because Ink4a/ARF
and Trp53 mutations are common in malignant tu-
mours, these mutations may cooperate with Pax3–Fkhr
to cause tumour progression. When animals homozy-
gous for INK4a/ARF knockout allele in combination
with Pax3–Fkhr knock-in allele were generated, soft tis-
sue tumours consistent with ARMS developed in 4 of 14
mice with a median age of onset of 2.4 months. Further-
more, to distinguish whether the INK4a/ARF protein
effect was due to its interference with the pRB or the
Trp53 pathway, mice with the Pax3–Fkhr knock-in
and Trp53 knockout alleles were generated. Tumours
with ARMS histology were found in these animals, sug-
gesting the disruption of Trp53 function collaborated
with the activation of Pax3–Fkhr function in ARMS
tumourigenesis.
Transcriptional
Activation

Domain

DNA
Binding
Domain

RNA
Binding
Domain

Transcriptional
Activation/Regulatory

Domain

100 a.a.

RNP CS
EWS
chrom 22

ETS
FLI1
chrom 11

ETSEWS-FLI1
der(22)t(11;22)

Fig. 2. Fusion protein generated by the 11;22 chromosome translo-
cation in Ewing�s sarcoma. The wild-type and fusion proteins are
shown. The ETS DNA binding domain and a sequence with homology
to other ribonucleoproteins (RNP CS) are shown as solid boxes and
the overall DNA binding and transcriptional activation domains are
shown as horizontal lines. The vertical line indicates the fusion point.
3. Ewing’s family tumour

The Ewing�s family of tumours (EFTs) include Ew-
ing�s sarcoma, peripheral primitive neuroectodermal tu-
mour and Askin tumour [57]. These lesions constitute a
spectrum of morphologic differentiation spanning from
relatively undifferentiated to a readily detectable neural
differentiation pattern. These highly malignant tumours
occur mainly in soft tissue and bone of children, adoles-
cents and young adults.

3.1. Chromosome translocation in EFT

The genetic hallmark of these tumours is the translo-
cation, t(11;22)(q24;q12), resulting in the EWS–FLI1
fusion gene. This translocation accounts for 80–85% of
the cases of EFT and a variant translocation t(21;22)
(q22;q12) , which results in an EWS–ERG fusion, ac-
counts for 5–10% of the cases. In addition, there are
additional rare variant translocations in which EWS is
fused to other members of the ETS family, such as
ETV1, E1A, or FEV (Table 1) [58]. Finally, in another
recently reported rare variant, FUS, a gene related to
EWS, is joined to ERG by a t(16;21)(p11;q22) chromo-
somal translocation [59].

The wild-type genes involved in the 11;22 transloca-
tion are EWS on chromosome 22 and FLI1 on chromo-
some 11. The EWS coding region can be divided into
two functional domains: the N-terminal domain shares
homology with the large subunit of RNA polymerase
II, and the C-terminal portion consists of an RNA bind-
ing domain and other regions homologous to other ribo-
nucleoproteins [60,61]. EWS is ubiquitously expressed
both in the normal and tumour cells, yet its function is
not clear [62]. FLI1 along with ERG, ETV1, E1AF
and FEV belongs to the ETS transcription factor family,
which is characterised by transcription factors with
structurally related ETS-type DNA binding domains
that recognise a conserved DNA sequence [63]. FLI1
is organised with the DNA binding domain in its C-ter-
minal region and a transcriptional activation domain in
its N-terminal region.

As a result of the 11;22 translocation, the N-terminal
region of EWS is fused in-frame to the C-terminal re-
gion of FLI1, producing a chimeric protein EWS–
FLI1 containing the intact ETS-type DNA binding
domain of FLI1 (Fig. 2). Although the fusion protein
and FLI1 share the same DNA binding specificity [64],
EWS–FLI1 acts as a stronger transcription activator
than FLI1 [65]. These and other studies thus indicate
that a region within the N-terminus of EWS is capable
of acting as a transcriptional activation domain. The
aberrant activity of EWS–FLI1 may result in more effi-
cient activation or suppression of FLI1 target genes,
thus contributing to EFT oncogenesis.

3.2. EWS–ETS is oncogenic

There is compelling evidence that the EWS–FLI1 fu-
sion protein has oncogenic activity. When transduced
into NIH3T3 fibroblasts, the EWS–FLI1 expressing
cells formed colonies in soft agar, foci in cell culture,
and tumours in nude mice, and were capable of serum-
independent growth in bulk culture. In comparable
experiments, FLI1 did not induce these activities, indi-
cating that the EWS–FLI1 fusion gains transforming
and tumourigenic activity [3,66]. Furthermore, mutation
of either the EWS or FLI1 domain abolished transform-
ing activity, indicating that both domains are required
for its oncogenic effect [3].
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The complementary studies using specific repressors,
antisense and RNA interference (RNAi) to abrogate
EWS–FLI1 expression also revealed reduction of cell
growth and increasing apoptosis, decreased invasion,
loss of anchorage-independent colony formation, and
loss of tumourigenic phenotype in EWS–FLI1 transfec-
ted cells and EFT cell lines [66–71]. These studies dem-
onstrate that EWS–FLI1 is required for oncogenic
characteristics and establish the potential for therapeutic
approaches directed against the fusion product for treat-
ment of this cancer. A variant EWS–ETS fusion prod-
uct, EWS–ETV1, also revealed similar oncogenic
properties as EWS–FLI1 in tumour formation in immu-
nodeficient mice, suggesting that they share common
biological pathways in tumourigenesis despite the struc-
ture differences in ETS domains [12].

3.3. EWS–ETS effects on cell cycle regulatory proteins

Several lines of evidence demonstrated that the EWS–
FLI1 fusion affects cell proliferation by altering the
expression of key regulators of the cell cycle. In several
studies, transfection of EFT cell lines with antisense re-
agents directed against EWS–FLI1 resulted in a loss of
endogenous EWS–FLI1 protein expression and suppres-
sion of cell growth [67,68,72]. One study examined in de-
tail the downstream effects of this growth suppression
[73]. Cell cycle was arrested at G0/G1 phase, and expres-
sion of numerous G1 regulatory genes was altered in the
treated cells in association with downregulation of
EWS–FLI1 protein expression. In particular, cyclin D1
and E, positive regulators in G1–S transition, were
downregulated and cyclin-dependent kinase inhibitors
p21 and p27, negative regulators in cell cycle were in-
duced. Furthermore, the DNA binding and reporter
studies support the premise that CDKN1A (p21) is a di-
rect target of this fusion protein [74]. These data indicate
that alteration of G1–S regulatory genes caused by anti-
sense-mediated suppression of EWS–FLI1 expression
results in G1 growth arrest in EFT cell lines and suggest
that EWS–FLI1 is normally a growth-promoting gene in
this cancer.

As a complementary study to the antisense experi-
ments, the expression of cell cycle regulators following
expression of EWS–FLI1 in various cell lines has been
investigated. One study of EFT cells and EWS–FLI1-
transfected HeLa cells revealed overexpression of cyclin
D1 in EWS–FLI1 expressing cells. In addition, this
study also showed that Myc, an oncogene promoting
cell cycle progression, was upregulated; and p57, an
inhibitor of the cyclin-CDK complex, was repressed by
the EWS–FLI1 protein. In a second study, initial expres-
sion analysis of 7 EFT cases and 13 RMS cases revealed
overexpression of cyclin D1 in all EFT cases, whereas
higher levels of cyclin D2, D3 and E1 were found in
RMS [75]. Introduction of an EWS–FLI1 expression
construct into an ERMS cell line increased cyclin D1
but decreased cyclin D3 expression. This reversal of
the cyclin D expression pattern by EWS–FLI1 indicates
that this fusion protein mediates the expression of D-
type cyclins independent of cellular context.

Additional methodologies, such as chromatin immu-
noprecipitation, provided evidence for the transcrip-
tional relationship between EWS–ETS fusion proteins
and the genes encoding some of these cell cycle regula-
tors. EWS–FLI1 was found to interact with MYC and
CCND1 (cyclin D1) promoters directly [11]. Of note,
additional evidence suggests that DNA binding by
EWS–FLI1 may not be required at the CCND1 pro-
moter but rather the fusion protein may interact with
the Sp1 protein at Sp1 DNA binding sites [76]. The
Id2 protein, which promotes cell proliferation and inhib-
its cell differentiation via binding to basic HLH tran-
scription factors, was also shown to be a direct target
of EWS–FLI1 [77]. Taken together, aberrant transcrip-
tion activity of EWS–ETS fusion protein causes deregu-
lation of cell cycle regulators, disturbs normal cell cycle
control and thereby contributes to EFT tumourigenesis.

3.4. EWS–ETS disrupts signal transduction pathways

Based on previous data indicating that ETS tran-
scription factors regulate expression of the TGF-b type
II receptor gene (TGFBR2), this receptor gene was
examined as a potential target of EWS–FLI1 [78].
EFT cells expressing the EWS–FLI1 fusion protein
demonstrated low or undetectable expression of
TGFBR2 and reduced sensitivity to TGF-b. Reporter
transfection analysis showed that FLI1 induced
TGFBR2 promoter activity, whereas EWS–FLI1 sup-
pressed activity. Introduction of EWS–FLI1 into fu-
sion-negative cells reduced expression of TGFBR2,
and antisense targeted to EWS–FLI1 in an EWS–FLI1
positive cell line restored this expression. Furthermore,
overexpression of TGFBR2 in an EFT cell line restores
TGF-b sensitivity and inhibited tumourigenicity in
immunodeficient mice. Moreover, study of the less com-
mon variants, EWS–ERG and EWS–ETV1, also re-
vealed downregulation of TGFBR2 expression and
reduced TGF-b sensitivity in NIH3T3 cells, whereas
the corresponding wild-type ETS proteins induced
TGFBR2 promoter activity [79]. Therefore, repression
of TGFBR2 expression by EWS–FLI1 fusion proteins
appears to plays a role in EFT oncogenesis.

Additional signal transduction pathways altered by
the EWS–FLI1 protein were identified using an RNA
interference strategy to target EWS–FLI1 in EFT cells
[71]. As the expression of EWS–FLI1 was inhibited, cell
growth was suppressed and apoptosis was increased.
Expression profiling of these siRNA-treated cells re-
vealed that insulin-like growth factor binding protein 3
(IGFBP3), a regulator of the IGF signal transduction
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pathway, which plays a key role in cell proliferation and
apoptosis, was induced dramatically. Parallel studies
also demonstrated that IGFBP3 expression is low in
12 EFT cell lines, suggesting that EWS–FLI1 normally
represses IGFBP3 expression. Further studies indicate
that IGFBP3 is a direct target of the EWS–FLI1 fusion
protein and that binding of the fusion protein to the
IGFB3 promoter results in repression of IGFBP3
expression. Additional siRNA studies have provided
evidence that IGFBP3 repression is critical for tumour
cell viability in EWS–FLI1-expressing cells.

As further indication of the involvement of the IGF
pathway, the insulin-like growth factor-I receptor
(IGF1R) was reported to play a role in EWS–FLI1 in-
duced transformation in fibroblasts [80]. As indicated
by the soft agar assay, introduction of EWS–FLI1 is
capable of transforming fibroblasts expressing endoge-
nous IGF1R, but not IGF1R knockout cells. Therefore,
IGF1R appears to be required for EWS–FLI1 induced
cellular transformation. Moreover, following stimula-
tion with the ligand IGF-1, EWS–FLI1 expressing cells
revealed greater phosphorylation of the target insulin
receptor substrate-1 compared to control fibroblasts,
indicating that the fusion protein alters the IGF1R sig-
nalling pathway.

3.5. EWS–ETS affects telomerase in EFT

Like most tumour cells, telomerase activity is de-
tected in EFT cells, but not in somatic human cells
[81,82]. Telomerase activity was increased, and hTERT
mRNA, encoding the catalytic subunit of telomerase,
was elevated in NIH3T3 cells expressing the EWS–
FLI1 or EWS–E1AF fusion protein. As further proof
that hTERT is a direct target, reporter transfection anal-
ysis showed that the fusion proteins increased activity of
reporter constructs containing the hTERT promoter re-
gion. Furthermore, silencing EWS–FLI1 by siRNA de-
creased hTERT mRNA level and telomerase activity
in an EFT cell line. This data is consistent with the pre-
mise that hTERT is a downstream target of EWS–ETS
oncogenesis [82].

3.6. EWS–FLI1 affects cell differentiation

Most cases of EFT arise in bone, whereas the major-
ity of other cases occur in soft tissue sites, suggesting
that the target cell may involve multilineage potential.
The murine myoblast C2C12 cell line, which is able to
differentiate into muscle, bone or fat in defined condi-
tions, was used as a model system to study biologic
function of the ETS-FLI1 fusion protein [83]. EWS–
FLI1-expressing C2C12 cells did not undergo muscle
differentiation in low serum medium in which C2C12
cells normally formed multinucleated myotubes. This
block in myogenic differentiation could not be rescued
by overexpression of the myogenic transcription fac-
tors MyoD or myogenin and appears to be the result
of EWS–FLI1-induced inhibition of the transcriptional
activity of these myogenic transcription factors. Since
C2C12 cells can potentially be induced into an osteo-
blastic differentiation pathway, EWS–FLI1-expressing
cells were examined for bone lineage markers. Though
alkaline phosphatase, a common marker for bone line-
age, was found in EWS–FLI1-expressing cells, as well
as in EFT cell lines, but not in control C2C12 cells, cells
expressing EWS–FLI1 did not express other markers
consistent with bone differentiation. These findings indi-
cate that EWS–FLI1 expression in a multipotential cell
type will inhibit some differentiation pathways, such as
myogenesis, and alter other pathways, such as osteogen-
esis, thereby providing clues to the pattern of marker
expression in EFT.

Further analysis of the interaction of the EWS–FLI1
protein with differentiation pathways provided another
example in which this fusion protein switched off one
pathway and potentially turned on another. In this case,
the fusion protein was expressed in cell lines derived from
neuroblastoma, a pediatric cancer derived from the sym-
pathetic nervous system [84]. Following transduction into
cell lines, EWS–FLI1 suppressed neuroblastoma-specific
markers, such asMYCN, chromogranin A, and ShcC. In
addition to these negative effects, theEWS–FLI1-express-
ing neuroblastoma cells up-regulated markers character-
istic of EFT, including MIC2, MYC and ShcA. In
addition, microarray analysis revealed that the gene
expression patterns in EWS–FLI1-transduced neuroblas-
toma cells were similar to the pattern in EFT cell lines and
different from the patterns in neuroblastoma cells. There-
fore, EWS–FLI1 significantly altered the overall differen-
tiation program of these cells.

3.7. EWS–FLI1 changes the status of p53

One study assessed the relationship of the EWS–FLI1
fusion protein and the p53 tumour suppressor. In partic-
ular, this study compared features of p53 before and
after introduction of EWS–FLI1 into a neuroblastoma
cell line [85]. p53 protein was localised in the nuclei of
EWS–FLI1 expressing cells in contrast to the cytoplas-
mic localisation in parental neuroblastoma cells. More-
over, p53 protein expression is increased in EWS–FLI1
expressing cells, which is attributed to increased protein
stability. The mechanistic basis for this increased stabil-
ity is hypothesised to be the result of phosphorylation of
p53 on Ser-15, which blocks MDM2 binding [86]. Addi-
tional analysis demonstrated that p53 is not functional
in EWS–FLI1 expressing cells, as assessed by response
to genotoxic stress, whereas this response is normal in
the parental cells. Taken together, these findings indicate
that the EWS–FLI1 oncoprotein abrogates the p53
pathway, thus contributing to tumourigenesis.
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3.8. EWS–FLI1 is cooperative with other genetic

alterations for its oncogenic features

Though its transforming capability is well docu-
mented in NIH3T3 cells, EWS–FLI1 can not transform
murine or human primary cells, but instead causes cell
growth arrest or cell death [87,88]. Based on the premise
that cancer is the result of the accumulation of multiple
mutations that alter multiple pathways, EWS–FLI1 is
hypothesised to be essential but not sufficient for the
malignant phenotype. Therefore, additional mutations
are proposed to be necessary to collaborate with
EWS–FLI1 during tumourigenesis. Approximately
30% of EFT show homozygous loss of p16, which regu-
lates cell cycle progression, and thus the effects of trans-
duction of EWS–FLI1 into p16-deficient mouse
embryonic fibroblasts were examined [87]. The degree
of growth arrest was attenuated in the p16-deficient cells
expressing EWS–FLI1 compared to that in wild-type
cells expressing the fusion gene. Similar growth kinetics
and EWS–FLI1 tolerance were also observed in p53-
and ARF-deficient mouse embryonic fibroblasts, indi-
cating loss of these pathways at least partially rescue
the cells from EWS–FLI1-induced cell death. However,
these EWS–FLI1-expressing p16-, p53- and ARF-defi-
cient cells had no or only limited tumourigenic potential
in immunodeficient mice, suggesting that additional ge-
netic alterations are required for EWS–FLI1 induced
tumourigenesis.

To study the effect of EWS–FLI1 on a primary hu-
man cell, a conditional EWS–FLI1 expression system
was developed in telomerase-immortalised human pri-
mary fibroblasts [88]. Expression of EWS–FLI1 again
caused cell growth arrest in this system. Gene expression
profiling of the EWS–FLI1-expressing cells identified
overexpression of p53, and this increased p53 was shown
to be due to transcriptional upregulation. To explore if
EWS–FLI1-induced p53 expression is critical to the
growth arrest following EWS–FLI1 expression, human
papillomavirus HPV16 E6 (an inhibitor of p53 function)
was introduced into EWS–FLI1-expressing cells. The
growth arrest induced by EWS–FLI1 was diminished
in the E6-expressing cells, but the abrogation of this
p53 effect plus EWS–FLI1 expression is not sufficient
to transform the fibroblasts, as assessed by the soft agar
assay of anchorage independence.
4. Other sarcomas

4.1. Clear cell sarcoma

In clear cell sarcoma, the t(12;22)(q13;12) transloca-
tion fuses the EWS gene on chromosome 22 to the
ATF1 gene on chromosome 12, resulting in expression
of an EWS–ATF1 fusion product [89]. ATF1 is a mem-
ber of the CREB transcription factor family, and con-
tains a basic leucine zipper DNA binding and
dimerisation domain in its C-terminal end and a protein
kinase A phosphorylation control site in its N-terminal
end. This latter phosphorylation site allows for regula-
tion of this transcription factor by cAMP. In the fusion
protein, the N-terminal end of EWS is fused to the C-
terminal region of ATF1, including its DNA binding
and dimerisation region. The loss of its phosphorylation
site releases this protein from cAMP regulation and con-
verts it into a constitutive transcriptional activator
dependent on the activation domain within EWS [90].
EWS–ATF1 was shown to be a transcriptional activator
on several promoters in cell culture systems. Using chro-
matin immunoprecipitation, several upregulated targets
such as ARNT2 were identified and then validated by
DNA binding and reporter studies [91]. In addition,
one region was isolated for which EWS–ATF1 sup-
pressed reporter activity; this region was derived from
the POSH gene, which is proapoptotic, and EWS–
ATF1 downregulates endogenous expression of this
gene. In another mechanism of EWS–ATF1 action,
based on the ability of wild-type ATF1 to bind to the
coactivator CBP, the fusion also interacts with CBP
and represses p53/CBP-mediated transactivation by
sequestration of CBP [9]. Finally, as a complementary
study to investigate the contribution of EWS–ATF1 to
clear cell sarcoma biology, an anti-ATF-1 antibody
fragment was expressed in a clear cell sarcoma cell line
and resulted in cell death, demonstrating that EWS–
ATF1 is essential to maintain tumour cell viability [92].

4.2. Desmoplastic small round cell tumour

The t(11;22)(p13;q12) translocation in desmoplastic
small round cell tumour (DSRCT) generates a fusion
protein consisting of the N-terminal portion of EWS
joined to the C-terminal portion of the WT1 protein
[93,94]. WT1 is best known as a transcription factor with
tumour suppressor function involved in a subset of
Wilms� tumour. It has a DNA binding domain in it C-
terminal end that consists of four zinc finger motifs,
three of which are contained in the region fused to
EWS in DSRCT. There is also alternative splicing in
the C-terminal end of both EWS–WT1 and WT1, which
includes or excludes a three amino acid sequence of ly-
sine, threonine and serine (KTS) between zinc fingers 3
and 4. The ratio of the �KTS and +KTS isoforms of
EWS–WT1 is approximately 1:2. The EWS–
WT1(�KTS) isoform binds to a CG-rich site similar
to the WT(�KTS) protein. By introducing EWS–
WT1(�KTS) into cell lines, such as osteosarcoma cells,
this fusion protein has been found to upregulate a num-
ber of genes relevant to tumourigenesis, including the
interleukin-2 receptor beta chain (IL2RB), the IGF-1
receptor (IGF1R), BAIAP3 (a protein implicated in
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regulated exocytosis), and platelet derived growth factor
A chain (PDGFA) [95–98]. Corresponding DNA bind-
ing sites were identified in the promoter regions of these
genes and appropriate expression patterns were found
in DSCRT tumour specimens. In contrast, there was
no known recognition site for wild-type WT1(+KTS)
and it was hypothesised that this protein had a role in
mRNA processing. To determine if the abundant
EWS–WT1(+KTS) had any role in gene expression, a
cDNA subtractive hybridisation strategy was used and
identified the gene LRRC15 in osteosarcoma cells with
EWS–WT1(+KTS) inducible expression [99]. LRRC15,
which is expressed in primary DSCRT cells, belongs to a
leucine-rich repeat family, which encodes transmem-
brane proteins involved in cell–cell interaction [100].
Studies revealed that the fusion protein binds to a spe-
cific sequence upstream of LRRC15 gene, and this se-
quence is transactivated by EWS–WT1(+KTS). High
level expression of LRRC15 was found in highly inva-
sive breast carcinoma cells and RNAi treatment reduced
the LRRC15 level and decreased invasion in a matrigel
assay. These findings indicate that both isoforms of
EWS–WT1 function as transcription factors with onco-
genic targets that contribute to DSRCT tumourigenesis.

4.3. Myxoid and round cell liposarcoma

In myxoid and round cell liposarcoma, the
t(12;16)(q13;p11) results in a fusion between the CHOP
gene on chromosome 12 and FUS gene on chromosome
16 [101–103]. This gene fusion produces a chimeric pro-
tein containing the N-terminal portion of FUS fused in-
frame with the entire CHOP coding region. FUS is a
member of the RNA binding protein family that also in-
cludes EWS, and similarly has an RNA binding domain
in its C-terminal region that is not present in the fusion
protein. The CHOP gene encodes a member of the C/
EBP transcription factor family, which is involved
through dimer formation in the regulation of adipocyte
differentiation [104]. In a murine preadipocytic cell cul-
ture system, introduction of the FUS–CHOP fusion
inhibits adipocytic differentiation induced by insulin
and thiazolidinedione [105]. Additional analysis indi-
cated that, in the presence of the FUS–CHOP fusion,
the CEBP family member CEBP alpha was either not
upregulated in these cells or, when expressed, was not
functionally active. Finally, this fusion protein also
scored positive in standard assays of transforming activ-
ity including focus formation, soft agar colony forma-
tion, and tumour formation in immunodeficient mice.
To further study the oncogenic effect of FUS–CHOP,
a transgenic mouse was produced which expressed the
fusion gene from the elongation factor 1a promoter
[106]. Despite widespread expression of the transgene,
the transgenic mice developed only one type of tumour,
liposarcoma. In contrast, transgenic mice with only the
CHOP gene failed to develop any tumour and had nor-
mal adipose tissue [107]. These data indicate a direct link
between the fusion gene and liposarcoma development.
5. Prospects for therapy

As a better understanding is achieved of the onco-
genic roles of these fusion proteins in sarcoma tumouri-
genesis, the potential will exist to design more specific
therapeutic approaches than the currently available che-
motherapy and radiation therapy. Silencing the specific
fusion gene and/or protein, which is considered funda-
mental for growth and other activities of the tumour,
is a promising strategy. Second, blocking downstream
targets of these fusion transcription factors may inhibit
strategic outputs necessary for their ultimate phenotypic
activity. Finally, therapeutic approaches may be tar-
geted to interrupt collaborating events necessary for fu-
sion protein function or tolerance. Combination therapy
to repress more than one of these areas may provide the
most powerful potential to treat these sarcomas.

5.1. Targeting fusion protein expression

Based on the oncogenic function of these proteins,
specific inhibition of fusion protein expression is an
obvious therapeutic pursuit. A commonly used ap-
proach to repress fusion gene expression is introduction
of an antisense oligonucleotide or expression construct
producing antisense RNA (complementary to the target
gene mRNA) to block expression inside the tumour
cells. A successful example is the use of antisense oligo-
nucleotides directed against EWS–FLI1 delivered in
nanoparticles, which inhibits EWS–FLI1 expression in
xenografted tumour and inhibits tumour growth [108].
An example in cell culture is application of antisense oli-
gonucleotides directed against PAX3–FKHR to an
ARMS cell line, resulting in apoptosis [39].

The recent discovery of RNA interference (RNAi)
provides another powerful tool to silence expression of
a specific gene [109]. This technology has been adapted
to silence targets of choice with synthesised doubled-
stranded RNA, and thus the potential exists to target
endogenous fusion genes generated from chromosome
translocations in sarcoma cells. There are several suc-
cessful examples in which this technology has been ap-
plied to EFT. In one study, synthetic siRNA targeting
the FLI1 portion of EWS–FLI1 was introduced into
an EFT cell line, and resulted in suppression of EWS–
FLI1 expression. The downregulation of EWS–FLI1
was correlated with decreased cell proliferation, in-
creased apoptosis and abrogated invasion in an in vitro

matrigel assay [70]. Another study used the siRNA ap-
proach but targeted the junctional sequence between
EWS and FLI1 and revealed loss of EWS–FLI1 induced
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cell cycle arrest and apoptosis in a different EFT cell line
[71].

5.2. Inhibition of fusion protein downstream targets

As an aberrant transcription factor, these fusion pro-
teins exert their oncogenic effects through deregulation
of downstream targets, and therefore manipulation of
these target proteins provides an avenue for attenuating
or abrogating oncogenic function. As described earlier,
the TGFBR2 gene is directly downregulated by EWS–
FLI1, resulting in insensitivity of EFT cell lines to
TGF-b treatment. Introduction of a TGFBR2 expres-
sion construct into EFT cell lines restored TGF-b sig-
nalling and suppressed tumourigenic potential of the
cells when inoculated into immunodeficient nice [78].
In other previously discussed findings, EWS–FLI1
downregulates expression of IGFBP3, a regulator of
IGF signalling important for cell proliferation and sur-
vival. To demonstrate the importance of this regulatory
mechanism, introduction of IGFBP3 into an EFT cell
line resulted in induction of apoptosis [71]. Finally, over-
expression of MET is found in ARMS as well as other
cancers, and provides a promising molecular target. As
a first step in the development of targeted therapeutics
against this protein, antibodies against MET or HGF/
SF have been developed for inhibition of the MET sig-
nalling pathway [41].

Another potential strategy takes advantage of meta-
bolic pathways that are connected to the presence of a
target protein and the use of these pathways to convert
a prodrug to a toxic form. In the case of EFT, the EWS–
ETS fusion protein was found to upregulate expression
of the metabolic enzyme uridine phosphorylase in EWS–
ETS transduced cells. This enzyme can convert 5 0-
deoxy-5 0fluorouridine (5dFUrd) to a cytotoxic form
(5-FUra), that will inhibit cell growth [110]. As proof
of this principle, EWS–FLI1 expressing NIH3T3 cells
displayed higher sensitivity to 5dFUrd than control
cells, though both cells were sensitive to 5-FUra. As fur-
ther evidence that this target gene provides a potentially
useful drug against tumour growth, 5dFUrd delayed tu-
mour formation in a xenograft tumour model in which
EWS–FLI1 expressing or vector only NIH3T3 cells were
injected into immunodeficient mice.

5.3. Blocking collaborative factors

Several lines of evidence strongly support the premise
that additional genetic alterations are required for these
fusion proteins to fully achieve their oncogenic poten-
tial. Blocking these collaborative factors would thus
provide another potential target for therapeutic inter-
vention. In ARMS, possible candidates for these collab-
orating factors are the frequent amplification events on
2p24 (potentially involving MYCN) and on 12q13-15
(potentially involving CDK4 and MDM2). For MYCN,
both an antisense strategy which downregulates MYCN
expression and small-molecule antagonists that inhibit
MYC–MAX dimerisation, essential for MYC function,
are promising tool for cancer therapy [111], and may
have relevance in the context of ARMS. In EFT, loss
of p16 is frequently found, and as discussed previously,
the ability of p16 mutation to attenuate the growth sup-
pressive influence of EWS–FLI1, suggests a cooperative
role for p16 mutation in the mechanism of EWS–FLI1-
induced tumourigenesis [87]. Restoring p16 function by
adenoviral transduction has been performed experimen-
tally and shown to induce cell cycle arrest and increase
apoptosis in p16-deficient tumour cell lines [112]. In an-
other study, injection of a p16-derived synthetic peptide
coupled with a peptide vector into tumour-bearing mice
resulted in inhibition of tumour growth in the mice with
evidence of apoptosis [113].

Alterations of the retinoblastoma (Rb) pathway occur
in most of human malignancies, as evidenced in these tu-
mours by CDK4 amplification and p16 mutations. As a
tumour suppressor, pRb regulates cell cycle progression
through G1 by binding to and regulating transcription
factors such as those of the E2F family. Phosphorylation
of pRb by cyclin-dependent kinases (CDK) disables its
function, and identification of small molecules that block
the phosphorylation of pRb in tumours would provide
possible reagents for cancer treatment. A high-through-
put screenwas developed to identify smallmolecule inhib-
itors that block pRb phosphorylation [114]. Modulating
CDK activity is another way to prevent phosphorylation
of pRb for therapeutic intervention. For example, the
small molecule flavopiridol binds to the ATP binding site
of CDK2 thus inhibiting its activity, and this compound
also depletes cyclin D1, a cofactor of CDK activation
[115]. Flavopiridol treated cells reveal a cell cycle block,
promoting differentiation, inducing apoptosis and inhibi-
tion of angiogenesis.

Inactivation of p53, a tumour suppressor, is also
common in cancers, including many of these sarcomas.
Gene therapy to reintroduce a wild-type p53 gene or re-
store its function in cancer cells would be a possible
therapeutic tool. In one study, the p53 gene was trans-
ferred into cell lines with either a p53 deletion or p53
mutation using glucosylated polyethylenimine and pho-
tochemical internalisation, resulting in induction of
apoptosis [116], thus showing the feasibility of p53 gene
therapy to treat cancers with p53 mutations. Some tu-
mours retain wild-type p53, but the function is inacti-
vated by binding to MDM2, leading to its
degradation. Small molecules that disrupt the interac-
tion of MDM2 and p53 and stabilise p53 have been
developed as a potential strategy for these scenarios
[117]. A successful example is the small molecule RITA,
which binds to p53, blocks the interaction of p53 and
MDM2, and restores p53 function in tumours [118].
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6. Conclusions

This review summarises the molecular and cellular
biology of the fusion proteins resulting from chromo-
some translocations in sarcomas. Many of these chime-
ric proteins are transcription factors with aberrant
transactivation capability compared to their wild-type
counterparts. The aberrant transcription factors modu-
late the expression of a constellation of target genes,
altering multiple cellular pathways, and ultimately
changing the phenotypic properties of the cell to con-
tribute to the tumourigenic pathway. Although the fu-
sion proteins play important roles in oncogenesis,
additional collaborative genetic alterations are required
to transform cells in culture or form tumours in animals.
As more oncogenic properties of the fusion protein and
cooperative events are elucidated and refined, therapeu-
tic strategies can be further developed to interrupt these
tumourigenic process. Silencing the specific fusion gene
that plays fundamental roles for the corresponding tu-
mour, blocking targets of fusion proteins, and repressing
the cooperating events are all promising strategies that
need to be further explored. Ultimately, a combination
of these approaches may provide a powerful new ability
to treat these fusion-positive sarcomas.
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