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Sarcomas are mesenchymal cancers consisting of tumors with various
clinical and pathological features. Some of them compel affected
individuals to lose important musculoskeletal functions, and some
of them are highly malignant and life-threatening. A great amount
of genetic information for sarcomas has accumulated during the
past two decades, contributing diagnoses and treatments. From the
standpoint of molecular genetics, sarcomas are classified into two
groups: those with defined genetic alterations and those with
various genetic alterations. The genetic alterations in the first group
include reciprocal translocations resulting in fusion oncoproteins
and oncogenic mutations of defined genes such as those of the c-
kit gene in gastrointestinal stromal tumors. The function of fusion
proteins includes transcription regulator, signal transducer, chromatic
remodeling factor, and growth factor, some of which are suitable
targets for the molecular therapy. In tumors belonging to the
second group, the number of which is far larger than those of the
first group, considerable genetic heterogeneity was found even
among tumors with same pathological diagnosis. The disruption of
the RB and p53 pathways was frequently found, resulting in the
dysregulation of cell cycle and the genomic instability. The
application of molecular target therapy for tumors in this group
requires novel strategies to overcome cross talk between different
signal pathways. Recent evidence from in vitro and in vivo
experiments has indicated that the cells of origin of sarcomas are
tissue stem cells such as mesenchymal stem cells, and the application
of stem cell biology holds the promise of novel treatment options.
(Cancer Sci 2009; 100: 1573-1580)

Sarcomas are defined as tumors derived from non-epithelial
tissues except hematopoietic tissues. In the latest edition of
the World Health Organization classification, approximately 40
different types of sarcomas are listed."” Due to a scarcity of
tumors, less attention has been paid to the molecular genetics of
sarcomas than that of carcinomas, the incidence of which is
approximately 200-fold higher, and until 20 years ago, we had
little knowledge about the molecular genetics of sarcomas. Now
a number of the genetic events that take place in sarcomas have
been disclosed, some of which are specific enough to use in
diagnosis, and others may provide a new avenue for therapy.
Also with the help of recent advances in tissue stem cell biology
and genetic engineering of mice, we are now able to analyze
how sarcomatogenesis occur in particular types of cells. From
the standpoint of molecular genetics, sarcomas can be divided
into two groups: those with defined genetic alterations and simple
karyotypes, and those with variable genetic alterations and
complex unbalanced karyotypes. In this review, current information
about tumors in each group has been complied, and issues that
remain to be solved are discussed.
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Sarcomas with defined genetic alterations

Sarcomas with defined genetic alterations are further divided
into those with a reciprocal chromosomal translocation resulting
in oncogenic fusion transcripts and those with an oncogenic
mutation in defined genes.

Sarcomas with fusion genes. Although classical cytogenetic
analyses had revealed tumor-specific translocations in several
types of sarcomas, the molecular mechanisms underlying them
were not demonstrated until the discovery of the EWSRI-FLII
fusion gene in Ewing’s sarcoma.® Since then 15 sarcomas have
been demonstrated to have tumor type-specific fusion genes
(Table 1). Sarcomas with fusion genes are further divided by the
structural and functional features of each fusion gene.

Fusion genes involving the TET gene family. Nearly half of the
fusion proteins contain a portion of TET gene family products,
including TAF15 (TATA-binding protein-associated factor 15),
EWS (Ewing’s sarcoma), and TLS (translocation in liposarcoma).
TET gene products consist of an N-terminal SYGQ-rich region,
an RNA recognition motif (RRM), a C2/C2 zinc finger motif,
and at least one RNA-binding domain with an Arg-Gly-Gly-rich
motif (RGG).® The fusion protein retains the N-terminal
transactivation domain of the TET gene product, but the RNA-
binding domain in its C-terminal region is replaced with the
DNA-binding domain (DBD) of the corresponding fusion
partners (Fig. 1a). Among tumors with a fusion gene involving
the TET gene family (Table 1), Ewing’s sarcoma family tumors
(ESFTs), clear cell sarcoma (CCS), and angiomatoid fibrous
histiocytoma (AFH) were described in detail due to their unique
features.

TET-ETS in Ewing/primitive peripheral neurectodermal tumor
(PNET). Ewing’s sarcomas are the second most common bone
sarcomas, arising in children and young adults, and have a
characteristic phenotype consisting of sheets of small round
cells. Along with PNETSs, Ewing’s sarcomas are referred to as
ESFTs. ESFTs are the prototype of tumors with fusion genes
involving the TET gene family. Except for FUS-ERG, all fusion
transcripts identified so far in ESFTs consist of EWSR1 and an
Ets family transcription factor, including the FLII, ERG, ETVI,
ETV4, and FEV genes.” Approximately 85-90% of EFSTs are
associated with the EWSRI-FLII fusion gene, 9-14% with
EWRI1-ERG, and the remaining 1-5% with other rare variants.®

TET-AFH in clear cell sarcoma (CCS) and angiomatoid fibrous
histiocytoma (AFH). These two distinct tumors share a common
fusion gene, EWSR1-ATF1.59 CCS or malignant melanoma of
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Table 1. Sarcomas with fusion genes

Tumor type

Translocation N-terminal partner C-terminal partner

Fusion genes involving TET genes
Ewing sarcoma/Primitive peripheral neurectodermal tumor (PNET)

Desmoplastic small round cell tumor
Myxoid liposarcoma

Clear cell sarcoma (CCS)
Angiomatoid fibrous histiocytoma (AFH)

Extraskeletal myxoid chondrosarcoma

Low grade fibromyxoid sarcoma

Fusion genes involving RTK genes
Congenital fibrosarcoma
Inflammatory myofibroblastic tumor

Fusion genes involving chromatin remodeling genes
Synovial sarcoma

Endometrial stromal sarcoma

Fusion gene involving growth factor gene
Dermatofibrosarcoma protuberance and giant-cell fibroblastoma
Giant cell fibroblastoma

Other types of fusion genes
Alveolar rhabdomyosarcoma

Alveolar soft part sarcoma

1(11;22)(924;912) EWSR1 FLI1
1(21;22)(q22;912) EWSR1 ERG
t(7;22)(p22;912) EWSR1 ETV1
1(2;22)(933;q12) EWSR1 FEV
1(17;22)(q12;912) EWSR1 ETV4

t(16;21)(p11;922) FUS ERG

1(11;22)(p13;q12) EWSR1 WT1
1(21;22)(922;912) EWSR1 ERG
1(12;16)(q13;q11) FUS DDIT3
1(12;22)(q13;q912) EWSR1 DDIT3
1(12;22)(q13;912) EWSR1 ATF1
1(12;16)(q13;p11) FUS ATF1
1(12;22)(q13;p12) EWSR1 ATF1
1(9;22)(q22;q12) EWSR1 NR4A3
(9;17)(q22;q11) TAFII68 NR4A3
1(9:15)(922;921) TCFI2 NR4A3
1(9;22)(q22;q15) TFG NR4A3
1(7;16)(q32;p11) FUS CREB3L2
t(11;16)(p11;p11) FUS CREB3L1
1(12;15)(p13;925) ETV6 NTRK3
1(1;2)(q25;p23) TMP3 ALK
(2;19)(p23;p13) TMP4 ALK
t(2;17)(p23;923) CLTC ALK
t(X;18)(p11;q11) SS18 SSX1
t(X;18)(p11;911) S518 SSX2
X 18)(p11;911) SS18 SSX4
t(X;20)(p11;913) SS18L1 SSX1
(7;17)(p15;021) JAZF1 SUX12
1(6;7)(p21;p15) JAZF1 PHF1
(6;10)(p21;p11) EPC1 PHF1
1(17;22)(922;q13) COL1A1 PDGFB
1(17,22)(q22;913) COL1A1 PDGFB
1(2;13)(g35;914) PAX3 FOXO1
1(1;13)(p36;q14) PAX7 FOXO1
t(2;X)(p35;913) PAX3 MLLT?7
1(2;2)(q35;p23) PAX3 NCOAI
t(X;17)(p11;925) ASPL TEF3

soft tissue is a rare and aggressive tumor that develops in young
adults. AFH is also a rare low grade malignancy in soft tissues.
ATF]1 is a member of the CREB transcription factor family with
bZip, via which ATF-1 binds to CRE following activation by
cAMP-dependent protein kinase A (PKA). Upon fusion with
EWSRI1, the PKA site of ATF-1 was replaced by the N-terminus
of EWSRI, resulting in a cAMP-independent and constitutively
active transactivator that is driven by the EWSR1 promoter.”’
EWSR1-ATF1 binds to the promoter region and induced the
expression of the MITF gene, a master regulator of melanocyte
differentiation.® Upregulation of MITF expression was found in
CCS, endowing tumor cells with melanocytic features,” but not
in AFH. This suggests that cell context is an important factor
determining the downstream repertoire of fusion gene products.

Fusion genes involving receptor tyrosine kinase (RTK). The
second type of fusion protein consists of a catalytic domain of
RTK and the strong transactivating domain of tissue-specific genes,
resulting in a ligand-independent and constitutionally active RTK
(Fig. 1b). This type of fusion gene is not restricted to one type of
malignant tumor, but is found in tumors of various origins, even
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including hematological malignancies. This suggests that the
fusion gene promotes oncogenic transformation without interfering
with the differentiation of cell lineages.

ETV6-NTRK3 in congenital fibrosarcoma. Congenital fibro-
sarcoma is a pediatric soft tissue sarcoma (STS) with low grade
malignancy. ETV6 is a member of the Ets family of transcription
factors containing a basic helix-loop-helix (b HLH) dimerization
domain, which was originally found at the breakpoint in
translocations in leukemia.'® NTRK3 is the cell surface receptor
for neurotropin 3 expressed primarily in the central nervous
system.!"? The ETV6-NTRK3 fusion protein forms a homodimer
or heterodimer with wild-type NTRK3, which displays RTK
activity and undergoes autophosphorylation at tyrosine residues.!?

Fusion genes involving chromatin remodeling factors. The
third type of fusion gene involves chromatin remodeling factors,
although the functions of fusion products are still equivocal
(Fig. 1c).

$S18-55X in synovial sarcoma (SS). SS is a soft tissue malig-
nancy that develops from childhood up to middle age. Tumors arise
in extremities in most cases, but also in other sites including
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(a) Fusion genes involving TET genes: EWSR1-FLI1

EWSR1 FLI1
NH2 [[ISYCQ [ RRM | | cooH NH2[ [ ATA [ [ ETSDBD] |COOH
Induce or repress expression of target
NH2 [ SYGQ [ ETS-DBD | _|COOH [> genes
EWSR1-FLI1 Modify RNA metabolism

(b) Fusion genes involving RTK genes: ETV6-NTRK3

ETV6
NH2| HLH ETS-DBD COOH

NTRK3
ECD-LB [ [TM[ [ PTK [

NH2 [SS]] |cooH

Fig. 1. Structure and putative function of fusion
proteins found in sarcomas. Representative cases
are shown for each of four different types of

fusion proteins. (a) Fusion genes involving TET NH2[  [HLH ]

[ PTK  []cooH [>Transmit ligand-independent signal

genes: EWSRI1-FLI1. The N-terminus of EWSR1
containing a Ser-Tyr-Gly-GIn rich region (SYGQ)
fused with the C-terminus of FLI1 containing Ets
DNA-binding domain (ETS-DBD). RRM, RNA
recognition motif; ATA, amino-terminal trans-
activation domain. (b) Fusion genes involving RTK

ETV6-NTRK3

(c) Fusion genes involving chromatin remodeling genes: SS18-SSX
SS18

SSX

genes: ETV6-NTRK3. The N-terminus of ETV6 NH2[_[SNH]

QPGY |cooH NH2[ |KRAB] [ DD [ RD |COOH

containing a basic helix-loop-helix domain (HLH)
fused with the C-terminus of NTRK3 containing a
protein tyrosine kinase domain (PTK). SS, signal
peptide; ECD-LB, extracellular ligand-binding
domain; TM, transmembrane domain. (c) Fusion

Regulate gene expression by

genes involving chromatin remodeling genes: NH2 [ [SNHA]

QPGY [DD [ RD | COOH [>

making complex with

5518-5S5X. The N-terminus of SS18 containing an
SS18 N-terminal homology domain (SNH) and a
GIn-Pro-Gly-Tyr-rich domain (QPGY) fused with
the C-terminus of SSX containing a dubbed
divergent domain (DD) and an SSX repression
domain (SSXRD). The former is highly divergent

SS18-SSX chromatin remodeling factors

(d) Fusion genes involving growth factor genes: COL1A1-PDGFB
COL1A1

PDGFB

among the SSX protein family, while the latter NH2 [

JcooH NH2[SS]T PP | [ PP_]cooH

has the highest similarity within the family. KRAB,
Kruppel-associated box-like domain. (d) Fusion
genes involving growth factor genes: COLTAT-
PDGFB. The length of the N-terminus of COL1A1
in the fusion protein is highly divergent, while
the structure of PDGFB in the fusion protein is
constant, containing an N-terminal and C-terminal
propeptide (PP). SS, signal peptide.

visceral organs. The SS18 (also known as SYT) gene is expressed
ubiquitously, and encodes a protein with an N-terminal SNH
domain, which is highly conserved among SS18 homolgues,
and a C-terminal QPGY domain which has regulatory roles in
transcription."® Through this SNH domain, SS18 protein
interacts with BRM protein, becoming a component of the SWI/
SNF complex involved in the remodeling of chromatin structures
and functions as a transcriptional activator.'¥ SSX genes constitute
a family of at least five (SSX/ to SSX5), and are expressed only
in the testis and thyroid."> SSX proteins have two putative
transcriptional-repressor domains; one is a Kriippel-associated
box-like domain at the N-terminal end and the other is an
SSXRD domain in the C-terminal region.!> The latter is preserved
in the SS18-SSX fusion protein, which therefore contains both
activator and repressor elements for transcription, the net result
being that it seems to function as a transcriptional repressor of
certain genes.('9

Fusion genes involving growth factors. The fourth type of
fusion transcript involves the growth factor gene (Fig. 1d).

COL1A1-PDGFB in dermatofibrosarcoma protuberance (DFSP).
DFSP is a rare skin tumor of low grade malignancy which
shows local recurrence. Either the reciprocal chromosomal
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""""""""" PP ]

4

Ligand-independent
production of growth
factors

[ PP _]cooH

COL1A1-PDGFB

translocation t(17;22) (ql1;q13.1) or a supernumerary ring
chromosome derived from t(17;22) is found in this type of
tumor, which results in the fusion of the COLIAI gene on
chromosome 17 with the PDGFB gene on chromosome 22.!7
Because the point of fusion is highly specific for PDGFB but
spread over almost the entire locus for COL1A1, the role of the
COLIAI gene may be simply to up-regulate the expression of
PDGFB, which acts as an auto- or paracrine growth factor. The
same fusion gene was found in giant-cell fibroblastoma,"” an
infantile tumor with intermediate malignancy showing local
recurrence.

Sarcomas with oncogenic mutations

KIT and PDGFRA in gastrointestinal stromal tumors (GIST). GIST
is the most common mesenchymal tumor in the gastrointestinal
tract. Activating mutations of the KIT gene, which encodes a
receptor for stem cell factor (SCF), were found in 75-80% of
cases, and those of PDGFRA were found among the rest (5—
10%)."® In all cases, mutated receptors transmit growth signals in a
ligand-independent manner, inducing dysregulated cell proliferation.

INIT in malignant rhabdoid tumors. Malignant rhabdoid tumors
are highly aggressive pediatric tumors that develop mainly in
the kidney but also at virtually any extrarenal anatomic site.
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SMARCB 1/hSNS5/INI1 is a component of the SWI/SNF complex
and represses the expression of cyclin D1, which promotes cell
cycle progression.!'” Thus INII is a tumor suppressor. Loss of
function mutations of the /NII gene accompanied by a loss of
the wild-type allele are frequently found in this type of tumor.?”
Recently, frequent loss of INI1 protein expression was reported
in epithelioid sarcomas,?"” which are highly malignant adult
sarcomas of unknown origin, although the frequency of genetic
deletions was low.??

Therapeutic strategy for sarcomas with fusion genes

Targeting fusion products. Because proteins produced by
fusion genes are absent in normal tissues, they are ideal targets
for tumor-specific therapy. Most fusion products, however, are a
transcriptional factor located in the nucleus, which makes it
difficult to apply new therapeutic tools such as antibodies. One
approach currently being undertaken is vaccination immunotherapy
against SS. Processed peptides derived from the SS18-SSX
fusion protein were exhibited on the cell surface along with
human leukocyte antigen (HLA) molecules, and vaccination with
synthesized peptides primed SS18-SSX-specific cytotoxic T-cells
in patients.*? Although the result of a phase I study was not
remarkable,? this approach should be investigated further.

Targeting downstream molecules or signals of fusion products.
A large number of studies have attempted to identify the genes
regulated by fusion proteins in order to find targets for therapy.
Most were based on gene expression profiling after the induction
of expression in various normal cells by expression vectors, or
the inhibition of expression in tumor cells with antisense or
siRNA technology.

EWSR1-FLI1 in ESFT. Forced expression of the EWSRI-FLII
gene in various cells resulted in the identification of up- or
down-regulated genes by EWSR1-FLI1 protein. A number of
cell cycle-related genes were identified including p21, p27,
pS57kip, and cyclin E, and Tanaka and coworkers systemically
investigated the mechanism of regulation and demonstrated
possible therapeutic applications.®>-” In addition to these growth-
related genes, several candidates for transformation-associated
genes were identified, among which ID2®® and NKX2.2?® were
proposed to be key factors controlling downstream genes.

SS18-SSX in SS. The downstream targets of SS/8-SSX were
still not clearly defined partially because the cell of origin was
not known. Gene expression profiling of SS identified several
possible targets such as ERBB2, IGF, FGF, and the WNT
pathway.®” Frizzled homologue 10 (FZD10) is a member of the
FZD family for the receptor of WNT signal, and is exclusively
expressed in SS.¢" A specific monoclonal antibody against FZD10
showed tumor-specific accumulation in vivo and effectively
killed cells when they were conjugated with a radioisotope.®?

Sarcomas with variable genetic alterations

More than two-thirds of sarcomas lack defined genetic alterations
and are characterized by complex numerical and structural
chromosomal aberrations. Most of the adult spindle and
pleomorphic sarcomas belong to this group. Histopathological
findings showed significant diversity even among tumors with
the same diagnosis. Although not common to all tumors, disruption
of the retinoblastoma (RB) and/or p53 regulatory pathways is
frequently found. In contrast to carcinomas, oncogenic activating
mutations in the ras gene family are extremely rare.
Osteosarcoma (0S). OS is the most frequent primary bone
sarcoma, comprising approximately 20% of all bone tumors.
Histologically, OS is defined as a tumor forming an immature
bone matrix called an osteoid. They tend to develop in children
and young adolescents, but also are found in the elderly. The
most common locations are areas with rapid bone growth such
as the metaphyseal region of the distant femur, but almost all
bones can be involved. Therefore, OSs diagnosed by the current
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criteria are likely to be a mixture of tumors with heterogeneous
cellular and genetic backgrounds.

Hereditary predisposition to OS. The genetic alterations in
human OS were not disclosed until the discovery of the RB gene
as the predisposing gene for hereditary RB.®® Subsequent
analyses of somatic mutations revealed a loss of functional RB
protein in approximately 60% of sporadic OSs.®» The second
gene found to be involved in OS was also linked to a hereditary
predisposition. Li-Fraumeni syndrome is characterized by a high
risk for various cancers including OS.®» The genetic defect lies
in the p53 gene,®® the protein product of which is responsible
for monitoring the integrity of the genome, and the control of
cell cycle checkpoints after DNA damage. Somatic mutations
of the p53 gene in sporadic OS were also found in 60% of
tumors.®” Recent reports using conditional knockout mice
clearly demonstrated that loss of function mutations of these
two tumor suppressor genes were critical to the development
of 0S.6¥

Another hint to understand the molecular mechanism leading
to OS was obtained again from cancer-prone syndromes. DNA
helicase disorders include Bloom syndrome (RECQL2 helicase),
Werner syndrome (WRN or RECQL3), and Rothmund-Thomosen
syndrome (RTS or RECQL4 gene), and individuals with genetic
defects in these genes manifest a number of disorders and are
predisposed to cancers including OS.®” Mutations of the RECQILA
gene seem to be most closely linked with the development of
08,49 although somatic mutations of this gene in OS are extremely
rare. )

Genetic alterations identified in OS. Studies of the molecular
mechanisms of growth and progression in OS have identified
more than 20 genetic alterations (Fig. 2). Identified molecules
have been classified into two groups. The first group consists of
molecules directly involved in regulating the cell cycle. Mutations
of RB-associated genes were also found such as amplification of
the CDK4“? and cyclin D“¥ genes and functional loss of the
p16 gene.“¥ Mutations of p53-associated genes were also found
such as amplification of the MDM?2 gene.*¥ When mutations of
these genes were included, OSs were classified into four groups
based on the status of the RB and p53 pathways (Fig. 3).
Approximately half of OSs may have mutations in both the RB
and p53 pathways, whereas 15% of tumors may have intact RB
and p53, indicating alternative genetic mechanisms to dysregulate
the cell cycle in OS.

The second group consisted of growth signal transduction
molecules. As well as mutation analyses, a number of studies
have been performed to investigate the role of particular signaling
pathways in OS such as WNT/B-catenin,“> Hedgehog,“® and
Notch,*” and identified several important molecules for the
growth and survival of OS cells. Recent advances in this field,
however, have revealed considerable cross talk between different
signaling pathways, and so it is difficult and even inappropriate
to define a particular signaling pathway as the main one in OS.
Nevertheless, Akt signaling seemed to be a major pathway
involved in OS, and a number of molecules related to this
pathway were shown to be mutated in human and/or animal OS
(Fig. 2). Akt is activated by growth factors such as IGF and
PDGEF via the activation of PI3K. This process is inhibited by
phosphatase and tensin homolog deleted from chromosome 10
(PTEN), which is frequently deleted in canine OS.“® PTEN also
inhibited the signal through c-met, of which the receptor was
strongly expressed in OS.“” The function of PTEN is inhibited
by HES, whose expression is induced by activated Notch.®?
Overexpression of ezrin, a cytoskeleton-associated molecule,
was shown to be necessary for the metastasis of OS through
the activation of Akt.®" Interestingly, the conditional knockout
of merlin, which inhibits the function of ezrin in mice, led to
osteosarcomas.®? Activated Akt then activates mTOR via
inhibition of TSC. The activated mTOR then activates S6K and
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Fig. 2. Molecules involved in the development and progression of osteosarcomas. Molecules involving the cell cycle and signal transduction are
enclosed by circles and rectangles, respectively. Molecules in which abnormalities at the genetic or protein level have been shown in human or

animal OSs are highlighted with red.

elF4E, resulting in the activation of invasion-related protein
such as vascular endothelial growth factor (VEGF). Activated
Akt also inhibits the function of GSK-3, resulting in the
nuclear accumulation of B-catenin,®® which then drives target
such as c-myc. GLI is a transcription factor located downstream
of the hedgehog signaling pathway, the amplification of which
was reported in OS.“?

Based on these findings, inhibition of mTOR function seemed
to be a promising molecular approach to the treatment of OS.
The results of a clinical trial using novel mTOR inhibitors,
however, showed minimum responses possibly due to feedback
activation of Akt.®» This may illustrate the difficulty of targeting
one signal mediator, and that the multi-directional approach using
an antibody against IGF-1R may be necessary.®%

Soft tissue sarcoma (STS). No definite tumor type-specific genetic
alterations have been found in most adult STSs, particularly
those consisting predominantly of malignant spindle cells. Due
to the lack of phenotypes indicating the particular differentiation,
immunohistochemical studies have been the only way to obtain
more information for diagnoses, which are notoriously inconsistent.
Therefore, it is reasonable to try to understand these tumors
based on gene expression signatures, and a number of studies
have been performed to identify diagnosis-specific signatures of
these tumors (Table 2).

Malignant fibrous histiocytoma (MFH). The pathological entity
of MFH was established around 1970 by Enzinger, and since
then MFH has been the most common STS in adults. Serious
concern about the entity, however, has been raised by some
pathologists, and in the latest edition of the World Health
Organization classification, the term MFH was used with
quotation marks accompanied by an equivocal description such
as undifferentiated high grade pleomorphic sarcomas. In

Toguchida and Nakayama

Rb-mut/p53-mut
18(43.9%)

Rb-wt/p53-wt
7(17.1%)

Rb-mut/p53-wt
8(19.5%)

8(19.5%)

Fig. 3. Classification of osteosarcomas by the status of genes in RB and
p53 pathways. Forty-one OSs were classified by the status of genes in
RB (RB, p16, CDK4, and cyclin D) and p53 (p53 and MDM2) pathways.
The classification was based on published data in references 34, 37, and
unpublished data.

accordance with this pathological enigma, no clear molecular
signatures of ‘MFH’ have been identified by gene expression
profiling so far. Lee et al. found a subset of leiomyosarcomas to
have similar profiles to MFH, making a cluster defined by 202
genes.®® Nakayama ef al. compared the gene expression signature
of ‘MFH’ with that of each of five group of spindle sarcomas
which were relatively clearly defined by histological findings:
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Table 2. Representative expression profiling studies in soft tissue sarcomas (STSs)

Author (ref. no.) No. of samples

Sample content

Main messages

LMS (11), MFH (8), SS (8), GISTS (8), PLS (2), DLS (1), MLS (1),

MFH (11), FBS (8), LMS (6), round-cell LS (4), PLS (3), DLS (5),

MFH (38), LPS (33), EWS (19), LMS (17), SS (16), FBS (7), MPNST (6),
OS (5), DFSP (5), malignant HPC (6), RMS (6), Schwannoma (3),

Synovial sarcoma shared gene
expression profiles with MPNST

SS, GIST, and a subset of LMS, but not
MFH, were clustered as a distinct group
202 genes defined a cluster consisting of
LMS and MFH

A subset of MFH was identified as a
distinct group

2766 genes can be used to distinguish
16 different types of tumors

mixed mullerian tumor (2), ASPS (1), CCS (1), CHS (1), NOS (10)

Nagayama 31 47 MFH (14), SS (13), LMS (10), MPNST (4), PLS (3), DLS (3)
Nielsen 57 41
benign (2)
Lee 55 27 MFH (9), SS (9), LMS (9)
Segal 65 51
CCS (4), SS (5), GIST (5)
Baird 66 181
Nakayama 56 105

WDLS (3), MPNST (3), lipoma (3)

MFH (21), MLS (19), SS (16), MFS (15), DLS (15), LMS (6), FS (4),

18 of 21 MFH failed to be clustered with
MFS, SS, DLS, LMS, FS, and MPNST

dedifferentiated liposarcoma, leiomyosarcoma, myxofibrosarcoma,
fibrosarcoma, and malignant peripheral nerve sheath tumor
(MPNST).®® Three of the 21 MFH samples showed marked
similarities to one of the five sarcoma types, which were
supported by histological findings. Although the remaining 18
MFH samples showed little or no resemblance to any of the five
sarcoma types by histology, 12 of them showed moderate
similarities in terms of gene expression, suggesting the value of
a reclassification using gene expression profiles.

Leiomyosarcoma (LMS). LMSs account for 5-10% of STSs, and
are very heterogenous in terms of clinical (age or site) and
pathological (well to poorly differentiated) findings. Nielsen
et al. classified LMSs into two groups based on the expression
of 24 genes. These genes were implicated in muscle structure
and function, such as the genes for actin, myosin leiomodin,
myosin phosphatase subunit, and calponin.®” Lee et al. defined
a set of 355 genes for which the expression profiles indicated
metastases of LMS.®®

Insights into cells of origin for sarcomas

In addition to diagnostic and therapeutic information, molecular
analyses, particularly recent reports using genetically engineered
mice, have shed a light on the cells of origin for sarcomas.
From studies in vitro. In vitro transformation assays indicated
the importance of cell-context. Most of the TET gene-containing
fusion constructs could transform an established cell line, NIH3T3,
but the results differed considerably when they were introduced
into primary cells. Introduction of the expression vector for
EWSRI1 transformed mesenchymal stem cells (MSC), but not
murine embryonic fibroblasts or fibroblasts,*” and transformed
MSC lost their multi-directional differentiation potential.*” Consi-
stent with this result, EWS cells gained multidirectional differen-
tiation potential when the EWSRI-FLII gene was silenced by
siRNA, indicating MSC to be the cell of origin for ESFT.V
Similar results were reported in the case of FUS-DDIT3,®V
whereas EWSR1-ATF1 failed to transform MSC,*” indicating
that stemness is not the sole requirement for transformation.
From studies in vivo. The first engineered mouse with a fusion
gene was the FUS-DDIT3 transgenic mouse.®” Surprisingly,
even though the gene was driven by a ubiquitous promoter
(EF1), the transgenic mice developed normally until tumors
resembling human MLS formed.®® This result indicates that
FUS-DDIT3 has few effects on cells except for the precursor
cells of MLS. Most other fusion products, however, seemed
toxic to ES cells, or to interfere with embryonic development,
and no simple transgenic mice are available as models. To
overcome this issue, the conditional knock-in strategy was
employed to create animal models using mice with a Cre gene

1578

driven by stage-specific genes. When the expression of the
PAX3-FOXOAI gene was induced in Myf6-expressing terminally
differentiated muscle cells, tumors mimicking human alveolar
rhabdomyosarcoma (ARMS) developed, although at a very low
frequency (1/228).%Y If the expression was induced in PAX7-
expressinng cells, severe developmental defects were observed
without tumors. Similar results were reported in the case of SS.
Tumors with features of human SS developed when the
expression of the SS18-SSX gene was induced in Myf5-expressing
cells, which include muscle stem cells and satellite cells. Mice
died in the embryonic stage when the SS/8-SSX gene was
expressed by the promoter of PAX3, or PAX7, and developed
myopathy when the expression was induced in Myf6-expressing
cells.®® These results suggest that the window of permissive
cells is relatively narrow for each type of fusion gene.

But one should be careful when interpreting these results. In
these conditional mice, the expression of the fusion gene was
induced in all cells expressing Cre-driver genes, which may
result in a complete loss of important functions in each indi-
vidual. In the case of human malignancies, however, only one
cell may suffer the effect of the fusion gene, and others with the
same function may contribute to normal development. Therefore
the window of cells of origin for human tumors with fusion
genes might be much broader.

Why two types? The difference between two types of sarcomas
may be due to two factors: type of genetic alteration and cell of
origin (Fig. 4). These factors might not be independent of each
other. In the case of tumors with defined genetic alterations, the
window of cells of origin may be narrow, possibly tissue stem
cells (MSC or neural crest stem cells). Genetic alterations may
be toxic or have no effect in cells at different stages. In addition
to driving transformation, such genetic alterations may restrict
differentiation in a particular lineage, and therefore the phenotype
of final tumors may be relatively homogeneous with the remnant
of differentiation. On the other hand, genetic instability due to
loss of RB and p53 function or DNA helicases may induce
sarcomatogenesis in tumors without defined genetic alterations.
Such mechanisms may not require a particular cell context, and
therefore differentiated cells may be permissive for this type of
transformation. Also, further differentiation of tumor cells
may be allowed, although the process may be random and/or
dysregulated. This causes the extensively heterogeneous phenotype
of tumors in this group such as osteosarcomas and so-called
MFH. These hypotheses may have relevance with the prevailing
concept of cancer stem cells. If the cell of origin in tumors with
fusion genes is tissue stem cells such as MSC, the stemness is
not an exclusive feature of rare sarcoma stem cells in each
tumor, and the ability to form tumor tissues might be defined by
factors unrelated to stemness.

doi: 10.1111/j.1349-7006.2009.01232.x
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Fig. 4. Hypothetical model of sarcomatogenesis.

Conclusions

Whenever a new fusion gene is discovered in one particular type
of sarcoma, we cannot help admiring the pathologists who discern
its entity and establish a concept. Without their careful and
accurate observations, no molecular diagnoses would be possible.
The number of patients with STS, particularly undifferentiated
pleomorphic sarcomas, seems to be increasing, and no effective
therapy has been invented. The cross talk between different
growth and survival signaling pathways is a life-guarding system
under physiological conditions, but also it provides malignant
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cells with a way to escape from molecular targeting therapies.
Future innovations in analytical methods such as whole genomic
and protein sequencing analyses may provide a way to overcome
this hurdle and open a new era for patients with sarcomas.
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