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“...observations suggest that Ewing’s sarcoma family tumors may
derive from a mesenchymal stem cell of hematopoietic or
neuroectodermal origin, capable of maintaining dual plasticity, and
providing a convincing biological rationale for the phenotypic duality
displayed by these tumors.”

Sarcomas are rare malignant tumors that
comprise less than 5% of all malignancies

ut approximately 15% of pediatric can-
cers. They arise in mesenchymal tissues
and often display highly aggressive behav-
ior with proclivity toward early hematog-
enous metastasis. Surgery, when applied
early, can be curative, and preoperative
chemotherapy has been shown to be
effective in the management of local-
ized chemosensitive tumors, significantly
augmenting the proportion of long-term
survivors. However, the tendency toward
relapse is relatively high and the prognosis
of chemoresistant and disseminated sar-
comas remains excessively poor despite
multimodal therapeutic approaches.
Genetic analysis distinguishes two classes
of sarcomas. One comprises tumors that
display multiple complex karyotypic
abnormalities with no specific pattern.
The other is composed of tumors that
harbor defined genetic mutations believed
to underlie their pathogenesis, princi-
pally represented by single reciprocal
signature chromosomal translocations.
Identification of recurrent genetic abnor-
malities associated with specific sarcoma
subtypes has not only facilitated their
diagnosis but has greatly contributed
toward understanding their biology [1-6].
The fusion genes resulting from the
translocations encode, for the most part,
aberrant transcription factors believed to
play an essential role in the pathogenesis
of the corresponding sarcoma subtype
by altering the gene-expression reper-
toire, which, in appropriately permissive
cells, is believed to trigger transformation

either alone or in combination with other
genetic events.

Origin of sarcomas

Sarcomas are widely believed to develop
as a result of genetic mutations in mesen-
chymal progenitor/stem cells, but their
precise cellular origin remains unknown.
Putative cells of origin of some sarcomas
have been proposed based on their histo-
logical features, including, for example,
osteoblasts for osteosarcoma and smooth
muscle cells for leiomyosarcoma (Ficure 1).
However, for many of these malignancies
that do not display a specific histological
phenotype, such as synovial sarcoma or
Ewing’s sarcoma, the cell of origin is still
under debate. Several strategies have been
employed in a effort to identify the putative
cell of origin of sarcomas:

* Generation of transgenic mice express-
ing specific sarcoma-associated translo-
cations driven by tissue-specific pro-
moters; expression of the fusion genes
in different primary cell populations in
an effort to identify the cellular
environment that is permissive for their
expression and function;

* Gene-expression profile analysis of sar-
coma-derived cell lines in which the
specific chromosomal translocation-
generated fusion genes had been knocked
down to determine the molecular pheno-
type of the putative cell of origin prior
to fusion protein expression;

* Comparison of sarcoma gene-expres-
sion profiles to those of a broad panel
of normal cells or tissues.
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Development of transgenic mouse models of defined human
sarcomas has been moderately successful, due, at least in part,
to the toxicity of sarcoma-associated fusion genes in most pri-
mary cells. However, at least three mouse models of sarcoma
associated with specific chromosomal translocations have been
generated that recapitulate many of the features of their human
counterparts and provide clues as to their cell of origin. They
include the conditional PAX3—FKHR knock-in model of alveo-
lar rhabdomyosarcoma, where the fusion gene is expressed in
terminally differentiated skeletal muscle cells [7]; the conditional
SYT-SSX-2 knock-in model where expression of the oncoprotein
in immature myoblasts leads to induction of synovial sarcoma
with 100% penetrance (while its expression in more differenti-
ated cells induces myopathy without tumor initiation) [8]; and the
TLS/FUS—CHOP transgenic model, where ubiquitous expres-
sion of the TLS/FUS—CHOP transgene resulted in the exclusive
generation of myxoid liposarcoma-like tumors in their classical
anatomical locations [9]. The additional strategies mentioned ear-
lier have been useful in determining the origin of other sarcomas,
and particularly that of Ewing’s sarcoma.
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The quest for the ESFT cell of origin

Originally described in 1921 by James Ewing as an ‘endothelioma
of the bone’, Ewing’s sarcoma, often referred to as Ewing’s sar-
coma family tumors (ESFTs), is the second most common bone
malignancy after osteosarcoma, arising in children and young
adults with a peak incidence at age 15 years. Similar to other
sarcomas, ESFTs are aggressive tumors with a tendency toward
recurrence following resection and pronounced proclivity toward
early hematogenous metastasis. In 85% of cases, ESFT cells
harbor the translocation t(11;22)(q24;q12) that generates the
EWSRI-FLI-1 fusion gene [10]. In another 10-15% of cases
the translocation t(21;12)(22;12) generates the EWSRI-ERG
fusion, whereas the remaining 1-5% of cases may contain one
of several possible translocations, each resulting in a fusion gene
composed of a portion of the EWSRI gene and a member of the
ets transcription factor family.

All EWSRI1-ETS fusion proteins contain the transactivation
domain of EWSR1 and the DNA binding domain (DBD) of the
corresponding ETS fusion partner, suggesting that enhanced
and/or inappropriate expression of ETS fusion partner target
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Figure 1. Mesenchymal stem cells, by virtue of their broad plasticity, may be at the origin of different histological subtypes

of human sarcomas.

MFH: Malignant fibrous histiocytoma; MSC: Mesenchymal stem cell; RMS: Rhabdomyosarcoma.

Reproduced with permission from [33].

1026

Expert Rev. Anticancer Ther. 9(8), (2009)



Ewing’s sarcoma origin: from duel to duality

Editorial

genes resulting from potent transactivation by EWSRI1 could
lead to cellular transformation. However, there is evidence that
the target gene specificity of the fusion protein is not identical
to that of its component ETS factor [11-13]. Several potential
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EWSRI1-FLI-1 target genes whose induction may be implicated
in transformation and/or tumor progression have been identi-
fied, including MYC, ID2, CCNDI, PDGFC, IGF1, CAVI and
GLII (reviewed in [14]), which are induced, and p21, p57kip,

Transgenic mouse model

@J&/@

Chondroblast

Neural cell

+EWSR1-FLI-1 =

ESFT cell lines

EWSR1-FLI-1
suppression
S’
ESFT cell Ilnes
Differentiation
plasticity

ESFT CSC

Gene-expression profile

.

Comparative analysis with
human gene expression atlas

Appearance of MSC features

RSN, S

" Plasticity
™~ Markers

Adipoblast

Osteoblast

Chondroblast

Figure 2. Summary of the different experimental approaches used in the attempt to identify the putative cell of origin of

Ewing’s sarcoma.

CSC: Cancer stem cell; ESFT: Ewing'’s sarcoma family tumor; MSC: Mesenchymal stem cell.
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TGFBRII and /GFBP-3, which are repressed by the fusion pro-
tein. Growth inhibitory effects of antisense EWSR1-FLI-1 and
EWSRI1-FLI-1 siRNA expression in human Ewing sarcoma cell
lines further support the notion that EWSRI1-FLI-1 is implicated
in ESFT development [15], and EWSRI1-FLI-1 appears to play a
critical role in inducing the ESFT small round cell phenotype.

Interestingly, although most Ewing sarcomas occur in bone,
15% of primary ESFTs may arise in a variety of extraosseous
sites [16]. Ewing sarcoma cells express the lymphoid cell adhesion
receptor CD99, several neural cell markers, including neural-
specific enolase (NSE), S-100, synaptophysin and CD56 [16], and
mesenchymal markers, including vimentin. The wide range of
organs and tissues from which ESFTs can arise, together with
histological features that suggest poor differentiation with both
mesenchymal and neuroectodermal features [16], has fueled an
as yet unresolved debate as to their neuroectodermal or mesen-
chymal origin. A major impediment toward the understanding
ESFT biology, in general, and its cellular origin, in particu-
lar, is the lack of a transgenic animal model. Three alternative
approaches have therefore been used to address the potential
origins of ESFTs (Ficure 2).

The first consisted of expression of EWSRI-FLI-1 in different
primary or immortalized cellular backgrounds, in an attempt
to define the permissive cellular environment for the oncogenic
properties of the fusion protein. Expression of EWSRI1-FLI-1
in murine NIH-3T3 cells resulted in anchorage-independent
growth [17] and accelerated tumorigenesis in immunocompro-
mised mice with a tumor phenotype reminiscent of that of
human Ewing sarcoma [18]. These observations are consistent
with the notion that EWSR1-FLI-1 can enhance oncogenesis
and that it is largely responsible for the histological characteris-
tics associated with ESFT. By contrast, the same approach using
Rat-1 cells 17], primary mouse embryonic fibroblasts (MEFs)
(19] and hTERT-immortalized human primary fibroblasts [20]
not only failed to induce transformation but resulted in growth
arrest and apoptosis, underscoring the importance of the cellular
environment for EWSR1-FLI-1-mediated oncogenesis. Work
from our own and other laboratories has shown that expres-
sion of EWSR1-FLI-1 in primary mouse bone marrow-derived
mesenchymal progenitor cells generates tumors that display hall-
marks of Ewing’s sarcoma, including a small round cell pheno-
type, expression of ESFT-associated markers, IGF-1 dependence
and induction or repression of numerous EWSR1-FLI-1 target
genes [21,22].

These observations were supported by subsequent studies where
expression of EWSR1-FLI-1 in primary human mesenchymal
stem cells (MSCs) resulted in the induction of numerous genes
encoding neural cell markers and implicated in neural crest devel-
opment and neuronal differentiation, in addition to most of the
known EWSRI-FLI-1 target genes [23,24]. Moreover, hMSCs
expressing EWSR1-FLI-1 displayed a gene-expression profile
bearing striking similarity to that of primary ESFTs.

The second strategy used to identify the normal counterpart of
ESFT cells consisted of a bioinformatic comparison of primary
Ewing’s sarcoma gene-expression profiles with those of a wide

range of normal human cells and tissues. Two independent stud-
ies using this approach came to different conclusions. One study
showed that Ewing’s sarcoma cells displayed the most significant
similarity to endothelial and neural cells [25], whereas the other
revealed that among primary cells the highest similarity to ESFT
cells was displayed by MSCs [26].

Finally, a third strategy consisted of the gene-expression
profile analysis of Ewing’s sarcoma cell lines subjected to sta-
ble shRNA-mediated EWSRI1-FLI-1 suppression [27]. This
approach revealed that ESFT cells depleted of EWSR1-FLI-1
display hMSC features, including induction of the classical
MSCs markers CD44 and CD73, and the typical triline-
age differentiation plasticity displayed by primary MSCs.
Consistent with these observations, we have recently identi-
fied cancer stem cells in ESFTs and found that they display
marked mesenchymal trilineage plasticity, despite retaining
EWSRI1-FLI-1 expression. ESFT-initiating cells may, therefore,
conserve the functional plasticity of their putative physiological
precursors [28].

“Interestingly, although most Ewing sarcomas
occur in bone, 15% of primary Ewing's sarcoma
family tumors may arise in a variety of
extraosseous sites.”

Together, these independent studies provide solid evidence
that MSCs display intrinsic permissiveness for the transform-
ing potential of EWSR1-FLI-1 and constitute the right cells
in the right location for EWSR1-FLI-1-mediated oncogenesis.
Moreover, the reported migration of MSCs to all body compar-
tements during the embryonic development could explain the
broad tissue distribution of ESFT. The observed induction of
genes implicated in neuronal differentiation and neural crest
development indicates that EWSRI1-FLI-1 can direct partial
neuroectodermal differentiation of primary MSC, indicating
that ESFTs need not arise from a neuroectodermal precursor to
explain their primitive neuroectodermal phenotype. MSCs were
originally defined by two properties that they display in cul-
ture: the ability to proliferate as clones and to differentiate into
mesenchymal lineages, including osteocytes, chondrocytes and
adipocytes [29]. Subsequent work defined markers that enabled
their prospective isolation, enrichment, and characterization.
However, little was known regarding their 7z vivo biology, par-
ticularly with respect to their developmental derivation. Recent
work has suggested that hematopoietic stem cells can generate
MSCs [30], potentially explaining the similarity between ESFTs
and endothelial cells.

Two subsequent studies have shed furcher light onto MSC
properties, suggesting that a significant portion of MSCs may
originate from the neuroepithelium and neural crest stem
cells (NCSCs) in vitro and in vivo. The first study showed
that the earliest wave of mouse MSCs in the embryonic trunk
is generated from Sox1* neuroepithelium but not from meso-
derm. The numbers of these neural-derived MSCs declined
in the bone marrow over time such that they represent only
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a very small fraction of the MSC population by adulthood
(31]. The second study reported the derivation of NCSCs from
human embryonic stem cells, and their cell culture condition-
dependent propagation toward PNS and mesenchymal lineages,
including MSCs [32].

Taken together, these observations suggest that ESFTs may
derive from a MSC of hematopoietic or neuroectodermal origin,
capable of maintaining dual plasticity, and providing a convinc-
ing biological rationale for the phenotypic duality displayed by
these tumors. They may thereby help lay to rest the duel between

supporters of MSCs and NCSC:s for the title of the ESFT cell

of origin.
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