Ewing’s Sarcoma Family of Tumors:
Targeting Molecular Pathways

21

and the Race for a Cure

Atif A. Ahmed, Glenson Samuel,

and Joy M. Fulbright

Contents

Introduction..............cocccooeiniiniiiiiiceee 217
Molecular Insights into Tumor Pathogenesis ...... 218
Pathologic Diagnosis .........ccceeeeeeenenenenenieieienes 220
Pathobiologic Proliferation Pathways.................. 220
Current Treatment Regimens ...............c.cccccococee. 221
Novel Therapeutic Targets................ccccooeneneenee. 222
Ewing’s Sarcoma-FLI1 .........ccccocooinininininne 222
Vascular Endothelial Growth Factor (VEGF).......... 223
Insulin Growth Factor Receptor (IGFR).................. 223
The Mammalian Target of Rapamycin (mTOR)...... 223
References.............cocoovveeineinieinnincrecreeenene 224

A.A. Ahmed (<)  G. Samuel * J.M. Fulbright
Children’s Mercy Hospitals and Clinics,

2401 Gillham Road, Kansas City, MO 64108, USA
e-mail: aahmed @cmbh.edu

M.A. Hayat (ed.), Pediatric Cancer, Volume 4: Diagnosis, Therapy, and Prognosis, Pediatric Cancer 4,

Abstract

Ewing’s sarcoma family of tumors (ESFT) is a
malignant tumor of bone and soft tissue in
children and adolescents that is characterized
by molecular alterations that most commonly
involve the EWS gene on chromosome 22. It
is an aggressive tumor, with metastases pres-
ent at diagnosis in 20-25% of cases. Modern
treatment regimens for localized disease have
resulted in significant improvement in survival.
However, the presence of metastasis is
associated with mortality in 70-80% of
patients. New insights into the pathogenesis
and proliferative mechanisms of human can-
cers have led to the identification of a number
of proteins acting as messenger molecules
and modulators of tumor growth. Targeting
these molecules in ESFT has the potential
effect of controlling tumor growth. This chap-
ter summarizes the current research on molec-
ular pathogenesis, proliferation pathways and
new investigational pharmacologic agents that
are under development in the race for the cure
of this malignancy.

Introduction

Ewing’s sarcoma family of tumors (ESFT) is an
aggressive malignancy that affects the growing
bones and soft tissues of children and young
adults. It is regarded as the second most common
sarcoma of bone and commonly affects children
in the second decade of life. It constitutes about
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3% of all pediatric malignancies and 40% of
pediatric bone cancers. The disease, which is pre-
dominantly seen in Caucasians and is rare in
other races, is not predisposed to by any environ-
mental or familial factor, and does not have any
known association with any syndrome or genetic
disease. The median age at diagnosis is 15 years
and approximately three cases occur each year
per one million Caucasian patients younger than
21 years (Paulussen et al. 2001). Although ESFT
is a primary bone cancer, a substantial proportion
of these tumors arise from extraskeletal sites.
Patients with extraskeletal ESFT have a higher
mean age, but also have a bimodal distribution,
being more commonly found in those older than
35 years and less than 5 years compared with
skeletal tumors (Applebaum et al. 2011).

ESFT presents with pain and later a swelling
from a localized mass that appears on imaging
studies as a destructive diaphyseal bony lesion
that also extends to the soft tissues. The pelvic
bones, long extremities and ribs are, in decreas-
ing frequency, the most commonly affected sites.
However this tumor can arise in any bone or soft
tissue location in the human body, including deep
seated visceral organs. Patients may also present
with nonspecific signs because of tumor location
or with general signs of inflammation such as
fever, anemia and leukocytosis. No blood, serum,
or urine test can specifically identify ESFT.
Serum and urine catecholamine levels are always
normal (Bernstein et al. 2006).

Patients may also present with metastasis that
can occur in 20-25% of cases before diagnosis.
ESFT metastasizes most commonly to the lungs,
bone and bone marrow. The presence of metasta-
sis is the most important prognostic factor and
patients with metastatic tumor have poor survival.
About 30—40% of those with localized disease
and 80% with metastatic disease die as result of
disease progression (Bacci et al. 2007).

Molecular Insights into Tumor
Pathogenesis

The term “Ewing’s sarcoma family of tumors” is
coined to describe closely related group of tumors
that were previously considered separate entities:
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Ewing’s sarcoma, peripheral primitive neuroec-
todermal tumor and Askin tumor. These tumors
exhibit similar histologic, immunophenotypic
and molecular signatures and hence grouped
as one family. Histologically they are characte-
rized by a “small round blue cell” morphology
(Fig. 21.1) that may also reveal limited neural
and/or epithelial differentiation. The cell of
origin is not definitively known but is probably a
primitive mesenchymal cell or neuroectodermal
stem cell that has retained some ability for
multi-lineage differentiation. Recent evidence
has suggested that the cell of origin may actually
be a bone marrow associated mesenchymal stem
cell (MSC) that undergoes transformation from
a spindle cell morphology to a rounded cell that
is characteristic of ESFT (Riggi et al. 2005;
Lin et al. 2011).

The primary genetic event that drives this cel-
lular malignant transformation is a chromosomal
translocation that involves EWS, a gene located
in chromosome 22q12 (Riggi et al. 2008). EWS is
fused to the DNA binding domain (DBD) of one
of five ETS family transcription factors, that
include FLII, ERG, ETVI, ETV4, and FEV
(Arvand and Denny 2001). Ewing’s sarcoma
family tumors (ESFT) are commonly associated
with the chromosomal translocation t (11;22)
(q24;q12) that generates the EWS-FLII fusion
gene in >85% of cases and EWS-ERG in 5-10%
of cases. In the remainder, EWS is fused to other
ETS members such as ETVI, ETV4, or EIAF
(Giovannini et al. 1994). The evidence, that the
induction of EWS-FLII and other chimeric EWS/
ETS proteins in mesenchymal progenitor cells is
the primary initiation genetic event in the tumori-
genicity of ESFT, comes from in vitro studies on
MSC lines. There was a change of morphology
and immunophenotype of the MSC (positive for
CDI10, CD13 and vimentin) to a rounded cells
that have the morphologic and immunophenotypic
features of ESFT with upregulation of CD54,
CD99, CD117 and CD271. The malignant trans-
formation of the MSC towards ESFT is accom-
panied by ability of the cells to have invasive
properties (Miyagawa et al. 2008).

EWS-FLI1 fusion protein is a transcription
factor that can bind DNA and cause altered
expression of down-stream genes. EWS-FLI1
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Fig. 21.1 The diagnosis of Ewing’s sarcoma family
tumor is suspected from the presence of the characteristic
small round cell morphology on conventional H&E stains
and is confirmed by the diffuse membranous immunohis-

interacts with the transcription factor CBP and
results in promoter interactions with the AP-1
(fos/jun) transcription complex and is thus impor-
tant for transcriptional regulation of several genes
that mainly influence the production of cell cycle
proteins, growth factors and apoptosis molecules.
There is up-regulation of MYC, IGFI, GLII,
TOPK,NKX2.2, DAX1, EAT-2, EZH2, MK-STYX,
PLD2, MMP-3, FRINGE, ID2, and CCNDI
along with repression of TGFBR2 and CDKNIA
(Jedlicka 2010). It has also been suggested that

tochemical positivity for CD99. Molecular methods that
detect the presence of EWS-FLII fusion gene by reverse
transcription polymerase chain reaction (RT-PCR) are
also important in confirming the diagnosis

other mutations may occur in conjunction with
EWS-FLII oncogenetic transformation in a coop-
erative mechanism that allows for cell growth
and proliferation (Lin et al. 2011). Comparative
genomic hybridization studies have revealed the
presence of altered copy number of numerous
other genes including gains and deletions (Toomey
et al. 2010). Gene expression studies have also
yielded valuable information regarding gene sig-
natures and their differences in localized versus
metastatic disease (Pinto et al. 2011).



220

Pathologic Diagnosis

Details of tumor pathogenesis and biologic
characteristics have led to valuable information
that is also used in the pathologic diagnosis of
this tumor. Currently, the diagnosis of ESFT is
achieved through combination of histology and
results of ancillary tests. The histology is that of
an undifferentiated cellular tumor that may have
overlapping features with other small round cell
tumors, particularly solid alveolar rhabdomyo-
sarcoma, lymphoblastic lymphoma or undiffer-
entiated neuroblastoma. The tumor is composed
of diffuse sheets of small cells with central
nuclei and scant cytoplasm. The nuclei are round
to oval with smooth contours and inconspicuous
nucleoli and exhibit a low mitotic rate. The
small amount of cytoplasm may appear clear or
vacuolated due to accumulation of glycogen that
can be identified with the periodic acid shift
(PAS) special stain. Immunohistochemical tests
are widely used to arrive at the diagnosis and
help exclude other tumors in the differential
diagnosis. Immunohistochemical stain with
antibodies against CD99 reveal a diffuse mem-
branous staining that is characteristic for ESFT
(Fig. 21.1). An immunohistochemical test for
Flil, the partner in EWS-FLI1 translocation,
can also be used in the diagnosis of ESFT and
yields a nuclear staining pattern. Combination
of histologic morphology and characteristic
positive staining with PAS, CD99 and/or Flil is
highly sensitive and specific for the diagnosis of
ESFT (Pinto et al. 2011). Molecular testing to
detect the characteristic chromosomal translo-
cations is helpful to confirm the diagnosis.
These molecular translocations can be detected
by RT-PCR on fresh, frozen or paraffin-embedded
formalin-fixed tissue (Fig. 21.1). The EWS (also
called EWSRI) gene can also be detected by
fluorescent in situ hybridization using specific
probes (Lewis et al. 2007). In less than 5% of
cases, characteristic EWS-ETS translocations
are not identified and hence, gene sequencing
of the EWS gene may confirm the diagnosis if
necessary.
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Pathobiologic Proliferation Pathways

EWS-FLI-1 fusion and other dysregulated genes
lead to over-expression of several cellular signa-
ling pathways that mediate cellular proliferation
and tumor growth. Insulin-growth factor pathway
and its members, IGF1 and IGFR1 have been
found to be over-expressed in ESFT cell lines and
tissues (Scotlandi et al. 1996). This may explain
the surge in ESFT incidence during the pubertal
growth spurt. The ubiquitous PI3K-AKT path-
way and its members are protein kinases that are
also identified in ESFT, both in vivo and in vitro
studies (Ahmed et al. 2011). NF-Kappa B is a
transcription factor that regulates genes involved
in inflammation and cell proliferation and dys-
regulation of NF-kappa B has been identified in
ESFT cell lines (Ahmed et al. 2011). Similarly
the vascular endothelial growth factor (VEGF)
and its family of proteins play a role in tumor
angiogenesis and proliferation and have been
identified in ESFT cell lines and tissues (Nagano
et al. 2010). The expression of these molecules
and several other proliferation pathway members
can be detected on human tumor tissues using
conventional immunohistochemical techniques
(Fig. 21.2).

CD99 is upregulated during the cellular malig-
nant transformation of ESFT and is commonly
used as an immunohistochemical marker for
confirming the diagnosis of ESFT as shown above
(Fig. 21.1). CD99 (also known as MIC2, and
recognized by the antibodies 12E7, HBA71, and
0O13) is a 32-kDa integral membrane glycopro-
tein that plays a key role in several biological
processes, including cell adhesion, migration,
and apoptosis, maintenance of cellular morphol-
ogy and regulation of intracellular membrane
protein trafficking. However the function of CD99
in ESFT is currently unknown. There is some
evidence that CD99 is required for ESFT trans-
formation (Rocchi et al. 2010). CD99 can affect
ESFT cell growth, tumorigenesis and metastatic
ability and may prevent neural differentiation of
tumor cells. CD99 may affect the modulation of
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NF-Kappa B

Fig.21.2 Akt, mTOR, NF-kappa B and VEGF are over-
expressed in the majority of Ewing’s sarcoma tumor sam-
ples. Over-expression of proliferation pathway members

several intracellular pathways, including PI3K/
Akt and RAS/MAPK which are activated by
EWS-FLI1. CD99 seems to inhibit the activation
of ERK1/2 and thus counter-act the effect of
EWS-FLI1 on MAPK pathway activation. There
is evidence that CD99 knockdown inhibits Akt
while increases ERK1/2 phosphorylation, which
in turn seems to modulate the neural differen-
tiation of ESFT tumor cells.

Several other related pathways and molecules
such as C-kit, caveolin-1, and E-cadherin are
over-expressed and play an indirect role in tumor
cell proliferation through their interaction with
main proliferative pathways. Similarly, basic
fibroblast growth factor and receptor molecules
and platelet-derived growth factor receptors are
over-expressed in ESFT. Furthermore, basic
fibroblast growth factor may cause stimulation of
EWS-FLII fusion protein activity (Girnita et al.

and signaling molecules can often be detected by routine
immunohistochemistry as shown

2000; Bozzi et al. 2007). Targeting these proteins
and other proliferation pathways by small
interfering RNAs and monoclonal antibodies is
the subject of fervent research in attempts to
discover new therapies for ESFT tumors that are
resistant to conventional treatment (McAllister
and Lessnick 2005).

Current Treatment Regimens

The current approach to treatment of Ewing’s
sarcoma is a combination of chemotherapy,
surgery and radiation. For localized disease,
chemotherapy with compressed cycles of ifosf-
amide/ etoposide alternating with vincristine/
adriamycin/cyclophosphamide or VIDE (vincris-
tine/ifosfamide/doxorubicin/etoposide) per the
Euro-Ewing’s group, given prior to and post local
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control, is the standard of care. With this treat-
ment regimen, the overall survival is approxi-
mately 70% (Ladenstein et al. 2010). Patients
with metastatic disease have worse outcomes,
though patients with isolated lung metastasis fare
better, with overall survival ranging from 9 to
41%. Independent poor prognostic factors include
presence of>2 bone metastases, primary tumor
volume >200 ml, age older than 14, pulmonary
metastasis and bone marrow metastasis
(Ladenstein et al. 2010). The question of
whether autologous transplant improves survival
in patients with metastatic disease continues to
be evaluated.

Novel Therapeutic Targets

Given the poor outcomes of patients with meta-
static or high risk Ewing’s sarcoma, methods to
improve outcomes have been the focus of extensive
research. One area being explored is drug resis-
tance and how to overcome it. Another large area
of research, as alluded to previously, is targeted
therapy. The targets of these therapies are some of
the pathway members discussed previously that are
over-expressed in ESFT. Several of these thera-
peutic targets are currently being evaluated in pre-
clinical and/or early clinical trials (Table 21.1).
Examples of such therapeutic targets and their
applications in clinical trials are listed below.

Ewing’s Sarcoma-FLI1

Due to EWS-FLI1’s role in the pathogenesis of
Ewing’s sarcoma there has been a lot of interest
in targeting EWS-FLII itself, but unfortunately it
has proven difficult to move these therapies from
bench to bedside due to the pharmacokinetics of
these targeting agents (Herrero-Martin et al. 2011).
Extensive work has also been done looking at
blocking downstream targets and to inhibiting
binding of transcription proteins to EWS-FLII1.
An example of downstream targeting work is that
De Vito et al. (2011) performed on the miRNA
expression in human mesenchymal stem cells
and ESFT cell lines. This work demonstrated a
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Table 21.1 Targeted therapy currently being evaluated
in pre-clinical and clinical trials for the treatment of
Ewing’s sarcoma

Target Example of targeting agents

IGFR-1 Small molecule inhibitors
(OSI-906, BMS-554417)
Monoclonal antibodies
(IMC-A12, R1507)

mTOR Rapamycin, Sirolimus,
Ridaforolimus

VEGF Bevacizumab, Sunitinib,
Cediranib

Multiple kinases Sorafenib, Imantinib

Aurorakinase inhibitor PF-03814735

Hedgehog pathway Arsenic Trioxide, ZIO-101
EWS-FLI 1 YK-4-279
PARP 1 BMN673
Olaparib
Dual (P13K and MTOR)  BEZ235

difference in the miRNA signature and revealed a
decrease in let-7a expression in ESFT cell lines
compared to mesenchymal stem cells, thus impli-
cating let-7a as a potential treatment target. Mice
with Ewing’s sarcoma treated with let-7a miRNA
had a decrease in tumor burden along with a
change in gene expression. This implies that
let-7a miRNA plays a significant role in Ewing’s
sarcoma, and can also be a target for Ewing’s
sarcoma therapy (De Vito et al. 2011).

Another way to target EWS-FLII is to target
the proteins that are involved in its transcription.
YK-4-279 blocks RNA helicase A binding to
EWS-FLII and thus induces apoptosis in ESFT
cell lines. This treatment has led to inhibition of
growth in xenograft mouse models (Erkizan et al.
2009). YK-4-279 has been evaluated in a clinical
trial at the University of Texas MD Anderson
Cancer Center (Subbiah and Anderson 2011).

Another very promising downstream target
that is being tested in clinical trials is poly(ADP-
ribose) polymerase (PARP 1). Brenner et al.
(2012) published data demonstrating that EWS-
FLI increases PARP 1 expression which in turn
promotes more EWS FLI expression. Xenograft
Ewings sarcoma models demonstrated sensitivity
to PARP 1 inhibitors. This sensitivity is further
increased when PARP 1 inhibitors are combined
with Temazolamide.
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Vascular Endothelial Growth
Factor (VEGF)

The pathogenesis of Ewing’s sarcoma is partly
contributed to by blood vessel formation. There
are two specific processes that are part of blood
vessel formation: angiogenesis and vasculogenesis.
Angiogenesis is the growth of new vessels off of
preexisting vessels and vasculogenesis refers to
the initial formation of the vasculature. Production
of vascular endothelial growth factor (VEGF)
and engagement of its receptors is thought to
contribute to the development of new vessels in
Ewing’s sarcoma (Stewart and Kleinerman 2011).
EWS-FLII also contributes to vessel production
as it upregulates production of VEGF-A mRNA
and protein levels (Nagano et al. 2010). In a pre-
clinical trial using an ESFT model it was noted
that VEGF was produced and secreted in 6/6
ESFT cell lines tested. High VEGF expression was
also noted in 18 of 30 patients’ tumor samples.
Expression of VEGF correlated with microvessel
density (MVD) (Dalal et al. 2005). High expression
in tumor samples also correlated with patient’s
survival. Patients with high level of expression
had decreased survival compared to those with
low level of expression (Ahmed et al. 2011).

Preclinical studies have demonstrated that by
blocking VEGF A production (with a VEGF-A-
targeted siRNA) (Nagano et al. 2010) and inhi-
biting VEGF with an antibody (rthuMAb) (Dalal
et al. 2005) there is significant tumor shrinkage.
These preclinical studies, along with others, have
led to the use of anti-angiogenesis/vasculogenesis
agents in phase 1 trials. Despite the evidence that
antivascular therapy has efficacy, it is likely not
going to be curative alone. In future studies, it will
be important to evaluate how antivascular agents
improve outcomes in combination with traditional
chemotherapy or other targeted therapy (Stewart
and Kleinerman 2011).

Insulin Growth Factor Receptor (IGFR)
It has been shown that most ESFT tumor cells

express an increased level of the insulin growth
factor- 1 receptor (IGF-1R) or insulin growth

223

factor- 2 receptor (IGF-2) ligands (Grimberg and
Cohen 2000). The IGF-1R is a tetrameric tyrosine
kinase receptor which is seen in both normal and
neoplastic cells. The activation of IGF-1R is by
the engagement of growth factor ligands IGF-1
and IGF-2, which then results in the autophos-
phorylation of these receptors. There are six IGF
binding proteins which serve to regulate the
activity of the IGF-IR by either promoting or
inhibiting signaling by the binding of these IGF
ligands in the circulation (Grimberg and Cohen
2000). The IGF-1R converts extracellular signal-
ing intracellularly, which then mediates the
proliferation, growth and survival of cells.
Activation of the IGF-1R leads to activation of
several signaling pathways, such as the phos-
phatidylinositol 3 phosphate kinase/Akt/mam-
malian target of rapamycin (mTOR) pathway.
When activated, these pathways may lead to the
promotion of an oncogenic phenotype. There has
been evidence that the IGF-R1 signaling is criti-
cal in the biology of the ESFT. It has also been
shown that malignant transformation by the
pathognomonic EWS-FLII fusion gene is depen-
dent on IGF-1R (Toretsky et al. 1997). The
EWS-FLII fusion gene also promotes the activa-
tion of the IGF-R1 by downgrading the expres-
sion of the insulin growth factor binding protein-3
(IGFBP-3). There have been several studies dem-
onstrating that drugs targeting the IFG-R1 inhibi-
tors may elicit growth arrest in Ewing’s sarcoma
cells in xenograft models (Scotlandi et al. 2005).

Recently there have been several clinical trials
using monoclonal antibodies against the IGFR-1
receptor. So far the results of these trials have not
been as promising as expected (Ho and Schwartz
2011; Subbiah and Anderson 2011). There are cur-
rent trials that are designed to improve the efficacy
of IGF-R1 inhibitors by combining them with other
targeted therapy involved in the pathway, such as
mTOR inhibitors (Subbiah and Anderson 2011).

The Mammalian Target
of Rapamycin (mTOR)

The mammalian target of rapamycin (mTOR) is a
serine-threonine kinase that controls cap-dependent
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translation. It plays an integral role in the regulation
of multiple signaling pathways that control
cellular growth, division, metabolism and angio-
genesis (Bjornsti and Houghton 2004). mTOR is
activated in response to nutritional and environ-
mental conditions and plays a role in the trans-
duction of proliferative signals mediated through
the phosphoinositide-3-kinase (PI3K)/Akt path-
way. mTOR and members of the PI3K-AKT
pathway are identified in ESFT, both in vivo and
in vitro studies (Ahmed et al. 2011).

Rapamycin is a macrocyclic lactone antibiotic,
and the first compound to demonstrate specific
mTOR inhibition. Deforlimus (also known as
AP23573) is a non-prodrug analog of rapamycin
that has also been shown to have mTOR activity
inhibition. mTOR inhibition may have direct
effects on cancer cell proliferation and survival,
or indirectly by inhibition of the hypoxia inducible
factor 1o (HIF1o) which reduces tumor induced
vascular endothelial growth factors (VEGF)
(Faivre et al. 2006). Rapamycin has demonstrated
in multiple tumor models an anti-angiogenic
activity through decreasing the density of vessels.
The anti-angiogenic activity of rapamycin has
been linked to a decrease in the production of
VEGF and inhibition of vascular endothelial cells
to stimulation by VEGF (Guba et al. 2002).

In both adult and pediatric cancer cell lines,
including those derived from rhabdomyosarcoma,
neuroblastoma, glioblastoma, osteosarcoma, and
Ewing’s sarcoma, rapamycin has resulted in inhi-
bition of cell growth (Bjornsti and Houghton
2004; Mateo-Lozano et al. 2003). mTOR inhibi-
tors are currently being studied as single agents
or part of combination therapy in the treatment of
solid tumors and specifically for Ewing’s sarcoma
in combination with IGF-R1 inhibitors (Subbiah
and Anderson 2011).

In conclusion a better understanding of the
pathogenesis of Ewing’s sarcoma has led to the
development of new targeted therapies for this
disease. Targeted therapies may be combined with
current chemotherapeutic regimens to improve
outcomes. The incorporation of other targeted
therapies to prevent resistance is the next step in
the cure of this malignancy.
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