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Ewing sarcoma is an aggressive bone malignancy that affect children and young adults.
Ewing sarcoma is the second most common primary bone malignancy in pediatric
patients. Although significant progress has been made in the treatment of Ewing
sarcoma since it was first described in the 1920s, in the last decade survival rates
have remained unacceptably invariable, thus pointing to the need for new approaches
centered in the molecular basis of the disease. Ewing sarcoma driving mutation,
EWS–FLI1, which results from a chromosomal translocation, encodes an aberrant
transcription factor. Since its first characterization in 1990s, many molecular targets have
been described to be regulated by this chimeric transcription factor. Their contribution to
orchestrate Ewing sarcoma phenotype has been reported over the last decades. In this
work, we will focus on the description of a selection of EWS/FLI1 targets, their functional
role, and their potential clinical relevance. We will also discuss their role in other types
of cancer as well as the need for further studies to be performed in order to achieve a
broader understanding of their particular contribution to Ewing sarcoma development.
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Introduction

Ewing sarcoma is a rare tumor that arisesmainly in the bones of children and adolescents.Despite the
improvements in treatment achieved during the last decades, survival rates have remained unaccept-
ably low, even in patients with localized disease, since a great proportion of Ewing sarcoma tumors
are refractory to conventional treatment and relapses are frequent (1). In addition, approximately
25% of cases present disseminated disease at diagnosis, which have a very poor prognosis (2). Thus,
there is an urgent need for new targeted therapies that may offer a higher efficiency and less adverse
effects than the conventional chemo/radiotherapies that are used nowadays.

In this sense, understanding the molecular basis of Ewing sarcoma pathogenesis provides key
information that may help to design new targeted biological therapies. Ewing sarcomas are char-
acterized by chromosomal translocations that fuse the EWSR1 gene to some members of the ETS
family of transcription factors (3), being FLI1 the most frequently implicated [t(11;22)(q24;q12)]
(4). The EWS/FLI1 fusion protein is an aberrant transcription factor that is essential for Ewing
tumor development, since it regulates the expression of multiple target genes and governs the
oncogenic processes that lead to malignant transformation of a yet undefined cancer precursor
cell. Provided that the oncogenic properties of EWS/FLI1 rely on its capability to induce or repress
specific target genes, these target genes can likewise offer interesting opportunities to identify new
targeted therapies.
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In the past years, an important effort to identify EWS/FLI1
genes functionally relevant for Ewing sarcoma pathogenesis has
been carried out. As a consequence, many genes that play an
important role in Ewing sarcoma have been identified (5–17).
This has revealed some keymolecular pathways involved in Ewing
pathogenesis, and more importantly it has provided new molecu-
lar targets.

A comprehensive discussion of all EWS/FLI1 target genes iden-
tified to date and their implications in targeted therapy is beyond
the scope of this review. Thus, here we have focused on a selection
of six EWS/FLI1 target genes that, in our opinion, can represent
attractive opportunities for future studies that may lead to dis-
covering new therapeutic approaches. This selection takes into
account the presence of significant data – in Ewing or in other
systems – regarding potential therapeutic applications. Four genes
encode for transcriptional regulators while the other two encode
for secreted proteins.

Transcriptional Regulators

DAX-1 (NR0B1)
DAX-1 is a gene that belongs to the super family of nuclear
receptors (official name NR0B1, standing for Nuclear Receptor
Subfamily 0, Group B, Member 1). Nuclear receptors are tran-
scription factors that undergo activation upon binding of small
ligands such as retinoic acid or steroids. However, there is no
known ligand for DAX-1, and thus we refer to it as an orphan
nuclear receptor. Germline mutations in this gene are the cause
of dosage-sensitive sex reversal (DSS) in XY individuals and
adrenal hypoplasia congenital (AHC), which is characterized by
adrenal insufficiency, and hypogonadotropic hypogonadism in
males. DAX-1 is a master regulator of steroidogenesis that neg-
atively regulates the steroidogenic factor 1 (SF1), an important
transcriptional activator of genes involved in steroid hormone
production (18, 19). In addition, DAX-1 plays an important role in
several biological processes such as osteoblast differentiation (20),
ion homeostasis and transport, lipid transport, or skeletal develop-
ment (21) among others. More recently, DAX-1 has been involved
in the maintenance of mouse embryonic stem cell pluripotency
through regulation of stem cell genes like Oct-3/4 (22–24).

Given that DAX-1 function is mainly linked to steroidogenesis,
it was surprising to find this gene associated to Ewing sarcoma,
a tumor with no known relationship with steroidogenic tissues.
Gene expression profiles performed in two heterologous cellmod-
els ectopically expressing EWS/FLI1 (HEK293 and HeLa cells)
demonstrated that DAX-1 was specifically induced by EWS/FLI1,
but not by wildtype FLI1 (25). In addition, it was shown that
DAX-1 was highly expressed in Ewing sarcoma cell lines and
tumors, while it was not expressed in other pediatric tumors
such as rhabdomyosarcoma or neuroblastoma. Finally, DAX-1
expression was demonstrated to depend on EWS/FLI1 expression
in the A673 Ewing sarcoma cell line upon EWS/FLI1 knockdown.
An independent study showed similar findings, confirming that
DAX-1 is a target of the EWS/FLI1 oncoprotein (26).

Several functional studies have demonstrated that DAX-1 plays
a critical role in Ewing sarcoma pathogenesis: DAX-1 knockdown
impairs Ewing sarcoma cell proliferation, G1 cell arrest induction,

inhibits anchorage independent growth of colonies in soft agar,
and drastically inhibits growth of xenotransplanted tumor cells
in immunodeficient mice (9, 25, 26). These results are highly
consistent since they were obtained in independent laboratories,
using several Ewing sarcoma cell lines (TC71, EWS502, andA673)
and different gene knockdown technologies (i.e., transient retro-
virus infection or inducible expression of EWS/FLI1 shRNAs).
Interestingly, characterization of the gene expression profile reg-
ulated by DAX-1 in Ewing sarcoma cell lines has also provided
interesting findings regarding the function of DAX-1 in Ewing
sarcoma. These studies showed that a significant percentage of
the genes regulated by EWS/FLI1 in Ewing sarcoma cells are
also under the control of DAX-1, reinforcing the importance of
DAX-1 in Ewing sarcoma pathogenesis. In fact, two independent
works demonstrated that EWS/FLI1 and DAX-1 transcriptional
profiles share a significant number of genes, suggesting that DAX-
1 not only contributes to the EWS/FLI1 transcriptional signa-
ture but also that there is a hierarchy controlled by EWS/FLI1
and in which some genes, such as DAX-1, can play a more
prominent role (9, 27). The study of the mechanism through
which EWS/FLI1 upregulates DAX-1 expression in Ewing sar-
coma cells revealed an unexpected finding: EWS/FLI1 directly
interacts with DAX-1 promoter through binding to a GGAA-
rich sequence (9, 28). This motif resulted to be a polymor-
phic microsatellite located in the DAX-1 promoter. It has been
demonstrated that EWS/FLI1 binds similar sequences located
in the promoters of other EWS/FLI1 target genes, indicating
that this mechanism of gene transcriptional activation is fre-
quently used by EWS/FLI1 to regulate the expression of some
oncogenic genes (28) [i.e., Caveolin-1 (CAV1) (7), glutathione S-
transferase M4 (GSTM4) (29), FCGRT (Fc fragment of IgG, recep-
tor, transporter, alpha), FVT1/KDSR (3-ketodihydrosphingosine
reductase)or ABHD6 (Abhydrolase Domain-Containing Protein)
(30)]. The fact that DAX-1 expression is regulated through a
polymorphic repeat of the GGAA motif raised the question if
the number of repeats could be somehow linked to the level of
DAX-1 expression and, as a consequence, to themalignant pheno-
type of Ewing sarcoma. Several biochemical studies demonstrated
a relationship between the number of GGAA repeats and the
degree of promoter activation, indicating that it was necessary
a minimum of nine repeats to obtain a response to EWS/FLI1
(30). However, the attempts to establish a relationship between
the length of themicrosatellite located inDAX-1 promoter and the
clinical prognosis have raised contradictory results. For instance,
GGAA microsatellites were longer in African populations, which
are known to have a lower incidence of Ewing sarcoma but a
worse overall survival when compared to European populations
(31, 32). Conversely, in another study based on 112 patients, the
length of theDAX-1microsatellite showedno influence on clinical
outcomes (33).

Taking into account all these results, DAX-1 can be considered
as one of the most relevant EWS/FLI1 gene targets. The fact
that DAX-1 expression results essential for EWS/FLI1-mediated
oncogenesis opens the possibility, at least in theory, to consider
DAX-1 targeting as an attractive therapeutic approach in Ewing
sarcoma. As a consequence, a more profound understanding
of the functions that DAX-1 exerts in Ewing sarcoma and the
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molecular mechanism involved in them can provide new clues on
how to interfere with its expression or function in this cancer (34).

DAX-1 is located in the nucleus of Ewing sarcoma cells, where
it presumably interacts with other transcription factors and cofac-
tors to regulate downstream target genes that are important for
oncogenesis. Interestingly, a combination of biochemical and
gene expression profile experiments leads to the observation
that EWS/FLI1 and DAX-1 interact physically. Specifically, it
was found that both the amino- and carboxyl-termini of DAX-
1 interacted with EWS/FLI1 (27). This result opens the attractive
possibility that interfering EWS/FLI1-DAX-1 interaction could
lead to new therapeutic opportunities. To go forward in this line
of work, it would be necessary to finely map the regions involved
in this interaction in order to design small molecules with the
ability to block it. Since DAX-1 and EWS/FLI1 interaction could
be necessary for full EWS/FLI1-mediated oncogenesis, disturbing
it could be therapeutically valuable.

DAX-1 has been shown to interact in different cellular contexts
with a variety of transcriptional regulators, mainly corepressors.
For example, DAX-1 interacts with Alien corepressor through its
silencing domain and this interaction has been shown to be impor-
tant for AHC pathogenesis (35). DAX-1 has also been shown to
interact directly with the androgen receptor, NR3C4, inhibiting
its activation (36) and other partners such as NR5A1 (37) and
ESRRγ (38). To date, a systematic analysis of the protein–protein
interactions in which DAX-1 is involved in Ewing sarcoma cells
and the role that these interactions can play in Ewing sarcoma
pathogenesis has not been carried out. Experiments focused on
identifying and characterizing these interactions could provide
clues for designing synthetic drugs to target them. On the other
hand, it has been shown that DAX-1 C-terminal domain contains
a potent transcriptional repressor domain that, when altered by
mutations in AHC patients, impairs its nuclear localization, and
therefore its transcriptional activity (39), suggesting that there
is a potential field for developing drugs to modulate DAX-1
subcellular localization and consequently its function.

As with any new drug, the possible side effects of a new
therapeutic approach must be also taken into consideration. For
instance, prolonged DAX-1 blockage may lead to disequilibrium
in steroid hormones production, which could lead to Cushing-like
syndrome (40). These hypothetical complications, compared with
the severity of Ewing sarcoma itself, would be perfectly assum-
able. One theoretical advantage of using therapeutic approaches
targeting DAX-1 is that this gene is only expressed in a limited
number of tissues, mainly in adrenal gland and testis, and prob-
ably DAX-1 targeting will only affect these organs. In summary,
although there are currently no drugs able to target DAX-1 and
block its function, studies intended to understand its structure, its
mechanism of interaction with other transcriptional (co)factors,
and the identification of other protein–protein interactions in the
Ewing sarcoma context could provide new insights to design new
therapeutic molecules (Figure 1).

GLI1
GLI1 (Glioma-Associated Oncogene Homolog 1) is a transcription
factor belonging to the Kruper family of zinc finger proteins. GLI1
is a component of the canonical Hedgehog pathway: extracellular

Sonic Hedgehog (Shh) binds to the PTCH receptor causing the
liberation of Smooth (SMO) from the PTCH-SMO complex.
Subsequently, activated SMO releases GLI1 from the complex
that it forms with Suppressor of Fused (SUFU), which permits
GLI1 nuclear translocation where it regulates gene transcription
of genes involved in normal cell growth and differentiation such
as the embryonic pattern formation (41). Although this pathway
is mainly active during embryogenesis, it remains active in some
adult tissues, where it is involved in homeostasis and stem-cell
maintenance (42, 43).

Zwerner et al. described an association between EWS/FLI1 and
GLI1 in Ewing sarcoma cells. They showed that NIH3T3 cells
expressing EWS/FLI1 presented the expected malignant pheno-
type concomitantly with augmented levels of GLI1 (44). More-
over, when GLI1 expression was knocked-down by RNA inter-
ference, the transformed phenotype was reduced (demonstrated
by a decrease in the anchorage independent growth) indicating
that GLI1 plays an important role in the maintenance of the
malignant phenotype induced by EWS/FLI1. Interestingly, SUFU
overexpression, which is expected to inhibit GLI1, also produced
similar effects in NIH3T3 cells. In TC32 Ewing sarcoma cells,
EWS/FLI1 knocking down using RNA interference produced a
reduction in GLI1 expression levels. Also, ChIP studies demon-
strated that GLI1 is a direct target of EWS/FLI1 (45). Moreover,
when a shRNA against GLI1 was used in the Ewing sarcoma cell
line TC32, the transformedphenotypewas inhibited (measured by
reduction in anchorage independent growth) (44). Interestingly,
and in contrast with what it is usually observed in other types
of cancer, GLI1 deregulation in Ewing sarcoma is independent of
Shh since its activation did not produce phenotypic changes nor
did a pharmacological blockage of SMO using cyclopamine (an
inhibitor of Shh signaling by direct binding to SMO) (45).

Subsequently Joo et al. (46) showed that Ewing primary tumors
expressed high levels of GLI1. These authors also confirmed using
RNAi that the expression of GLI1 in Ewing sarcoma cells (TC71)
is dependent on EWS/FLI1 and that GLI1 expression was relevant
for the maintenance of the transformed phenotype. Strikingly,
re-analysis of gene expression profiles showed that genes that
were traditionally thought to be transcriptionally modulated by
EWS/FLI1, such as NKX2.2, Patched (PTCH) or GAS1, were
indeed dependent on GLI1 expression, meaning that the gene
expression network regulated by EWS/FLI1 holds a hierarchy in
which GLI1 has a prominent role.

Deregulation of the Shh–GLI1 pathway has been showed to
lead to tumorigenesis and aggressive phenotypes (progression,
metastasis and therapeutic resistance) of numerous cancer types
such as basal cell carcinomas (47), colorectal carcinoma (48),
breast cancer (49), and bone and soft tissue sarcomas (50).

Given the importance of Shh–GLI1 pathway in cancer, some
therapeutic approaches, focused on the blocking of this pathway,
have been developed over the years. One of these strategies con-
sisted in searching for small molecule inhibitors of the pathway.
Thus, Shh–GLI1 pathway inhibitors, such as cyclopamine, have
been successfully tested in some cancer types such asmedulloblas-
toma (51), pancreatic adenocarcinoma (52), small-cell lung can-
cer (SCLC) (53), gastric adenocarcinomas (54), and esophageal
cancer (55).
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FIGURE 1 | DAX-1 and therapeutic opportunities in Ewing sarcoma.
DAX-1 expression is upregulated by EWS/FLI1 in Ewing sarcoma cells through a
direct interaction with a polymorphic GGAA microsatellite located in the DAX-1
promoter. Since DAX-1 expression is essential for EWS/FLI1-mediated
oncogenesis, it is still necessary to ascertain if it interacts with other
transcription factors (1) and/or co-repressors (2) in the nucleus of Ewing
sarcoma cells. This could open new therapeutic approaches for designing

molecules to target these interactions. Potential therapeutic targets may be
molecules that prevent EWS/FLI1 binding to the GGAA-rich motifs in DAX-1
promoter (3) or drugs directed toward the EWS/FLI1-DAX-1 interaction, whose
concurrence could be necessary to regulate the expression of certain genes (4).
Finally, DAX-1 C-terminal domain can impair DAX-1 nuclear localization when
altered so it could be potentially targeted to modulate its subcellular localization
and thus its function (5).

The fact that GLI1 expression is constitutively induced by
EWS/FLI1 in Ewing sarcoma suggests that drugs acting upstream
GLI1 will be ineffective in blocking this pathway in this cancer.
In agreement with this, cyclopamine treatment of Ewing sarcoma
cells would have no effect on the malignant characteristics of
Ewing sarcoma cells. For this reason, efforts should be directed
toward developing and studying drugs targeting GLI1 expression
or function directly. In this sense, arsenic trioxide (ATO), an
old drug recently reintroduced in the repertoire of anticancer
drugs, has been found to inhibit cell growth by targeting GLI
proteins (56). In the specific case of Ewing sarcoma, ATO pre-
sented cytotoxicity in cell lines with upregulated GLI1 expres-
sion (TC-71, SKES and A4573), and curbed xenograft growth
performed with TC-71 cells (57). ATO was also found to inhibit
Ewing cells (RDES and A673) migration and invasiveness, thus
implying that it could also have a therapeutic effect on metastasis
(58). Of note, ATO has already been tested in combination with
other chemotherapeutic drugs (etoposide and paclitaxel) in a
preliminary study that included Ewing sarcoma and metastatic
osteosarcoma patients where tumor growth was controlled in 75%
of cases (59). However, since Ewing sarcoma is mainly a pediatric

cancer, it is necessary to further investigate its effects and to be
prudent when designing clinical studies given the roles of the
Shh–GLI1 pathway in development.

Finally, it has been described a correlation between GLI1
expression levels and/or prognosis and recurrence in some cancer
types. For instance, in a study comprising 25 clinical samples
of colorectal carcinoma, Shh expression was found upregulated
and, interestingly, when GLI1 expression was analyzed by in situ
hybridization, it was mainly found in the malignant crypts of
adenocarcinomas (48). Also, it has been described a positive
correlation between GLI1 expression and tumor grade and/or
lymph node status, pointing to a role of GLI1 in metastasis. Some
examples are breast cancer, where high GLI1 expressionmeasured
in a TMA containing 204 tumor samples was associated with
poor prognosis and progressive stages of disease (49) or bone
and soft tissue sarcomas, where higher GLI1 expression corre-
lated with more aggressive outcomes (50). In the specific case of
Ewing sarcoma, these studies remain to be performed, especially
considering that a deeper knowledge on this field could lead to
a more efficient patient stratification that could help improve
treatment.
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FIGURE 2 | GLI1 and therapeutic opportunities in Ewing sarcoma. GLI1
is an upregulated direct target gene of EWS/FLI1 in Ewing sarcoma cells.
Functional studies have demonstrated that GLI1 expression is relevant for the
maintenance of the transformed phenotype in this system. Moreover, some
genes transcriptionally modulated by EWS/FLI1 depend on GLI1 expression,
including NKX2.2, PATCH, and GAS1 (1). Therapeutic opportunities may

include the use of molecules capable of inhibiting GLI1-mediated
transcription, such as arsenic trioxide (As2O3) (2). Also it may be interesting to
ascertain the possible link between GLI1 expression pattern and prognosis in
Ewing sarcoma given that this correlation between GLI1 expression and bad
prognosis exists in other tumor types (breast cancer and bone and soft tissue
sarcomas) (3).

There is still an urgent need for further functional studies that
can ascertain the exact role of this pathway in Ewing sarcoma
development and progression. These studies could help to syn-
thesize new compounds or small molecules that could target GLI1
with better efficacies either alone or in combination with normal
chemotherapeutic treatments (Figure 2).

Forkhead Box (FOX) of Transcription Factors
Forkhead box proteins are an extensive family of transcriptional
regulators that share a common DNA binding domain (the
forkhead domain). There are 19 subgroups (FOXA to FOXS)
organized on the basis of sequence homology inside and out-
side the forkhead domain. FOX proteins regulate gene networks
that are involved in cell cycle progression, proliferation, differ-
entiation, metabolism, senescence, survival, or apoptosis (60).
Thus, it is not strange that these transcription factors have been
shown to have roles in cancer. Interestingly, some members of
this family have been shown to act as tumor suppressor genes,
while others have been shown to be pro-oncogenic. Examples
of both of these opposed functions have been identified in
Ewing sarcoma.

The FOXOsubgroup (consisting of FOXO1, FOXO3A, FOXO4,
and FOXO6) are key negative regulators of cell proliferation and

survival. They induce cell cycle arrest at G1 (61) and apopto-
sis and DNA repair (62). They are thus considered bona fide
tumor suppressors. For example, in prostate cancer, FOXO1 is
found transcriptionally downregulated and the induction of its
expression in prostate cancer cells inhibits cell proliferation and
survival (63). In addition, FOXO1 has been also shown to regulate
other hallmarks of cancer such as angiogenesis. Thus, FOXO1
loss of function increases blood vessel formation and promotes
endothelial cell proliferation and migration (64, 65).

FOXOs transcriptional activity is regulated by changes in their
cellular localization, which is mediated by protein kinases such
as the serum/glucocorticoid kinase (SGK) and the protein kinase
B (AKT) [reviewed in Ref. (66)]. These transcription factors can
also undergo different post-translational modifications that reg-
ulate their activity including deacetylation mediated by Sirt1 and
ubiquitination mediated by Skp2 and Mdm2 (67).

EWS/FLI1 binds to the FOXO1 promoter and represses its
expression in Ewing sarcoma cells (68). In accordance with this,
FOXO1 is expressed at lower levels in primary Ewing sarcoma
as compared to other tissues (16). Induction of FOXO1 in two
Ewing sarcoma cells (A673 and SKNMC) resulted in impaired
cell proliferation and reduced soft agar colony formation capa-
bility, confirming that FOXO1 is a tumor suppressor in Ewing
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sarcoma and that its inhibition is important for Ewing sarcoma
growth. Interestingly, EWS/FLI1 also indirectly regulates the sub-
cellular localization of FOXO1 and thus controls its transcrip-
tional activity. CDK2- (which is upregulated by EWS/FLI1 and
acts as a negative regulator of FOXO1 transcriptional activ-
ity) and AKT-mediated phosphorylation of FOXO1 cooperate
to block its transport to the nucleus thus inhibiting its tran-
scriptional activity. These findings demonstrate that EWS/FLI1
blocks FOXO1 activity at several different levels in Ewing sar-
coma cells.

Since FOXO1 acts as a tumor suppressor in Ewing sarcoma,
a valuable therapeutic approach can consist in the reactivation
of FOXO1 activity. In this regard, methylseleninic acid (MSA),
a chemical compound previously shown to reactivate FOXO1 in
prostate cancer, was tested in Ewing sarcoma cells (69). Treat-
ment of Ewing sarcoma cells with MSA induced FOXO1 expres-
sion in a concentration-dependent manner, which correlated
with apoptotic-mediated cell death. This effect was mediated at
least in part by FOXO1, since the knockdown of endogenously
induced FOXO1 significantly reduced the apoptotic effect of
MSA. Notably, administration of MSA in an orthotopic mouse
xenotransplantation model significantly reduced tumor growth,
suggesting that MSA could be a potential therapeutic approach
in Ewing sarcoma. However, it should be taken into account
that high concentrations of selenium are usually associated with
intoxication, which can make this approach problematic. This

means that any potential application of MSA should use effective,
low doses, which in combination with conventional chemother-
apeutic drugs can reach the desired anti-tumoral effects. Par-
ticularly, MSA has already been proved to synergize well with
some chemotherapeutic drugs that are frequently used in Ewing
sarcoma, such as etoposide or doxorubicin (70) (Figure 3). Since
reactivation of FOXO1 in Ewing sarcoma cells has shown to be
effective both in vitro and in vivo, more studies are necessary to
understand the mechanism involved in the regulation of FOXO1
expression and its transcriptional activity in order to identify new
therapeutic targets.

FOXM1 is another member of the FOX family of transcrip-
tion factors that contrary to FOXO displays a pro-oncogenic
role in cancer. In fact, FOXM1 is one of the most commonly
overexpressed genes in solid tumors (71). Initially, FOXM1 was
described as a proliferation-specific mammalian transcription
factor, expressed in proliferating cells but not in quiescent or
terminally differentiated cells. In addition to this, and over the
years, FOXM1has also been implicated in cellmigration, invasion,
angiogenesis, metastasis, or oxidative stress (72).

Christensen et al. showed that EWS/FLI1 upregulated the lev-
els of FOXM1 in four Ewing sarcoma cell lines, although the
mechanism appeared to be indirect (17). In agreement with this,
FOXM1 is expressed at high levels in Ewing sarcoma cell lines and
primary tumors. In order to characterize the relevance of FOXM1
in Ewing sarcoma pathogenesis, the authors performed FOXM1

FIGURE 3 | FOXO1 and therapeutic opportunities in Ewing sarcoma.
FOXO1 is a direct target gene of EWS/FLI1 and its expression is repressed by
EWS/FLI1 in Ewing sarcoma cells. Functional studies have shown that FOXO1
acts as a tumor suppressor in the Ewing sarcoma cell context. Therapeutically,
Methane Sulfonic Acid (MSA) may be used as a potential treatment in synergy

with other chemotherapeutic agents such as doxorubicin or etoposide.
However, its mechanism of action in Ewing sarcoma is still unknown (1). Also
there is still a need to clarify the FOXO1 activities mediated by kinases such as
CDK2 and AKT (2) together with the regulation of its subcellular localization (3),
and to determine if they may be mediated by EWS/FLI1.
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knockdown experiments demonstrating that FOXM1 downregu-
lation correlates with a significant reduction in anchorage inde-
pendent growth.

Interestingly, pharmacological approaches addressed to reduce
FOXM1 levels have also been tested in Ewing sarcoma cells with
notable results. Thiostrepton, a thiazole antibiotic, has been shown
to act as a proteosomal inhibitor (73) and also to physically
interact with FOXM1 consequently inhibiting FOXM1 binding
to target promoters (74). FOXM1 expression was inhibited by
treatment with thiostrepton, which paralleled with an increase in
apoptosis in a variety of Ewing sarcoma cell lines (17). Thiostrep-
ton was also shown to inhibit tumor growth in mouse xenograft
models (75). Strikingly, in this work, thiostrepton was able to con-
comitantly inhibit the expression of EWS/FLI1 both atmRNA and
protein levels in three Ewing cell lines and in tumors derived from
thiostrepton-treated mouse xenograft models (75). Although the
mechanism by which thiostrepton promotes EWS/FLI1 down-
regulation was not characterized, these results suggest that this
drug may show greater efficacy in Ewing sarcoma tumors in
comparison to other tumors.

As stated above, FOXM1 is frequently overexpressed in cancer
and takes part in each hallmark of cancer. Consequently it has
been argued that targeting FOXM1 could provide an opportunity
to treat cancer. It has also been proposed that FOXM1 could be
the “Achilles heel” of cancer (76). Taken together, these findings
suggest that targeting FOXM1 may be also an opportunity for
Ewing sarcoma treatment (Figure 4).

Secreted Proteins

Cholecystokinin
Cholecystokinin (CCK) is a neuropeptide that displays a diver-
sity of functions in the organism. It was originally discovered
in the gastrointestinal tract, where it mainly regulates pancreatic
secretion of digestive enzymes. In addition, CCK is one of the
most abundant and widely distributed neuropeptides in the brain,
where it modulates intrinsic neuronal excitability and synaptic
transmission. CCK is secreted as a prohormone (proCCK) that
subsequently undergoes post-translational processing (tyrosine
sulfatation, endoproteolytic cleavage, basic residue removal, and
C-terminal amidation), resulting in the production of CCK bio-
logically active forms, mainly CCK8 (77).

More than two decades ago, CCK was found to be specif-
ically expressed in a group of human cancer cell lines that
included Ewing sarcoma, neuroepithelioma and leiomyosarco-
mas, as opposed to other tumor cell lines derived from osteogenic
sarcomas, rhabdomyosarcoma, melanoma, and SCLC (78). Sub-
sequent studies carried out in tumor specimens confirmed that
CCK expression was high in the majority of Ewing sarco-
mas, whereas in other tumors, CCK-positive cases ranged from
50% in leiomyosarcomas to 0% in medulloblastomas, central
primitive neuroectodermal tumors (PNET), neuroblastomas, and
rhabdomyosarcomas (79). In agreement with this, a later study
demonstrated the presence of proCCK in the supernatant of Ewing
sarcoma cell lines in culture, indicating that CCK is actively

FIGURE 4 | FOXM1 and therapeutic opportunities in Ewing
sarcoma. FOXM1 is upregulated by EWS/FLI1 in Ewing sarcoma cells,
although it is unknown whether its regulation is direct or indirect (1).
Thiostrepton (TS) blocks FOXM1 in Ewing sarcoma cells decreasing
their neoplastic features (2). However, the exact mechanism underlying

these effects remains unexplained. In addition, FOXM1 has been shown
to be capable of inhibiting EWS/FLI1 probably by an indirect
mechanism that still needs to be clarified (3). Also TS has been proved
to inhibit EWS/FLI1 expression in Ewing cells, although the exact
mechanism is still unknown (4).
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secreted by Ewing sarcoma cells (80). Interestingly, these authors
found high concentrations of proCCK in the plasma of Ewing
sarcoma patients but not in patients with other pediatric tumors
such as osteosarcoma, neuroblastoma, nephroblastoma, rhab-
domyosarcoma or synovial sarcoma. Interestingly, the levels of
proCCK in plasma correlated with tumor size and recurrence. In
addition, proCCK levels in plasma decreased after chemother-
apeutic treatment, concurrently with a reduction in tumor size
and in one patient, proCCK levels increased again correlating
with tumor recurrence. All together, these results consistently
demonstrate that CCK is expressed and secreted at high levels in
Ewing sarcoma.

The first data demonstrating a relationship between CCK
expression and EWS/FLI1 came from studies performed in het-
erologous systems: ectopic expression of EWS/FLI1 in the RD
rhabdomyosarcoma cell line and in HeLa cells (81) upregulated
CCK mRNA levels. This relationship between EWS/FLI1 and
CCK was confirmed in Ewing sarcoma cells. Thus, EWS/FLI1
knockdown in A673 and SK-PN-DW Ewing sarcoma cell lines
downregulated CCK mRNA levels, demonstrating that CCK
expression is dependent on EWS/FLI1. Whether CCK is a direct
or indirect target of EWS/FLI1 is a question that yet remains to
be determined (8). Regarding the functional relevance of CCK in
Ewing sarcoma, it was shown that downregulation of CCK using
a shRNA inducible system, inhibited cell proliferation in vitro
and tumor growth in vivo. In addition, CCK-rich culture media
or exogenous CCK-8 was able to stimulate Ewing sarcoma cell
proliferation in vitro, suggesting that CCK is an autocrine growth
factor in Ewing sarcoma cells (8, 82). Unfortunately, to date no
studies have been carried out to decipher the mechanisms that
underlie this effect in Ewing sarcoma.

The fact that CCK is highly expressed in Ewing sarcoma and
the observation that it can act as an autocrine growth factor in vivo
suggest that blocking this autocrine loop, for example, using CCK
receptor antagonists, could be of therapeutic interest. CCK and
gastrin (a closely related hormone) share two G-protein coupled
receptors, named CCKAR and CCKBR that trigger numerous
pathways that transmit the mitogenic signal to the nucleus to
promote cell proliferation. Whereas CCKA receptors are spe-
cific for CCK, CCKB receptors can bind CCK and gastrin with
high affinity. Expression of CCK receptors in Ewing sarcoma has
been scantly studied with contradictory results. Schaer and Reubi
reported a lack of CCK receptors expression in a collection of
11 Ewing sarcoma tumors using autoradiography and 32P-labeled
CCK-8 as a probe (79). However, more recently it was demon-
strated the existence of both CCKA and B receptors mRNA in two
Ewing sarcoma cell lines (A673 and SK-PN-DW) and a cohort of
ten primary tumors (8).

Treatment of Ewing sarcoma cell lines with devazepide, a spe-
cific CCKAR antagonist derived from the benzodiazepine family,
induced apoptosis in vitro and significantly reduced the tumor
growth in a mouse xenograft model (83). However, these effects
were observed with IC50 values 10,000-fold higher that those
necessary to efficiently block the binding of CCK to its CCKA
receptor. In addition, one specific antagonist of the CCKB recep-
tor (L365 260) had no effect on Ewing sarcoma cell proliferation
or viability (83). These results suggest that in Ewing sarcoma cells

there could be an alternative mechanism of action that could
involve CCK receptors other than the standard ones, and open
the possibility that cell proliferation induced by CCK in Ewing
sarcoma cell lines could also be mediated through a yet unknown
mechanism.

Regardless of the possibility to block CCK-induced prolifera-
tion with specific antagonists, the expression of CCK receptors in
tumors can itself be therapeutically useful. In this sense, a model
of metastatic medullary thyroid cancer has been successfully used
to evaluate the diagnostic and therapeutic potential of radiola-
beled gastrin directed to target CCKB receptor-expressing tumors
in vivo (84). Using this approach, a collection of radiolabeled pep-
tides derived from gastrin and cholecystokinin families showed
anti-tumoral activity in xenograft models of medullary thyroid
cancer (85) [also extensively reviewed in Ref. (86)]. This means
that radiolabeled CCK or other compounds with high affinity for
CCK receptors could be useful for diagnosis (i.e., imaging) and
perhaps also for the treatment of Ewing sarcoma.

In summary, although high levels of CCK in Ewing sarcoma
tumorswere describedmore than twodecades ago, research in this
field has been scattered during the last years, and many questions
remain unresolved. For example, it is not clear enough what
type of CCK receptors are expressed in Ewing sarcoma tumors
or the mechanism and intracellular signaling pathways involved
in CCK-mediated cell proliferation. Any progress in this regard
would help to develop molecules capable of interfering with this
autocrine loop (Figure 5).

LOX
Lysyl oxidase (LOX) (protein lysine-6-oxidase; EC 1.4.3.13) is
a member of a family of lysyl oxidases that share the enzyme
catalytic domain. This family includes LOX and the LOX-like pro-
teins LOXL1 to 4. These enzymes catalyze lysine-derived covalent
crosslinking of collagen and elastin and therefore their function
is key for maintaining the structural integrity of the extracellular
matrix [extensively reviewed in (87–90)]. LOX is synthesized as a
50-KDa inactive proenzyme (preLOX), which is secreted to the
extracellular environment where it is proteolytically processed
into a functional 32-KDa LOX enzyme and an 18-KDa propep-
tide (LOX-PP). Together with the critical role that LOX plays in
maintaining the properties of the connective tissues, it has been
also shown to play important roles in cancer.

The first evidence of a relationship between LOX and can-
cer comes from experiments designed to identify genes involved
in Ras-mediated transformation of NIH-3T3 mouse fibroblasts
(91). Several functional experiments demonstrated that LOX had
properties that are characteristic of a suppressor gene. Thus, LOX
antisense cDNAwas able to retransformH-ras-transformed rever-
tants (92) and confer tumorigenic features to normal rat kidney
fibroblasts (NRK-49F) (93).

Since LOX is proteolytically processed into a fragment con-
taining the lysyl oxidase enzymatic activity and an N-terminal
propeptide (LOX-PP), experiments were conducted to determine
in which of these fragments resided the tumor suppressor activity.
Thus, Palamakumbura et al. described for the first time that
recombinant LOX-PP was able to inhibit neoplastic transfor-
mation features in Ras-transformed mouse fibroblasts such as
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FIGURE 5 | CCK and therapeutic opportunities in Ewing sarcoma. CCK is
an EWS/FLI1 target gene and its expression is elevated in Ewing sarcoma cells.
Functionally, inhibition of CCK expression impairs growth and migration in Ewing
sarcoma cells. It still remains to be addressed if CCK is a direct EWS/FLI1 target
or not (1) and which is the exact signaling pathway that takes place once CCK
binds to its receptors in the cells (2). Also it is still unknown whether CCK binds
exclusively to its canonical CCKRs or if there are other receptors (3) or even if it

can enter directly into the cell through some yet unknown mechanism (4).
Therapeutically, it may be interesting to further test receptor antagonists other
than devazepide (D) that could interfere with CCK binding to its receptors in
Ewing sarcoma cells (5). Also, from a diagnosis point of view, it could be useful
to test radiolabeled CCK derivatives (CCKd) to be used in imaging technologies
(6). All in all, more studies are needed to define the principal components and
pathways that are involved in the CCK-autocrine loop.

growth in anchorage independent conditions and Ras-dependent
induction of NFκB (94). Currently, numerous studies support
that the tumor suppressor activity of LOX resides in the 18-kDa
propeptide fragment LOX-PP and not in the lysyl oxidase enzyme.

In agreement with its tumor suppressor activity, LOX expres-
sion has been reported to be downregulated in many different
types of human cancer, such as fibrosarcoma, rhabdomyosar-
coma, and melanoma cells (95), lung (96), pancreatic cancer (97),
prostate (98), and colorectal cancers (99), which means that LOX
expression levels negatively correlate with malignant transfor-
mations. By contrast, LOX expression has been also reported
to be increased in a number of human cancers [i.e., breast and
colon carcinomas (100, 101)] particularly in the metastatic and
more aggressive forms of the disease. Interestingly, in these cases,
metastatic and invasive properties have been related to the lysyl
oxidase activity of LOX, rather than to LOX-PP (100, 101).

The anti-tumor activity of LOX-PP has been demonstrated in
various types of tumor cells although the mechanism underly-
ing the tumor suppressor activity of LOX-PP still needs to be

clarified. Data obtained until now indicate that LOX-PP can act
at different levels, and that the pathways and functions affected
can depend of the cancer or cell model studied. For example, in
Her-2/neu-transformedNF639 breast cancer cells, ectopic expres-
sion of LOX-PP interferes with fibronectin-stimulated tyrosine
phosphorylation of cellular proteins involved in integrin signal-
ing, inactivating the focal adhesion kinase (FAK), and conse-
quently diminishes the migratory response (102). In other breast
cancer cells driven by Her-2/neu (ERBB2), LOX-PP expression
suppressed AKT, ERK, and NFκB activation, as well as cell migra-
tion, growth in soft agar and tumor formation in nude mice
(103). Moreover, in cells derived from prostate cancer (DU145
and PC-3), LOX-PP blocks FGF-2 binding to the cell, inhibit-
ing MAPK/ERK and PI3K/Akt pathways and blocking serum-
stimulated DNA synthesis and cell proliferation (104). On the
other hand, LOX-PP decreased the levels of NF-κB and cyclin
D1 in Her-2/neu-transformed NF639 breast cancer cells and
MIA PaCa-2 pancreatic cancer cells, together with a reduction
in migration and growth in soft agar (105). Finally, in PANC-1
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pancreatic cancer cells, LOX-PP also impaired AKT and ERK
activity and growth in soft agar and cell migration (97).

Recently, a connection between LOX and Ewing sarcoma
pathogenesis has been also demonstrated. Thus, EWS/FLI1
knockdown in Ewing sarcoma cells induces the expression of LOX
indicating that this gene is strongly repressed by EWS/FLI1 in
these cells (15). An independent study showed that LOX is a direct
target of EWS/FLI1 by using ChIP assays (106). In agreement with
this, LOX expression was found to be low or undetectable in a
group of Ewing sarcoma cell lines and primary tumors (15). Since
these data suggested that LOX could act as a tumor suppressor
in Ewing sarcoma, functional studies were carried out. Thus,
ectopic expression of LOX-PP in the A673 Ewing sarcoma cell
line reduced cell proliferation, cell migration, anchorage inde-
pendent growth, and impaired tumor growth in vivo, indicating
that it had tumor suppressor activities in this cell, in line with
what was observed in other tumors. By contrast, the mature LOX
enzyme displayed the opposite effects. Interestingly, when full-
length LOX, including LOX enzyme and LOX-PP activities was
expressed in A673 cells, the anti-tumor effects prevailed (15).
Altogether, these studies indicate that LOXplays an important role
in Ewing pathogenesis by acting as a tumor suppressor gene.

The mechanisms involved in LOX-PP-mediated suppression in
Ewing sarcoma have only been partially studied. In one study,
ectopic expression of LOX-PP showed to impair ERK signaling
pathway, whereas the PI3K/AKT pathway remained unaffected
(15). Interestingly, in this work, an analysis of the gene expression
profile induced by LOX-PP expression in the A673 Ewing cell
line showed that a significant proportion of the genes affected
belonged to pathways involved in cell proliferation and cell cycle
control. Given the impact that LOX-PP expression has on tumori-
genesis, it is necessary to extend these studies in order to char-
acterize in more detail the pathways that may be affected by the
exposition of Ewing sarcoma cells to LOX-PP, and particularly
to determine which specific growth factor pathways could be
affected by LOX-PP.

Other interesting aspect that remains to be determined is the
identification of the proteins that interact with LOX-PP in Ewing
sarcoma cells. In other cell types, LOX-PP has been shown to
interact with a number of proteins such as Hsp70, c-Raf or CIN85
(107), so it would be interesting to identify and characterize LOX-
PP partners in the specific Ewing sarcoma cell context and to
elucidate their role in LOX-PP mediated tumor suppression.

The fact that LOX-PP acts as a tumor suppressor gene in
cancer, and specifically in Ewing sarcoma, invites to assess the
therapeutic value of LOX-PP. The easiest strategy is to evaluate
the effect of the administration of LOX-PP on tumor cells. Thus,
recombinant LOX-PP has been used to ascertain its therapeutic
potential in several cancer types both in vitro and in vivo (94,
97, 102–105, 108, 109). In all cases, exogenous LOX-PP reduced
tumor cells growth, supporting the therapeutic usefulness of this
strategy. Interestingly, in one study, the combination of LOX-
PP with the chemotherapeutic agent doxorubicin in breast and
pancreatic cancer cells in vitro showed an enhanced cytotoxic
effect of doxorubicin when the cells were first sensitize by incu-
bation with LOX-PP (105). These results mean that even if LOX-
PP is not capable of inducing complete cell death by itself, it
could potentially sensitize cancer cells to standard therapies thus

allowing to lower the doses and adverse side effects associated
to conventional chemotherapy and radiotherapy. At the moment,
there are no data about the effect of exogenous administration of
LOX-PP, alone or in combination with chemotherapeutic drugs,
on Ewing sarcoma cells. These preclinical studies are therefore
needed to test if this strategy can represent a promising line of
research in order to find new therapeutic approaches to treat
Ewing sarcoma patients.

Since LOX expression, and thus LOX-PP, is downregulated
in Ewing sarcoma cells by EWS/FLI1 (15, 106), other therapeu-
tic approach could be the induction of LOX expression, and
thus LOX-PP, in these cells. In this line, it has been proposed
that EWS/FLI1 binds to LOX promoter and downregulates LOX
expression by recruiting the NuRD transcriptional repressor com-
plex containing the HDACs and LSD1 associated proteins. Inter-
estingly, the use of HDACs inhibitors (vorinostat/SAHA) or LSD1
inhibitors (HCI-2509) induced an increase in the levels of LOX
mRNA in A673 Ewing sarcoma cells, which suggest that the anti-
tumor effect of these drugs could be mediated, at least in part,
by the upregulation of LOX (106). However, induction of LOX
expression to achieve an increased production of anti-tumorigenic
LOX-PP in Ewing sarcoma cells may not be as beneficial as
expected: while induction of LOX expression would cause an
increase in LOX-PP, it also would produce an increase in the
production of the LOX mature enzyme, which has been showed
to be pro-oncogenic in Ewing sarcoma cells and other tumors (15,
100, 101).

Other opportunities for therapeutic interventions could be
derived from the identification and characterization of LOX-
PP interactions with other proteins, mainly intracellular proteins
involved in cell signaling and regulation of tumorigenic processes.
Biochemical studies have shown that LOX-PP is an intrinsically
disordered protein (110). These proteins are expected to par-
ticipate in signaling processes due to their capability to adopt
interconverting structures and to interact with their partners, and
have been proposed to be potential drug targets (111). Thus,
characterization of the exact motifs that are involved in LOX-PP
interactions can open the door to the identification of targetable
proteins and the design of small molecules capable to reproduce
the effect of LOX-PP.

In summary, LOX, and more specifically LOX-PP, has been
showed to have anti-tumorigenic properties, which could be
exploited to treat cancer cells. Regarding Ewing sarcoma, it is
yet more than necessary to characterize the pathways involved in
LOX-PP mediated tumor-suppression, in particular the identifi-
cation of the protein interactions that mediate this response, in
order to identify key factors that could provide new therapeutic
targets (Figure 6).

Conclusion

Ewing sarcoma is driven by EWS/FLI1, which is a protein gener-
ated by a tumor-specific aberrant translocation. Although it may
seem like a perfect target for therapeutic applications, directed
therapies toward it have failed to reach the clinic (112). For this
reason, the identification of EWS–FLI target genes and their role
in tumor signaling networks have been addressed in the last years,
and some excellent reviews have assessed this topic (4, 113, 114).
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FIGURE 6 | LOX and therapeutic opportunities in Ewing sarcoma.
LOX expression is repressed by EWS/FLI1 in Ewing sarcoma cells.
Functional studies have demonstrated that LOX acts as a tumor suppressor
gene in Ewing sarcoma and that its activity resides in its propeptide domain
(LOX-PP). Therapeutic opportunities could include for example (1) LOX
de-repression by targeting repression complexes that interact with
EWS/FLI1 at the LOX promoter, (2) administration of LOX-PP or LOX-PP
active derived peptides to block ERK signaling alone or in combination with

traditional chemotherapy (3) or blocking the LOXenz fraction activity (4). The
mechanisms through which LOX-PP exerts its anti-tumor activity are largely
unknown, especially in Ewing sarcoma. For instance, it is currently unknown
if LOX-PP specific receptors (5) (intracellular or transmembrane) are
necessary to produce its anti-tumor activities or if the different
LOX-PP-interacting proteins may interfere with its activity in Ewing sarcoma
(6). Any advance in these aspects could provide new clues to design new
therapeutic tools.

This review is focused on the EWS/FLI1 downstream regula-
tory network, particularly on EWS/FLI1 up- and down-regulated
target genes on which the study of potential targeted therapies
could be of clinical interest. Also, we stated some current questions
regarding pathways and unknown mechanisms underlying the
functional effects of these genes in Ewing sarcoma that still remain
unresolved and could help find key clues for the future studies of
this disease. There are plenty of mechanisms regarding EWS/FLI1
target genes that are still unknown and a deeper knowledge on
them could potentially lead to the development of more specific
and less toxic therapies in Ewing sarcoma.

Author Contributions

FC-A and JA wrote the manuscript and designed the figures. JA
corrected and supervised the manuscript.

Acknowledgments

FC-A and JA are supported by Asociación Pablo Ugarte, Migue-
lañez S.A, ASION-La Hucha de Tomás, Instituto de Salud Car-
los III PI12/00816 and Instituto de Salud Carlos III RTICC
RD12/0036/0027.

References
1. Potratz J, Dirksen U, Jurgens H, Craft A. Ewing sarcoma: clinical state-of-

the-art.PediatrHematol Oncol (2012) 29(1):1–11. doi:10.3109/08880018.2011.
622034

2. Esiashvili N, Goodman M, Marcus RB Jr. Changes in incidence and survival of
Ewing sarcomapatients over the past 3 decades: surveillance epidemiology and
end results data. J Pediatr Hematol Oncol (2008) 30(6):425–30. doi:10.1097/
MPH.0b013e31816e22f3

3. Delattre O, Zucman J, Plougastel B, Desmaze C, Melot T, Peter M, et al.
Gene fusion with an ETS DNA-binding domain caused by chromosome

translocation in human tumours. Nature (1992) 359(6391):162–5. doi:10.
1038/359162a0

4. Kovar H. Blocking the road, stopping the engine or killing the driver?
Advances in targeting EWS/FLI-1 fusion in Ewing sarcoma as novel therapy.
Expert Opin Ther Targets (2014) 18(11):1315–28. doi:10.1517/14728222.2014.
947963

5. Je EM, An CH, Yoo NJ, Lee SH. Mutational analysis of PIK3CA, JAK2,
BRAF, FOXL2, IDH1, AKT1 and EZH2 oncogenes in sarcomas.APMIS (2012)
120(8):635–9. doi:10.1111/j.1600-0463.2012.02878.x

6. Grunewald TG, Ranft A, Esposito I, da Silva-Buttkus P, Aichler M, Baumhoer
D, et al. High STEAP1 expression is associated with improved outcome

Frontiers in Oncology | www.frontiersin.org July 2015 | Volume 5 | Article 16211

http://dx.doi.org/10.3109/08880018.2011.622034
http://dx.doi.org/10.3109/08880018.2011.622034
http://dx.doi.org/10.1097/MPH.0b013e31816e22f3
http://dx.doi.org/10.1097/MPH.0b013e31816e22f3
http://dx.doi.org/10.1038/359162a0
http://dx.doi.org/10.1038/359162a0
http://dx.doi.org/10.1517/14728222.2014.947963
http://dx.doi.org/10.1517/14728222.2014.947963
http://dx.doi.org/10.1111/j.1600-0463.2012.02878.x
http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
http://www.frontiersin.org/Oncology/archive


Cidre-Aranaz and Alonso EWS/FLI1 targets and therapeutic opportunities

of Ewing’s sarcoma patients. Ann Oncol (2012) 23(8):2185–90. doi:10.1093/
annonc/mdr605

7. Tirado OM, Mateo-Lozano S, Villar J, Dettin LE, Llort A, Gallego S, et al.
Caveolin-1 (CAV1) is a target of EWS/FLI-1 and a key determinant of the
oncogenic phenotype and tumorigenicity of Ewing’s sarcoma cells. Cancer Res
(2006) 66(20):9937–47. doi:10.1158/0008-5472.CAN-06-0927

8. Carrillo J, Garcia-Aragoncillo E, Azorin D, Agra N, Sastre A, Gonzalez-
Mediero I, et al. Cholecystokinin down-regulation by RNA interference
impairs Ewing tumor growth. Clin Cancer Res (2007) 13(8):2429–40. doi:10.
1158/1078-0432.CCR-06-1762

9. Garcia-Aragoncillo E, Carrillo J, Lalli E, Agra N, Gomez-Lopez G, Pestana A,
et al. DAX1, a direct target of EWS/FLI1 oncoprotein, is a principal regulator of
cell-cycle progression in Ewing’s tumor cells.Oncogene (2008) 27(46):6034–43.
doi:10.1038/onc.2008.203

10. Smith R, Owen LA, Trem DJ, Wong JS, Whangbo JS, Golub TR, et al. Expres-
sion profiling of EWS/FLI identifies NKX2.2 as a critical target gene in Ewing’s
sarcoma. Cancer Cell (2006) 9(5):405–16. doi:10.1016/j.ccr.2006.04.004

11. Hahm KB, Cho K, Lee C, Im YH, Chang J, Choi SG, et al. Repression of the
gene encoding the TGF-beta type II receptor is a major target of the EWS-FLI1
oncoprotein. Nat Genet (1999) 23(2):222–7. doi:10.1038/13854

12. Mosakhani N, Guled M, Leen G, Calabuig-Farinas S, Niini T, Machado
I, et al. An integrated analysis of miRNA and gene copy numbers in
xenografts of Ewing’s sarcoma. J Exp Clin Cancer Res (2012) 31:24. doi:10.
1186/1756-9966-31-24

13. Navarro D, Agra N, Pestana A, Alonso J, Gonzalez-Sancho JM. The EWS/FLI1
oncogenic protein inhibits expression of the Wnt inhibitor DICKKOPF-1
gene and antagonizes beta-catenin/TCF-mediated transcription. Carcinogen-
esis (2010) 31(3):394–401. doi:10.1093/carcin/bgp317

14. Prieur A, Tirode F, Cohen P, Delattre O. EWS/FLI-1 silencing and gene
profiling of Ewing cells reveal downstream oncogenic pathways and a crucial
role for repression of insulin-like growth factor binding protein 3.Mol Cell Biol
(2004) 24(16):7275–83. doi:10.1128/MCB.24.16.7275-7283.2004

15. Agra N, Cidre F, Garcia-Garcia L, de la Parra J, Alonso J. Lysyl oxidase
is downregulated by the EWS/FLI1 oncoprotein and its propeptide domain
displays tumor supressor activities in Ewing sarcoma cells. PLoS One (2013)
8(6):e66281. doi:10.1371/journal.pone.0066281

16. Niedan S, Kauer M, Aryee DN, Kofler R, Schwentner R, Meier A, et al.
Suppression of FOXO1 is responsible for a growth regulatory repressive tran-
scriptional sub-signature of EWS-FLI1 in Ewing sarcoma. Oncogene (2013)
33(30):3927–38. doi:10.1038/onc.2013.361

17. Christensen L, Joo J, Lee S, Wai D, Triche TJ, May WA. FOXM1 is an onco-
genic mediator in Ewing sarcoma. PLoS One (2013) 8(1):e54556. doi:10.1371/
journal.pone.0054556

18. Zanaria E, Muscatelli F, Bardoni B, Strom TM, Guioli S, Guo W, et al. An
unusual member of the nuclear hormone receptor superfamily responsible
for X-linked adrenal hypoplasia congenita. Nature (1994) 372(6507):635–41.
doi:10.1038/372635a0

19. Lalli E, Sassone-Corsi P. DAX-1, an unusual orphan receptor at the crossroads
of steroidogenic function and sexual differentiation. Mol Endocrinol (2003)
17(8):1445–53. doi:10.1210/me.2003-0159

20. Billiard J, Moran RA, Whitley MZ, Chatterjee-Kishore M, Gillis K, Brown
EL, et al. Transcriptional profiling of human osteoblast differentiation. J Cell
Biochem (2003) 89(2):389–400. doi:10.1002/jcb.10514

21. Martins RS, Power DM, Fuentes J, Deloffre LA, Canario AV. DAX1 regula-
tory networks unveil conserved and potentially new functions. Gene (2013)
530(1):66–74. doi:10.1016/j.gene.2013.07.052

22. van den Berg DL, Snoek T, Mullin NP, Yates A, Bezstarosti K, Demmers J,
et al. An Oct4-centered protein interaction network in embryonic stem cells.
Cell Stem Cell (2010) 6(4):369–81. doi:10.1016/j.stem.2010.02.014

23. Kelly VR, Xu B, Kuick R, Koenig RJ, Hammer GD. Dax1 up-regulates Oct4
expression inmouse embryonic stem cells via LRH-1 and SRA.Mol Endocrinol
(2010) 24(12):2281–91. doi:10.1210/me.2010-0133

24. Zhang J, Liu G, Ruan Y, Wang J, Zhao K, Wan Y, et al. Dax1 and Nanog act
in parallel to stabilize mouse embryonic stem cells and induced pluripotency.
Nat Commun (2014) 5:5042. doi:10.1038/ncomms6042

25. Mendiola M, Carrillo J, Garcia E, Lalli E, Hernandez T, de Alava E, et al. The
orphan nuclear receptor DAX1 is up-regulated by the EWS/FLI1 oncoprotein
and is highly expressed in Ewing tumors. Int J Cancer (2006) 118(6):1381–9.
doi:10.1002/ijc.21578

26. Kinsey M, Smith R, Lessnick SL. NR0B1 is required for the oncogenic phe-
notype mediated by EWS/FLI in Ewing’s sarcoma. Mol Cancer Res (2006)
4(11):851–9. doi:10.1158/1541-7786.MCR-06-0090

27. Kinsey M, Smith R, Iyer AK, McCabe ER, Lessnick SL. EWS/FLI and its
downstream target NR0B1 interact directly to modulate transcription and
oncogenesis in Ewing’s sarcoma. Cancer Res (2009) 69(23):9047–55. doi:10.
1158/0008-5472.CAN-09-1540

28. Gangwal K, Sankar S, Hollenhorst PC, Kinsey M, Haroldsen SC, Shah AA,
et al. Microsatellites as EWS/FLI response elements in Ewing’s sarcoma.
Proc Natl Acad Sci U S A (2008) 105(29):10149–54. doi:10.1073/pnas.
0801073105

29. Luo W, Gangwal K, Sankar S, Boucher KM, Thomas D, Lessnick SL. GSTM4
is a microsatellite-containing EWS/FLI target involved in Ewing’s sarcoma
oncogenesis and therapeutic resistance. Oncogene (2009) 28(46):4126–32.
doi:10.1038/onc.2009.262

30. Guillon N, Tirode F, Boeva V, Zynovyev A, Barillot E, Delattre O. The onco-
genic EWS-FLI1 protein binds in vivo GGAA microsatellite sequences with
potential transcriptional activation function. PLoS One (2009) 4(3):e4932.
doi:10.1371/journal.pone.0004932

31. Beck R, Monument MJ, Watkins WS, Smith R, Boucher KM, Schiffman JD,
et al. EWS/FLI-responsive GGAA microsatellites exhibit polymorphic dif-
ferences between European and African populations. Cancer Genet (2012)
205(6):304–12. doi:10.1016/j.cancergen.2012.04.004

32. Worch J, Matthay KK, Neuhaus J, Goldsby R, DuBois SG. Ethnic and racial
differences in patients with Ewing sarcoma. Cancer (2010) 116(4):983–8.
doi:10.1002/cncr.24865

33. Monument MJ, Johnson KM, McIlvaine E, Abegglen L, Watkins WS, Jorde
LB, et al. Clinical and biochemical function of polymorphic NR0B1 GGAA-
microsatellites in Ewing sarcoma: a report from the Children’s Oncology
Group. PLoS One (2014) 9(8):e104378. doi:10.1371/journal.pone.0104378

34. Lalli E, Alonso J. Targeting DAX-1 in embryonic stem cells and cancer. Expert
Opin Ther Targets (2010) 14(2):169–77. doi:10.1517/14728220903531454

35. Altincicek B, Tenbaum SP, Dressel U, Thormeyer D, Renkawitz R, Baniahmad
A. Interaction of the corepressor Alien with DAX-1 is abrogated by mutations
of DAX-1 involved in adrenal hypoplasia congenita. J Biol Chem (2000)
275(11):7662–7. doi:10.1074/jbc.275.11.7662

36. Holter E, Kotaja N, Makela S, Strauss L, Kietz S, Janne OA, et al. Inhibition of
androgen receptor (AR) function by the reproductive orphan nuclear receptor
DAX-1. Mol Endocrinol (2002) 16(3):515–28. doi:10.1210/mend.16.3.0804

37. Lopez D, Shea-Eaton W, Sanchez MD, McLean MP. DAX-1 represses the
high-density lipoprotein receptor through interaction with positive regula-
tors sterol regulatory element-binding protein-1a and steroidogenic factor-1.
Endocrinology (2001) 142(12):5097–106. doi:10.1210/endo.142.12.8523

38. Albers M, Kranz H, Kober I, Kaiser C, Klink M, Suckow J, et al. Automated
yeast two-hybrid screening for nuclear receptor-interacting proteins. Mol Cell
Proteomics (2005) 4(2):205–13. doi:10.1074/mcp.M400169-MCP200

39. Lehmann SG, Wurtz JM, Renaud JP, Sassone-Corsi P, Lalli E. Structure-
function analysis reveals the molecular determinants of the impaired biolog-
ical function of DAX-1 mutants in AHC patients. Hum Mol Genet (2003)
12(9):1063–72. doi:10.1093/hmg/ddg108

40. Shibata H, Ikeda Y, Mukai T, Morohashi K, Kurihara I, Ando T, et al. Expres-
sion profiles of COUP-TF, DAX-1, and SF-1 in the human adrenal gland and
adrenocortical tumors: possible implications in steroidogenesis. Mol Genet
Metab (2001) 74(1–2):206–16. doi:10.1006/mgme.2001.3231

41. Jessell TM. Neuronal specification in the spinal cord: inductive signals
and transcriptional codes. Nat Rev Genet (2000) 1(1):20–9. doi:10.1038/
35049541

42. Reya T, Morrison SJ, Clarke MF, Weissman IL. Stem cells, cancer, and cancer
stem cells. Nature (2001) 414(6859):105–11. doi:10.1038/35102167

43. Machold R, Hayashi S, Rutlin M, Muzumdar MD, Nery S, Corbin JG, et al.
Sonic Hedgehog is required for progenitor cell maintenance in telencephalic
stem cell niches. Neuron (2003) 39(6):937–50. doi:10.1016/S0896-6273(03)
00561-0

44. Zwerner JP, Joo J, Warner KL, Christensen L, Hu-Lieskovan S, Triche TJ, et al.
The EWS/FLI1 oncogenic transcription factor deregulates GLI1. Oncogene
(2008) 27(23):3282–91. doi:10.1038/sj.onc.1210991

45. Beauchamp E, Bulut G, Abaan O, Chen K, Merchant A, Matsui W, et al. GLI1
is a direct transcriptional target of EWS-FLI1 oncoprotein. J Biol Chem (2009)
284(14):9074–82. doi:10.1074/jbc.M806233200

Frontiers in Oncology | www.frontiersin.org July 2015 | Volume 5 | Article 16212

http://dx.doi.org/10.1093/annonc/mdr605
http://dx.doi.org/10.1093/annonc/mdr605
http://dx.doi.org/10.1158/0008-5472.CAN-06-0927
http://dx.doi.org/10.1158/1078-0432.CCR-06-1762
http://dx.doi.org/10.1158/1078-0432.CCR-06-1762
http://dx.doi.org/10.1038/onc.2008.203
http://dx.doi.org/10.1016/j.ccr.2006.04.004
http://dx.doi.org/10.1038/13854
http://dx.doi.org/10.1186/1756-9966-31-24
http://dx.doi.org/10.1186/1756-9966-31-24
http://dx.doi.org/10.1093/carcin/bgp317
http://dx.doi.org/10.1128/MCB.24.16.7275-7283.2004
http://dx.doi.org/10.1371/journal.pone.0066281
http://dx.doi.org/10.1038/onc.2013.361
http://dx.doi.org/10.1371/journal.pone.0054556
http://dx.doi.org/10.1371/journal.pone.0054556
http://dx.doi.org/10.1038/372635a0
http://dx.doi.org/10.1210/me.2003-0159
http://dx.doi.org/10.1002/jcb.10514
http://dx.doi.org/10.1016/j.gene.2013.07.052
http://dx.doi.org/10.1016/j.stem.2010.02.014
http://dx.doi.org/10.1210/me.2010-0133
http://dx.doi.org/10.1038/ncomms6042
http://dx.doi.org/10.1002/ijc.21578
http://dx.doi.org/10.1158/1541-7786.MCR-06-0090
http://dx.doi.org/10.1158/0008-5472.CAN-09-1540
http://dx.doi.org/10.1158/0008-5472.CAN-09-1540
http://dx.doi.org/10.1073/pnas.0801073105
http://dx.doi.org/10.1073/pnas.0801073105
http://dx.doi.org/10.1038/onc.2009.262
http://dx.doi.org/10.1371/journal.pone.0004932
http://dx.doi.org/10.1016/j.cancergen.2012.04.004
http://dx.doi.org/10.1002/cncr.24865
http://dx.doi.org/10.1371/journal.pone.0104378
http://dx.doi.org/10.1517/14728220903531454
http://dx.doi.org/10.1074/jbc.275.11.7662
http://dx.doi.org/10.1210/mend.16.3.0804
http://dx.doi.org/10.1210/endo.142.12.8523
http://dx.doi.org/10.1074/mcp.M400169-MCP200
http://dx.doi.org/10.1093/hmg/ddg108
http://dx.doi.org/10.1006/mgme.2001.3231
http://dx.doi.org/10.1038/35049541
http://dx.doi.org/10.1038/35049541
http://dx.doi.org/10.1038/35102167
http://dx.doi.org/10.1016/S0896-6273(03)00561-0
http://dx.doi.org/10.1016/S0896-6273(03)00561-0
http://dx.doi.org/10.1038/sj.onc.1210991
http://dx.doi.org/10.1074/jbc.M806233200
http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
http://www.frontiersin.org/Oncology/archive


Cidre-Aranaz and Alonso EWS/FLI1 targets and therapeutic opportunities

46. Joo J, Christensen L, Warner K, States L, Kang H-G, Vo K, et al. GLI1 Is a
central mediator of EWS/FLI1 signaling in Ewing tumors. PLoS One (2009)
4(10):e7608. doi:10.1371/journal.pone.0007608

47. Oro AE, Higgins KM, Hu Z, Bonifas JM, Epstein EH Jr, Scott MP. Basal
cell carcinomas in mice overexpressing sonic Hedgehog. Science (1997)
276(5313):817–21. doi:10.1126/science.276.5313.817

48. Bian Y-H, Huang S-H, Yang L, Ma X-L, Xie J-W, Zhang H-W. Sonic
Hedgehog-Gli1 pathway in colorectal adenocarcinomas.World J Gastroenterol
(2007) 13(11):1659–65. doi:10.3748/wjg.v13.i11.1659

49. ten Haaf A, Bektas N, von Serenyi S, Losen I, Arweiler EC, Hartmann A, et al.
Expression of the glioma-associated oncogene homolog (GLI) 1 in human
breast cancer is associated with unfavourable overall survival. BMC Cancer
(2009) 9:298. doi:10.1186/1471-2407-9-298

50. Stein U, Eder C, Karsten U, Haensch W, Walther W, Schlag PM. GLI gene
expression in bone and soft tissue sarcomas of adult patients correlates with
tumor grade. Cancer Res (1999) 59(8):1890–5.

51. Berman DM, Karhadkar SS, Hallahan AR, Pritchard JI, Eberhart CG, Watkins
DN, et al.Medulloblastoma growth inhibition byHedgehog pathway blockade.
Science (2002) 297(5586):1559–61. doi:10.1126/science.1073733

52. Thayer SP, Pasca di Magliano M, Heiser PW, Nielsen CM, Roberts DJ, Lauw-
ers GY, et al. Hedgehog is an early and late mediator of pancreatic cancer
tumorigenesis. Nature (2003) 425(6960):851–6. doi:10.1038/nature02009

53. Watkins DN, Berman DM, Burkholder SG, Wang B, Beachy PA, Baylin SB.
Hedgehog signallingwithin airway epithelial progenitors and in small-cell lung
cancer. Nature (2003) 422(6929):313–7. doi:10.1038/nature01493

54. Ma X, Chen K, Huang S, Zhang X, Adegboyega PA, Evers BM, et al. Frequent
activation of the Hedgehog pathway in advanced gastric adenocarcinomas.
Carcinogenesis (2005) 26(10):1698–705. doi:10.1093/carcin/bgi130

55. Ma X, Sheng T, Zhang Y, Zhang X, He J, Huang S, et al. Hedgehog signaling is
activated in subsets of esophageal cancers. Int J Cancer (2006) 118(1):139–48.
doi:10.1002/ijc.21295

56. Raju GP. Arsenic: a potentially useful poison for Hedgehog-driven cancers. J
Clin Invest (2011) 121(1):14–6. doi:10.1172/JCI45692

57. Beauchamp EM, Ringer L, Bulut G, Sajwan KP, Hall MD, Lee YC, et al.
Arsenic trioxide inhibits human cancer cell growth and tumor development in
mice by blocking Hedgehog/GLI pathway. J Clin Invest (2011) 121(1):148–60.
doi:10.1172/JCI42874

58. Zhang S, Guo W, Ren TT, Lu XC, Tang GQ, Zhao FL. Arsenic trioxide
inhibits Ewing’s sarcoma cell invasiveness by targeting p38(MAPK) and c-Jun
N-terminal kinase. Anticancer Drugs (2012) 23(1):108–18. doi:10.1097/CAD.
0b013e32834bfd68

59. Guo W, Tang XD, Tang S, Yang Y. [Preliminary report of combination
chemotherapy includingArsenic trioxide for stage III osteosarcoma andEwing
sarcoma]. Zhonghua Wai Ke Za Zhi (2006) 44(12):805–8.

60. Lam EW, Brosens JJ, Gomes AR, Koo CY. Forkhead box proteins: tuning forks
for transcriptional harmony. Nat Rev Cancer (2013) 13(7):482–95. doi:10.
1038/nrc3539

61. Nakamura N, Ramaswamy S, Vazquez F, Signoretti S, Loda M, Sellers WR.
Forkhead transcription factors are critical effectors of cell death and cell cycle
arrest downstreamof PTEN.MolCell Biol (2000) 20(23):8969–82. doi:10.1128/
MCB.20.23.8969-8982.2000

62. Brunet A, Bonni A, ZigmondMJ, LinMZ, Juo P, Hu LS, et al. Akt promotes cell
survival by phosphorylating and inhibiting a Forkhead transcription factor.
Cell (1999) 96(6):857–68. doi:10.1016/S0092-8674(00)80595-4

63. Dong XY, Chen C, Sun X, Guo P, Vessella RL, Wang RX, et al. FOXO1A is a
candidate for the 13q14 tumor suppressor gene inhibiting androgen receptor
signaling in prostate cancer. Cancer Res (2006) 66(14):6998–7006. doi:10.
1158/0008-5472.CAN-06-0411

64. Potente M, Urbich C, Sasaki K-I, Hofmann WK, Heeschen C, Aicher A,
et al. Involvement of Foxo transcription factors in angiogenesis and
postnatal neovascularization. J Clin Invest (2005) 115(9):2382–92. doi:10.
1172/JCI23126

65. Fosbrink M, Niculescu F, Rus V, Shin ML, Rus H. C5b-9-induced endothelial
cell proliferation andmigration are dependent on Akt inactivation of forkhead
transcription factor FOXO1. J Biol Chem (2006) 281(28):19009–18. doi:10.
1074/jbc.M602055200

66. Wang Y, Zhou Y, Graves DT. FOXO transcription factors: their clinical signif-
icance and regulation. Biomed Res Int (2014) 2014:925350. doi:10.1155/2014/
925350

67. Yang Y, Hou H, Haller EM, Nicosia SV, Bai W. Suppression of FOXO1
activity by FHL2 through SIRT1-mediated deacetylation. EMBO J (2005)
24(5):1021–32. doi:10.1038/sj.emboj.7600570

68. Yang L, Hu H-M, Zielinska-Kwiatkowska A, Chansky HA. FOXO1 is a direct
target of EWS-Fli1 oncogenic fusion protein in Ewing’s sarcoma cells. Biochem
Biophys Res Commun (2010) 402(1):129–34. doi:10.1016/j.bbrc.2010.09.129

69. ZhangH, Fang J, YaoD,WuY, Ip C, Dong Y. Activation of FOXO1 is critical for
the anticancer effect of methylseleninic acid in prostate cancer cells. Prostate
(2010) 70(12):1265–73. doi:10.1002/pros.21162

70. Gonzalez-Moreno O, Segura V, Serrano D, Nguewa P, de las Rivas J, Calvo A.
Methylseleninic acid enhances the effect of etoposide to inhibit prostate cancer
growth in vivo. Int J Cancer (2007) 121(6):1197–204. doi:10.1002/ijc.22764

71. Halasi M, Gartel AL. Targeting FOXM1 in cancer. Biochem Pharmacol (2013)
85(5):644–52. doi:10.1016/j.bcp.2012.10.013

72. Kalin TV, Ustiyan V, Kalinichenko VV. Multiple faces of FoxM1 tran-
scription factor: lessons from transgenic mouse models. Cell Cycle (2011)
10(3):396–405. doi:10.4161/cc.10.3.14709

73. Gartel AL. Thiostrepton, proteasome inhibitors and FOXM1.Cell Cycle (2011)
10(24):4341–2. doi:10.4161/cc.10.24.18544

74. Hegde NS, Sanders DA, Rodriguez R, Balasubramanian S. The transcription
factor FOXM1 is a cellular target of the natural product thiostrepton.NatChem
(2011) 3(9):725–31. doi:10.1038/nchem.1114

75. Sengupta A, Rahman M, Mateo-Lozano S, Tirado OM, Notario V. The dual
inhibitory effect of thiostrepton on FoxM1 and EWS/FLI1 provides a novel
therapeutic option for Ewing’s sarcoma. Int J Oncol (2013) 43(3):803–12.
doi:10.3892/ijo.2013.2016

76. Radhakrishnan SK, Gartel AL. FOXM1: the Achilles’ heel of cancer? Nat Rev
Cancer (2008) 8(3):c1. doi:10.1038/nrc2223-c1

77. Beinfeld MC. Biosynthesis and processing of pro CCK: recent progress and
future challenges. Life Sci (2003) 72(7):747–57. doi:10.1016/S0024-3205(02)
02330-5

78. Friedman JM, Vitale M, Maimon J, Israel MA, Horowitz ME, Schneider BS.
Expression of the cholecystokinin gene in pediatric tumors. Proc Natl Acad Sci
U S A (1992) 89(13):5819–23. doi:10.1073/pnas.89.13.5819

79. Schaer JC, Reubi JC. High gastrin and cholecystokinin (CCK) gene expres-
sion in human neuronal, renal, and myogenic stem cell tumors: comparison
with CCK-A and CCK-B receptor contents. J Clin Endocrinol Metab (1999)
84(1):233–9. doi:10.1210/jcem.84.1.5400

80. Reubi JC, Koefoed P, Hansen T, Stauffer E, Rauch D, Nielsen FC, et al.
Procholecystokinin as marker of human Ewing sarcomas. Clin Cancer Res
(2004) 10(16):5523–30. doi:10.1158/1078-0432.CCR-1015-03

81. Hu-Lieskovan S, Zhang J, Wu L, Shimada H, Schofield DE, Triche TJ. EWS-
FLI1 fusion protein up-regulates critical genes in neural crest development and
is responsible for the observed phenotype of Ewing’s family of tumors. Cancer
Res (2005) 65(11):4633–44. doi:10.1158/0008-5472.CAN-04-2857

82. DengC,HsuehAJ. Evolution of a potential hormone antagonist following gene
splicing during primate evolution. PLoS One (2013) 8(5):e64610. doi:10.1371/
journal.pone.0064610

83. Carrillo J, Agra N, Fernandez N, Pestana A, Alonso J. Devazepide, a non-
peptide antagonist of CCK receptors, induces apoptosis and inhibits Ewing
tumor growth. Anticancer Drugs (2009) 20(7):527–33. doi:10.1097/CAD.
0b013e32832c3a4f

84. Behr TM, Jenner N, Radetzky S, Behe M, Gratz S, Yucekent S, et al. Targeting
of cholecystokinin-B/gastrin receptors in vivo: preclinical and initial clinical
evaluation of the diagnostic and therapeutic potential of radiolabelled gastrin.
Eur J Nucl Med (1998) 25(4):424–30. doi:10.1007/s002590050241

85. Behr TM, Behe M, Angerstein C, Gratz S, Mach R, Hagemann L, et al.
Cholecystokinin-B/gastrin receptor binding peptides: preclinical development
and evaluation of their diagnostic and therapeutic potential. Clin Cancer Res
(1999) 5(10 Suppl):3124s–38s.

86. Roosenburg S, Laverman P, van Delft FL, Boerman OC. Radiolabeled
CCK/gastrin peptides for imaging and therapy of CCK2 receptor-expressing
tumors. Amino Acids (2011) 41(5):1049–58. doi:10.1007/s00726-010-0501-y

87. Lucero HA, Kagan HM. Lysyl oxidase: an oxidative enzyme and effector
of cell function. Cell Mol Life Sci (2006) 63(19–20):2304–16. doi:10.1007/
s00018-006-6149-9

88. Molnar J, Fong KS, He QP, Hayashi K, Kim Y, Fong SF, et al. Structural
and functional diversity of lysyl oxidase and the LOX-like proteins. Biochim
Biophys Acta (2003) 1647(1–2):220–4. doi:10.1016/S1570-9639(03)00053-0

Frontiers in Oncology | www.frontiersin.org July 2015 | Volume 5 | Article 16213

http://dx.doi.org/10.1371/journal.pone.0007608
http://dx.doi.org/10.1126/science.276.5313.817
http://dx.doi.org/10.3748/wjg.v13.i11.1659
http://dx.doi.org/10.1186/1471-2407-9-298
http://dx.doi.org/10.1126/science.1073733
http://dx.doi.org/10.1038/nature02009
http://dx.doi.org/10.1038/nature01493
http://dx.doi.org/10.1093/carcin/bgi130
http://dx.doi.org/10.1002/ijc.21295
http://dx.doi.org/10.1172/JCI45692
http://dx.doi.org/10.1172/JCI42874
http://dx.doi.org/10.1097/CAD.0b013e32834bfd68
http://dx.doi.org/10.1097/CAD.0b013e32834bfd68
http://dx.doi.org/10.1038/nrc3539
http://dx.doi.org/10.1038/nrc3539
http://dx.doi.org/10.1128/MCB.20.23.8969-8982.2000
http://dx.doi.org/10.1128/MCB.20.23.8969-8982.2000
http://dx.doi.org/10.1016/S0092-8674(00)80595-4
http://dx.doi.org/10.1158/0008-5472.CAN-06-0411
http://dx.doi.org/10.1158/0008-5472.CAN-06-0411
http://dx.doi.org/10.1172/JCI23126
http://dx.doi.org/10.1172/JCI23126
http://dx.doi.org/10.1074/jbc.M602055200
http://dx.doi.org/10.1074/jbc.M602055200
http://dx.doi.org/10.1155/2014/925350
http://dx.doi.org/10.1155/2014/925350
http://dx.doi.org/10.1038/sj.emboj.7600570
http://dx.doi.org/10.1016/j.bbrc.2010.09.129
http://dx.doi.org/10.1002/pros.21162
http://dx.doi.org/10.1002/ijc.22764
http://dx.doi.org/10.1016/j.bcp.2012.10.013
http://dx.doi.org/10.4161/cc.10.3.14709
http://dx.doi.org/10.4161/cc.10.24.18544
http://dx.doi.org/10.1038/nchem.1114
http://dx.doi.org/10.3892/ijo.2013.2016
http://dx.doi.org/10.1038/nrc2223-c1
http://dx.doi.org/10.1016/S0024-3205(02)02330-5
http://dx.doi.org/10.1016/S0024-3205(02)02330-5
http://dx.doi.org/10.1073/pnas.89.13.5819
http://dx.doi.org/10.1210/jcem.84.1.5400
http://dx.doi.org/10.1158/1078-0432.CCR-1015-03
http://dx.doi.org/10.1158/0008-5472.CAN-04-2857
http://dx.doi.org/10.1371/journal.pone.0064610
http://dx.doi.org/10.1371/journal.pone.0064610
http://dx.doi.org/10.1097/CAD.0b013e32832c3a4f
http://dx.doi.org/10.1097/CAD.0b013e32832c3a4f
http://dx.doi.org/10.1007/s002590050241
http://dx.doi.org/10.1007/s00726-010-0501-y
http://dx.doi.org/10.1007/s00018-006-6149-9
http://dx.doi.org/10.1007/s00018-006-6149-9
http://dx.doi.org/10.1016/S1570-9639(03)00053-0
http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
http://www.frontiersin.org/Oncology/archive


Cidre-Aranaz and Alonso EWS/FLI1 targets and therapeutic opportunities

89. Kagan HM, Li W. Lysyl oxidase: properties, specificity, and biological roles
inside and outside of the cell. J Cell Biochem (2003) 88(4):660–72. doi:10.1002/
jcb.10413

90. Smith-Mungo LI, Kagan HM. Lysyl oxidase: properties, regulation and mul-
tiple functions in biology. Matrix Biol (1998) 16(7):387–98. doi:10.1016/
S0945-053X(98)90012-9

91. Kenyon K, Contente S, Trackman PC, Tang J, Kagan HM, Friedman RM. Lysyl
oxidase and rrg messenger RNA. Science (1991) 253(5021):802. doi:10.1126/
science.1678898

92. Contente S, Kenyon K, Rimoldi D, Friedman RM. Expression of gene rrg is
associated with reversion of NIH 3T3 transformed by LTR-c-H-ras. Science
(1990) 249(4970):796–8. doi:10.1126/science.1697103

93. Giampuzzi M, Botti G, Cilli M, Gusmano R, Borel A, Sommer P, et al. Down-
regulation of lysyl oxidase-induced tumorigenic transformation in NRK-49F
cells characterized by constitutive activation of ras proto-oncogene. J Biol
Chem (2001) 276(31):29226–32. doi:10.1074/jbc.M101695200

94. Palamakumbura AH, Jeay S, Guo Y, Pischon N, Sommer P, Sonenshein GE,
et al. The propeptide domain of lysyl oxidase induces phenotypic reversion of
ras-transformed cells. J Biol Chem (2004) 279(39):40593–600. doi:10.1074/jbc.
M406639200

95. Kuivaniemi H, Korhonen RM, Vaheri A, Kivirikko KI. Deficient production
of lysyl oxidase in cultures of malignantly transformed human cells. FEBS Lett
(1986) 195(1–2):261–4. doi:10.1016/0014-5793(86)80172-7

96. Hamalainen ER, Kemppainen R, Kuivaniemi H, Tromp G, Vaheri A, Pih-
lajaniemi T, et al. Quantitative polymerase chain reaction of lysyl oxidase
mRNA in malignantly transformed human cell lines demonstrates that their
low lysyl oxidase activity is due to low quantities of its mRNA and low levels
of transcription of the respective gene. J Biol Chem (1995) 270(37):21590–3.
doi:10.1074/jbc.270.37.21590

97. Wu M, Min C, Wang X, Yu Z, Kirsch KH, Trackman PC, et al. Repression of
BCL2 by the tumor suppressor activity of the lysyl oxidase propeptide inhibits
transformed phenotype of lung and pancreatic cancer cells. Cancer Res (2007)
67(13):6278–85. doi:10.1158/0008-5472.CAN-07-0776

98. RenC, YangG, TimmeTL,Wheeler TM,ThompsonTC. Reduced lysyl oxidase
messenger RNA levels in experimental and human prostate cancer. Cancer Res
(1998) 58(6):1285–90.

99. Csiszar K, Fong SF, Ujfalusi A, Krawetz SA, Salvati EP, Mackenzie JW,
et al. Somatic mutations of the lysyl oxidase gene on chromosome 5q23.1 in
colorectal tumors. Int J Cancer (2002) 97(5):636–42. doi:10.1002/ijc.10035

100. Kirschmann DA, Seftor EA, Fong SF, Nieva DR, Sullivan CM, Edwards EM,
et al. A molecular role for lysyl oxidase in breast cancer invasion. Cancer Res
(2002) 62(15):4478–83.

101. Baker AM, Cox TR, Bird D, Lang G, Murray GI, Sun XF, et al. The role of lysyl
oxidase in SRC-dependent proliferation and metastasis of colorectal cancer. J
Natl Cancer Inst (2011) 103(5):407–24. doi:10.1093/jnci/djq569

102. Zhao Y, Min C, Vora SR, Trackman PC, Sonenshein GE, Kirsch KH. The
lysyl oxidase pro-peptide attenuates fibronectin-mediated activation of focal
adhesion kinase and p130Cas in breast cancer cells. J Biol Chem (2009)
284(3):1385–93. doi:10.1074/jbc.M802612200

103. Min C, Kirsch KH, Zhao Y, Jeay S, Palamakumbura AH, Trackman PC, et al.
The tumor suppressor activity of the lysyl oxidase propeptide reverses the

invasive phenotype of Her-2/neu-driven breast cancer. Cancer Res (2007)
67(3):1105–12. doi:10.1158/0008-5472.CAN-06-3867

104. Palamakumbura AH, Vora SR, Nugent MA, Kirsch KH, Sonenshein GE,
Trackman PC. Lysyl oxidase propeptide inhibits prostate cancer cell growth
by mechanisms that target FGF-2-cell binding and signaling.Oncogene (2009)
28(38):3390–400. doi:10.1038/onc.2009.203

105. Min C, Zhao Y, Romagnoli M, Trackman PC, Sonenshein GE, Kirsch KH.
Lysyl oxidase propeptide sensitizes pancreatic and breast cancer cells to
doxorubicin-induced apoptosis. J Cell Biochem (2010) 111(5):1160–8. doi:10.
1002/jcb.22828

106. Sankar S, Bell R, Stephens B, Zhuo R, Sharma S, Bearss DJ, et al. Mecha-
nism and relevance of EWS/FLI-mediated transcriptional repression in Ewing
sarcoma. Oncogene (2013) 32(42):5089–100. doi:10.1038/onc.2012.525

107. Sato S, Trackman PC, Maki JM, Myllyharju J, Kirsch KH, Sonenshein GE.
The Ras signaling inhibitor LOX-PP interacts with Hsp70 and c-Raf to reduce
Erk activation and transformed phenotype of breast cancer cells.Mol Cell Biol
(2011) 31(13):2683–95. doi:10.1128/MCB.01148-10

108. Bais MV, Nugent MA, Stephens DN, Sume SS, Kirsch KH, Sonenshein GE,
et al. Recombinant lysyl oxidase propeptide protein inhibits growth and pro-
motes apoptosis of pre-existing murine breast cancer xenografts. PLoS One
(2012) 7(2):e31188. doi:10.1371/journal.pone.0031188

109. Bais MV, Ozdener GB, Sonenshein GE, Trackman PC. Effects of tumor-
suppressor lysyl oxidase propeptide on prostate cancer xenograft growth
and its direct interactions with DNA repair pathways. Oncogene (2015)
34(15):1928–37. doi:10.1038/onc.2014.147

110. Vora SR, Guo Y, Stephens DN, Salih E, Vu ED, Kirsch KH, et al. Char-
acterization of recombinant lysyl oxidase propeptide. Biochemistry (2010)
49(13):2962–72. doi:10.1021/bi902218p

111. Metallo SJ. Intrinsically disordered proteins are potential drug targets. Curr
Opin Chem Biol (2010) 14(4):481–8. doi:10.1016/j.cbpa.2010.06.169

112. Uren A, Toretsky JA. Ewing’s sarcoma oncoprotein EWS-FLI1: the perfect
target without a therapeutic agent. Future Oncol (2005) 1(4):521–8. doi:10.
2217/14796694.1.4.521

113. Lessnick SL, Ladanyi M. Molecular pathogenesis of Ewing sarcoma: new
therapeutic and transcriptional targets. Annu Rev Pathol (2012) 7:145–59.
doi:10.1146/annurev-pathol-011110-130237

114. McAllister NR, Lessnick SL. The potential for molecular therapeutic targets in
Ewing’s sarcoma. Curr Treat Options Oncol (2005) 6(6):461–71. doi:10.1007/
s11864-005-0025-y

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2015 Cidre-Aranaz and Alonso. This is an open-access article dis-
tributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Oncology | www.frontiersin.org July 2015 | Volume 5 | Article 16214

http://dx.doi.org/10.1002/jcb.10413
http://dx.doi.org/10.1002/jcb.10413
http://dx.doi.org/10.1016/S0945-053X(98)90012-9
http://dx.doi.org/10.1016/S0945-053X(98)90012-9
http://dx.doi.org/10.1126/science.1678898
http://dx.doi.org/10.1126/science.1678898
http://dx.doi.org/10.1126/science.1697103
http://dx.doi.org/10.1074/jbc.M101695200
http://dx.doi.org/10.1074/jbc.M406639200
http://dx.doi.org/10.1074/jbc.M406639200
http://dx.doi.org/10.1016/0014-5793(86)80172-7
http://dx.doi.org/10.1074/jbc.270.37.21590
http://dx.doi.org/10.1158/0008-5472.CAN-07-0776
http://dx.doi.org/10.1002/ijc.10035
http://dx.doi.org/10.1093/jnci/djq569
http://dx.doi.org/10.1074/jbc.M802612200
http://dx.doi.org/10.1158/0008-5472.CAN-06-3867
http://dx.doi.org/10.1038/onc.2009.203
http://dx.doi.org/10.1002/jcb.22828
http://dx.doi.org/10.1002/jcb.22828
http://dx.doi.org/10.1038/onc.2012.525
http://dx.doi.org/10.1128/MCB.01148-10
http://dx.doi.org/10.1371/journal.pone.0031188
http://dx.doi.org/10.1038/onc.2014.147
http://dx.doi.org/10.1021/bi902218p
http://dx.doi.org/10.1016/j.cbpa.2010.06.169
http://dx.doi.org/10.2217/14796694.1.4.521
http://dx.doi.org/10.2217/14796694.1.4.521
http://dx.doi.org/10.1146/annurev-pathol-011110-130237
http://dx.doi.org/10.1007/s11864-005-0025-y
http://dx.doi.org/10.1007/s11864-005-0025-y
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
http://www.frontiersin.org/Oncology/archive

	EWS/FLI1 target genes and therapeutic opportunities in Ewing sarcoma
	Introduction
	Transcriptional Regulators
	DAX-1 (NR0B1)
	GLI1
	Forkhead Box (FOX) of Transcription Factors

	Secreted Proteins
	Cholecystokinin
	LOX

	Conclusion
	Author Contributions
	Acknowledgments
	References


