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Hypoxia and HIFs in Ewing sarcoma: new
perspectives on a multi-facetted relationship
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Abstract

Hypoxia develops during the growth of solid tumors and influences tumoral activity in multiple ways. Low oxygen
tension is also present in the bone microenvironment where Ewing sarcoma (EwS) — a highly aggressive pediatric
cancer — mainly arises. Hypoxia inducible factor 1 subunit alpha (HIF-1-a) is the principal molecular mediator of the
hypoxic response in cancer whereas EWSR1:FLIT constitutes the oncogenic driver of EwS. Interaction of the two pro-
teins has been shown in EwS. Although a growing body of studies investigated hypoxia and HIFs in EwS, their precise
role for EwS pathophysiology is not clarified to date. This review summarizes and structures recent findings demon-
strating that hypoxia and HIFs play a role in EwS at multiple levels. We propose to view hypoxia and HIFs as independ-
ent protagonists in the story of EwS and give a perspective on their potential clinical relevance as prognostic markers
and therapeutic targets in EwS treatment.
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Introduction

Cancer is characterized on the one hand by irregular
intracellular processes, and on the other hand by aber-
rant extracellular processes such as an altered interplay
between cancerous cells and the tumor microenviron-
ment (TME) [1-3]. One of the key aspects of the TME
is hypoxia, which is generally defined as tissue oxygen
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concentration below the level needed for normal cell
function [4]. Hypoxia will develop in most solid tumors
because of increased cellular proliferation and oxygen
need as well as of insufficient vessel formation and blood
supply [5]. Studies identified the hypoxia inducible fac-
tor (HIF) protein family as key transcription factors that
initiate the cellular adaptation to hypoxia [5-7]. To act
as a transcription factor, the constitutively expressed
subunit HIF-1-b and one of the three oxygen-depend-
ently expressed subunits HIF-1-a/HIF-2-a/HIF-3-a must
dimerize and bind to hypoxia response elements (HREs)
in the target gene sequences [5, 6]. Thereby, HIFs regu-
late a multitude of functional pathways that can impact
tumor activity, such as tumor vascularization via vascular
endothelial growth factor (VEGF) [6], tumor metabolism
via solute carrier family 2 member 1 (SLC2A1, better
known as GLUT-1) [8] and Aldolase-C expression [9],
and tumor motility and invasiveness via loss of E-cad-
herin and activation of Wnt/beta-catenin signaling [10,
11].
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However, the role of HIFs in cancer cells goes beyond
mediating the response to hypoxia: In fact, HIF-1-a can
be upregulated through growth factors or oncogenic
signaling cascades such as the phosphatidylinositol-
4,5-bisphosphate 3-kinase (PI3K)/AKT serine/threonine
kinase 1 (Akt) and Ras/Raf/mitogen-activated protein
kinase (MAPK) pathway as well as through inactivation
of tumor suppressors like the phosphatase and tensin
homolog (PTEN) protein [12, 13]. This activation of HIF-
1-a in normoxia through alternative pathways has been
called pseudohypoxia [14] and opens a new perspective
on HIF-1-a as a network hub to integrate other cellular
and environmental signals beside hypoxia [13-15]. Fur-
thermore, the regulatory mechanisms behind HIF-1-b
(also named aryl hydrocarbon receptor nuclear trans-
locator (ARNT)), HIF-1-a’s dimerization partner, have
been suggested to be more complex, since HIF-1-b lev-
els seemed to be influenced by hypoxia as well [16, 17].
Reversely, there is evidence for HIF-independent cellular
responses to hypoxia, further challenging a simplistic
view of hypoxia and HIF signaling [18]. Therefore, in this
review, we intentionally do not use the terms hypoxia and
HIF expression/signaling interchangeably but treat both
factors separately. Furthermore, per definition, the terms
normoxia and hypoxia are used in this review according
to Hammond et al., wherein normoxia refers to 21% oxy-
gen tension, which is the atmospheric oxygen pressure
and standard cell culture condition, and hypoxia refers
to oxygen levels insufficient to meet the demand of the
corresponding tissue [8]. Of note, the so called normoxic
oxygen levels do not reflect the physiological oxygen ten-
sions of most tissues, which vary between 3-7.4% oxygen
(often referred to as physoxia [19]).

While the relevance of hypoxia in tumorigenesis and
progression has been extensively studied and reviewed
in many different cancer types [20-23], the current
knowledge and particularities of hypoxia and HIF sign-
aling in Ewing sarcoma (EwS) have not been systemati-
cally reviewed to date. EwS is the second most frequent
bone-associated tumor predominantly occurring in chil-
dren, adolescents, and young adults [24]. EwS was ini-
tially described more than 100 years ago by the American
pathologist James Ewing in 1921, yet the precise cell of
origin remains to be determined [24]. Despite this his-
togenetic uncertainty, EwS is genetically well character-
ized: In all cases, EwS is driven by chimeric transcription
factors encoded by FET:ETS fusion oncogenes, most
commonly Ewing sarcoma breakpoint region 1 protein
(EWSR1)::Friend leukaemia integration 1 transcrip-
tion factor (FLI1) (EWSRI1:FLI1) (85% of cases) [24].
Hypoxia and HIFs are especially relevant in the context
of EwS because: i) hypoxia is an integral component of
the bone microenvironment playing an important role
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in the development of bone tumors [25-28]; ii) there is a
direct interplay between HIF-1-a and EWSR1::FLI1 at the
molecular level[29-31]; iii) there is a strong association
of extensive tumor necrosis (likely caused by hypoxia)
with metastasis and worse patient survival [32].

Thus, the aims of this review are to summarize the
most recent findings on hypoxia and HIFs in the EwS
context, and to provide a systematic coherence of the
available data on this topic.

The phenotype of EwS cells under hypoxia and/

or HIF-1-a activity

Proliferation

Several studies in EwS cell lines grown as monolayers
(i.e., 2D) yielded controversial results concerning the
effect of hypoxia on cellular proliferation [33—-37]. How-
ever, Riffle et al. showed that in EwS spheroids, oxygen
gradients divided cells according to distinct oxygen ten-
sion into populations with different proliferative states
[4]. Specifically, EwS cells in the spheroid core stained for
hypoxia and apoptosis markers but not for proliferation
markers. Reversely, cells at the spheroid surface stained
for Ki-67, indicating active proliferation, but exhibited
neither hypoxia nor apoptosis markers [4]. Most inter-
estingly, cells that resided at the interface between both
populations and thus were exposed to moderate hypoxia
were positive for Ki-67 staining and activated DNA dam-
age repair (DDR) enzymes [4]. This suggests that cell
cycle is compatible with moderate hypoxia but probably
dependent on co-activated DDR [4]. In other tumor enti-
ties, such as head and neck squamous cell carcinomas,
cells that retained proliferative capacity under hypoxia
have been associated with lower survival and tumor
aggressiveness, highlighting the clinical importance of
studying these subpopulations [4, 38]. However, severe
hypoxia is not compatible with EwS proliferation [4].
Regarding the influence of HIF-1-a on EwS cell prolifera-
tion, two studies conducted in normoxia and 1% oxygen
condition showed that HIF-1-a silencing reduced prolif-
eration of EwS cell lines in vitro, indicating a proliferation
inducing effect of HIF-1-a in normoxia and hypoxia [31,
39]. However, Knowles et al. reported that knockdown
of either HIF-1-a or HIF-2-a increased the proliferation
of EwS cells under 0.1% oxygen tension, suggesting an
anti-proliferative effect of both genes in EwS cells under
very severe hypoxic conditions [36]. These discrepan-
cies concerning the influence of HIF-1-a/HIF-2-a on EwS
proliferation could be due to the different oxygen concen-
trations that were used in the experiments, implying that
the influence of HIF-1-a/HIF-2-a on the EwS cell pheno-
type depends on the specific degree of hypoxia [19, 40].
Additionally, HIF-1-a levels vary exponentially within
the range of hypoxic conditions, probably contributing
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to the above mentioned discrepancy of findings in EwS
cells in hypoxia [19, 41]. In this context, several authors
have emphasized the importance of monitoring pericel-
lular oxygen levels and using standardized techniques for
hypoxia models in vitro [41, 42]. This could reduce dis-
crepancies in results and help to elucidate on the influ-
ence of hypoxia and HIFs on the EwS phenotype and
pathophysiology.

Apoptosis

Like in the case of cellular proliferation, diverse find-
ings exist for the question on how hypoxia modulates
apoptosis of EwS cell lines. Ryland et al. suggested that
hypoxia does not induce apoptosis in EwS and found the
epigenetic repression of the Potassium Voltage-Gated
Channel Subfamily A Member 5 (KCNA5) gene to be
involved in EwS cell survival under hypoxic stress [43].
Likewise, Kilic et al. confirmed reduced apoptosis of
EwS cells under hypoxia and argued for a pro-survival
role of hypoxia by showing that low oxygen tension pro-
tected EwS cells from chemotherapeutic-induced apop-
tosis [34]. However, other reports provided evidence that
hypoxia activated apoptosis in EwS cell lines [36] and that
hypoxia and apoptosis markers co-localized in the center
of EwS spheroids [4]. In this context, it is intriguing that
even studies that used the same cell line (A-673) and
identical culture conditions (< 1% oxygen tension) yielded
opposing results [34, 36]. On a similar note, the role of
HIF-1-a in mediating apoptosis in EwS cells is controver-
sial. Kilic et al. proposed that HIF-1-a protected EwS cells
from apoptosis under hypoxia, as knockdown of HIF-1-a
or therapeutic inhibition of the PI3K/Akt pathway that
induced HIF-1-a activity, re-established hypoxia-induced
apoptosis [34, 44]. In contrast, Knowles et al. noted that
HIF-1-a and HIF-2-a were not involved in mediating
the increased apoptosis rate that they observed under
hypoxia, as knockdown of either gene did not change
apoptotic rates [36]. Interestingly, in diverse cancer
types and non-cancerous tissues, it has been shown that
hypoxia and HIFs can both trigger apoptosis and confer
resistance to it [40, 45], which is in agreement with the
described contradicting observations on the relation-
ship between hypoxia, HIF-1-a, and apoptosis in EwS. As
discussed in the section on proliferation, differentiating
between finely adjusted hypoxia and HIF levels within
experimental conditions as well as improvement and
standardization of techniques could advance our under-
standing of EwS pathophysiology and possibly elucidate
on the discrepancies in study findings up to date [19, 41].

Migration and invasion
In contrast to the controversial effects of hypoxia and
HIF-1-a on EwS cell proliferation and survival, its effects
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on cellular migration and invasion in EwS were more
consistent across different studies. Most authors agreed
on the increased migratory and invasive capacities of
EwS cells that are exposed to hypoxia and on the fact that
migration and invasion were mediated, at least in part, by
HIF-1-a [29, 31, 33, 46—48]. Among the molecular mech-
anisms underlying invasiveness and migration under low
oxygen tension, Krook et al. identified elevated expres-
sion of C-X-C motif chemokine receptor 4 (CXCR4) tran-
script and protein levels in EwS cells [48]. Additionally,
several studies introduced the concept of activated SRC
proto-oncogene (Src) and a feed-forward loop between
Src and Tenascin C (TNC) that fostered matrix degrada-
tion and invadopodia formation in EwS under hypoxia
[33, 47]. In fact, targeting of the Src/TNC axis inhibited
EwS migration in vitro [47]. At the transcriptomic level,
invasion gene signatures were upregulated when EwS
cells were exposed to hypoxia [29]. HIF-1-a appeared
crucial for mediating increased invasiveness and migra-
tion under hypoxia in EwS cells [31, 46]. This was evi-
denced by in vitro HIF-1I-a knock down that reduced
cellular invasion under hypoxia [46] but strikingly also
under normoxia [31, 46]. However, for reasons that
remain to be illuminated, Knowles et al. found that EwS
cells migrated slower under hypoxia as compared to nor-
moxia [36]. In this scenario, knockdown of HIF-1-a did
not change the phenotype while knockdown of HIF-2-a
partly reversed the hypoxic inhibition of migration [36].

Colony formation and anchorage-independent growth
According to Aryee et al., hypoxia promoted anchorage-
independent growth of EwS cell lines and marginally
enhanced their clonogenicity [29]. Interestingly, EwS cells
exposed to hypoxia could stimulate sphere formation of
non-hypoxic EwS cells in their surrounding [35], which
appeared to be mediated by HIF-1-a [35].

The role of hypoxia and/or HIF-1-a activity

in molecular signaling pathways in EwS

HIF-1-a levels under normoxia and in response to hypoxia
in EwsS cells

A summary on these aspects is given in Table 1.

HIF-1-a and EWSR1::FLI1 interplay

Intra-tumor heterogeneity is a well-established tumor
characteristic [49] that has been applied to the dif-
ferent expression levels of EWSRI:FLI1 that exist in
EwS cells [50]. Apparently, EWSR1::FLI1 expression is
dynamic within single cells, however the mechanism
behind this fluctuation is not understood [50]. Similarly
to EWSR1::FLI1, HIF-1-a expression has been shown to
be heterogenous across EwS tumors and possibly also
within a given EwS tumor [4, 29, 36]. Interestingly, in
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Table 1 HIF-1-a levels under normoxia and in response to hypoxia in Ews cells

Cell line HIF-1-a detectable with HIF-1-a detectable with Method to generate hypoxia Reference
western blot in normoxia western blot in hypoxia
SK-N-MC No Yes 1%02/ 5%C0O2/ 95% N2 Aryee et al. 2010
Spheroid growth
Yes - 1%02 Hameiri Grossmann et al. 2015
Yes, very low expression Yes, strong expression 0.19%02/ 5%C0O2/ balanceN2 Knowles et al. 2010
WE-68 No Yes 1%02/ 5%C0O2/ 95% N2 Aryee et al. 2010
Spheroid growth
TC-252 No Yes 1%02/ 5%C0O2/ 95% N2 Aryee et al. 2010
Yes Spheroid growth
TC-71 Yes Yes 1%02/ 5%C0O2/ 95% N2 Aryee et al. 2010
Spheroid growth
No Yes 0.1%02/ 5%C0O2/ balanceN2 Knowles et al. 2010
RDES-1 Yes - 1%02 Hameiri Grossmann et al. 2015
Yes, very low expression Yes, strong expression 0.19%02/ 5%C02/ balanceN2 Knowles et al. 2010
MHH-ES-1 Yes - 1%02 Hameiri Grossmann et al. 2015
SK-ES-1 Yes Yes, levels unchanged 1%02 Hameiri Grossmann et al. 2015
No Yes 0.19%02 Tilan et al. 2013
No Yes 1%02/ 5%C0O2/ 95% N2 Kling et al. 2020
Yes, very low expression Yes, strong expression 0.1%02/ 5%C0O2/ balanceN2 Knowles et al. 2010
A-673 No Yes 0.5%02 Kilic-Eren et al. 2013
No Yes 0.5%02/ 5%C0O2/ 95%N2 Kilic et al. 2007
No Yes 19602/ 5%C02/ 95%N2 Kling et al. 2020
No Yes 0.1%02/ 5%CO2 /balanceN2 Knowles et al. 2010
TC-32 No Yes 1%02 El' Naggaretal. 2015
CHLA-10 Yes, very low expression Yes, strong expression 1%02 El' Naggar et al. 2015
No Yes 19%02/ 5%C0O2/ 95%N2 El Naggar et al. 2019

immunohistochemical analysis of EwS tumors and west-
ern blot of EwS cells, HIF-1-a mostly localized to the
nucleus under normoxia [31, 36], contrasting with find-
ings in skeletal muscle were HIF-1-a was located merely
in the cytoplasm in normoxia [51]. Furthermore, HIF-
1-a co-localized in some but not all tumor sections with
areas of necrosis [36]. In summary, evidence exists that
HIF-1-a, like EWSR1::FLI1, contributes to tumor hetero-
geneity in EwS.

Most interestingly, some reports indicated that HIF-
1-a heterogeneity and EWSRI:FLI1 heterogeneity
could be mechanistically linked to each other: Aynaud
et al. showed that both very high and very low levels of
EWSRI1:FLI1 activity were associated with reduced
EwS cell proliferation and upregulation of HIF-1-a tar-
get genes [30]. Furthermore, HIF-1-a directly induced
EWSR1:FLI1 expression [29, 31]. In this context, we
propose an alternative view, where HIF-1-a signaling an
hypoxia may impact EWSR1::FLI1 expression levels inde-
pendently. In fact, both, hypoxia-dependent and non-
hypoxia-dependent HIF-1-a activation have been shown
to induce EWSR1::FLI1 activity in EwS [29, 31]. However,
for the hypoxia-mediated induction of EWSRI1:FLI1,

Aryee et al showed that EWSR1:FLI1 protein levels
were only transiently augmented and reverted to low
expression levels within 24 h of hypoxia, while HIF-1-a
expression seemed to be stably induced [29]. Based on
these observations, we propose the following scenario for
the interactions of hypoxia, HIF-1-a and EWSR1::FLI1
in EwS: Non-hypoxia-mediated HIF-1-a activity that
induced EWSR1::FLI1 activity could describe the mecha-
nism in the cell population characterized by high activity
of both proteins, HIF-1-a and EWSR1::FLI1 [30, 31]. In
contrast, hypoxia-mediated HIF-1-a activity that induces
only transient elevation of EWSR1:FLI1 could be the
mechanism describing the cell population that is charac-
terized by high activity of HIF-1-a and low EWSR1::FLI1
activity [29, 30]. The non-proliferative state of this cell
population fits in line with the notion that strong hypoxia
is not compatible with proliferation in EwS [4]. Fur-
thermore, these cells could be characterized by the two
observations that EwS cells with low EWSR1::FLI [30, 50]
and EwS cells exposed to hypoxia [29, 33, 47, 48] showed
increased migratory and invasive potential. However, it
is not clear why EwS cells with both high EWSR1:FLI1
and high HIF-1-a activity, are non-proliferative [30], and
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it could be of great interest to further characterize this
cell population. One explanation could be that the high
HIF-1-a activity itself prevents EwS proliferation, yet
the exact influence of HIF-1-a on Ews proliferation is
not clear to date (see section on proliferation). Of note,
EWSRI1::FLI1 induced by HIF-1-a via hypoxia was most
probably upregulated on a posttranscriptional level [29],
while EWSR1::FLI1 that was induced by HIF-1-a in nor-
moxia via Ras signaling was upregulated via direct bind-
ing of HIF-1-a to the EWSR1::FLI1 promoter [31].

Collectively, there is evidence that hypoxia and HIF-1-a
are two key factors contributing to the dynamic regu-
lation of EWSR1:FLI1 in EwS [29-31]. Based on the
discussed reports we propose that both hypoxia, and
HIF-1-a may contribute independently to the regulation
of EWSR1::FLI1 (Fig. 1).

Hypoxia and/or HIF-1-a and other molecular signaling
pathways in EwS

In EwS, several molecules and signaling pathways have
been identified to operate upstream of HIF-1-a and regu-
late its expression in normoxia as well as in hypoxia.

In terms of pathways that regulate HIF-1-a expression
under normoxia, the Ras signaling cascade [12] could
induce HIF-1-a in EwS [31]. Of note, no mutations were
found that could explain the Ras activity in EwS cell lines
[31]. Additionally, in normoxia, enchondral bone protein
chondromodulin I (CHM1) regulated HIF-1-a levels in
EwS by suppressing its expression [52]. CHM1 expression
was induced by EWSR1::FLI1 and increased the potential

EWSR1::FLIT activity

transient upregulation,
reversion to low levels

|

stable upregulation,
high levels

|

HYPOXIA

HIF-1-a activity
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of EwS cells for lung metastasis in vivo [52]. Furthermore,
mutations in the Isocitrate dehydrogenase (IDH) enzyme
may cause elevated cellular oxidative stress and stabilize
HIF-1-a [53]. However, in a cohort of 61 patients diag-
nosed as EwS, IDHI/2 mutations were rare [53], sug-
gesting that /DH1/2 mutations may play a minor role in
HIF-1-a induction in EwS.

Some upstream regulators of HIF-1-a in EwS seem to
operate both in normoxia and hypoxia: The Y-box bind-
ing protein 1 (YB-1) bound to the HIF-1-a five prime
untranslated region (5-UTR) and induced translation
of its mRNA in normoxic and hypoxic conditions [46].
This emphasizes again that HIF-1-a levels and hypoxia
are not exclusively interlinked. El Naggar et al. proposed
that translational regulation of HIF-I-a via YB-1 might
be a general mechanism for cancer cells to maintain ele-
vated HIF-1-a levels independent from oxygen tension,
while regulation of HIF-1-a via prolyl hydroxylase activ-
ity could represent a specific hypoxia-induced regulation
mode [46]. Additionally, Src was involved in the media-
tion of a migratory and invasive response of EwS cells to
hypoxia [32]. In diverse cancer types such as osteosar-
coma, activated Src signaling was found to be a source
for HIF-1-a stabilization in both, hypoxia and normoxia
[54-58] and Src signaling has been suggested to play a
role in sarcoma pathophysiology, including EwS [59, 60].
However, whether Src acts in EwS cells under hypoxia via
the induction of HIF-1-a is still an open question, as well
as whether Src is activated in EwS also under normoxia.
Yet, the available data on Src signaling under hypoxia in

stable upregulation,
high levels

stable upregulation,
high levels

NON-HYPOXIA RELATED CAUSE
e.g. RAS SIGNALING

Fig. 1 Hypoxia-related and non hypoxia-related upregulation of HIF-1-a might contribute independently to EWSR1:FLI1T regulation
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EwS to date is compatible with these hypotheses [33, 47].
Despite evidence for a potential pro-tumorigenic role of
Src [33, 47], its function in EwS remains controversial,
since Zhou et al. showed that hyperactivity of Src inhib-
ited EwS growth and migration in vitro and that EwS
avoided Src hyperactivity via growth differentiation fac-
tor 6 (GDF6)/CD99 signaling [61]. Hence, further eluci-
dation on the role of Src in EwS and its role in the context
of hypoxia and HIFs is needed.

Finally, some molecular signaling pathways regulating
HIF-1-a activity are operating mainly under hypoxia in
EwS: Thus, phosphorylated ATM serine/threonine kinase
(ATM) could possibly induce HIF-1-a expression under
hypoxia in EwS as it co-localized in EwS spheroids with
HIF-1-a staining [4]. In fact, ATM phosphorylated and
stabilized HIF-1-a under hypoxia in mouse embryonic
fibroblasts [62], yet the mechanistic connection between
DDR enzymes and HIF-1-a in EwS remains to be eluci-
dated. Additionally, the PI3K/Akt pathway seemed to
be constitutively activated in EwS cell lines and essen-
tial for HIF-1-a induction and activity in hypoxic condi-
tions [44]. Although PI3K/Akt signaling was also active
in normoxia, no corresponding HIF-1-a expression was
detected in EwS cell lines in normoxia [44]. Furthermore,
and potentially downstream of HIF-1-a, CXCR4, which
was induced via HIF-1-a under hypoxia in tumor enti-
ties such as gastric cancer [63, 64], was also induced by
hypoxia in EwS [48]. However, the involvement of HIF-
1-a in mediating CXCR4 signaling was not investigated.
Intriguingly, Berghuis et al. did not detect a hypoxia
dependent upregulation of CXCR4 on the cell surface of
EwS cell lines [65]. Yet, it should be noted that both stud-
ies employed different cell lines except for TC-71, and
none determined HIF-1-a mRNA levels [48, 65]. Man-
carella et al. described insulin like growth factor 2 mRNA
binding protein 3 (IGF2BP3) as player in the CXCR4
signaling cascade [66] and concurred with Krook et al
on the relatedness of CXCR4 to hypoxia in EwS [48, 66].
Furthermore, the neuropeptide Y (NPY) pathway seemed
to be active in EwS cells that were exposed to hypoxia
[67, 68]. In fact, NPY seems to be a key molecule for the
regulation of the EwS cell phenotype under hypoxia since
it confers to them migration potential and cancer stem
cell properties [68, 69]. Most importantly, the hypoxia-
induced activation of the NPY/Y5 receptor (Y5R) path-
way results via Rho-A over-activation in cytokinesis
failure [69]. The originating polyploid EwS cells exhibit
an aggressive phenotype with high chromosomal insta-
bility (CIN), bone invasiveness and chemotherapy resist-
ance [69]. Finally, it should be noted that mutations
in TP53 and other genes were shown to influence the
hypoxic phenotype of cancer cells [70]. Although there
are no specific data on this aspect available for EwS, it
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is important to mention that TP53 mutations are com-
monly found in cell line models, but only in 5% of pri-
mary EwS tumors [24], wherefore studies on HIFs and
hypoxia in EwS cell lines may be more presentative for
this rare, but high-risk, patient population.

Hypoxia and/or HIF-1-a activity and therapy

and resistance in EwS

Hypoxia and HIFs and prognostic markers in EwS
Therapeutic options to target hypoxia in childhood can-
cers have been recently reviewed and the urgent need for
prognostic markers to evaluate hypoxia in the pediatric
setting has been highlighted [21]. Therefore, expression
of HIF-1-a, HIF-2-a, and their downstream targets such
as VEGE, GLUT1, carbonic anhydrase 9 (CA9), phos-
phoglycerate kinase 1 (PGK1), and lysyl oxidase (LOX)
was evaluated and their association with prognosis and
chemotherapy-response seemed to vary between pediat-
ric cancer entities [21]. In this review, we evaluated the
correlation of gene expression levels and survival in our
cohort of 156 EwS patients and identified high HIF-1-a
and GLUT1I expression to be significantly associated with
worse prognosis (Fig. 2), which was not observed for
PGK1, LOX, HIF-2-a, VEGF, and CA9 (not shown). Our
results are in line with the notion of Bernauer et al., that
i) genes related to HIF signaling could serve as prognos-
tic markers, and ii) the relationship between these genes
and survival probably depends on the specific tumor
type [21]. Regarding HIF-1-a expression at the mRNA
level (n=156), our data is in contrast with Knowles et al.
who did not find a correlation between HIF-1-a expres-
sion and survival at the protein level in their EwS patient
cohort [36]. Besides the possible difference between the
mRNA and protein level, one additional explanation
could be that the cohort of Knowles et al. cohort was
perhaps too small (n=56) to detect a significant differ-
ence in survival between HIF-1-a high and low express-
ing tumors. Most interestingly, HIF-1-a’s downstream
effector GLUT1 was associated to reduced survival in our
cohort with very high significance, suggesting GLUT1 as
potential biomarker for EwS prognosis (Fig. 2).

Hypoxia and/or HIF-1-a activity and therapy in EwS

Targeting hypoxia in EwS treatment has been proposed
since more than a decade [27, 28] and corresponding
preclinical and clinical studies have been conducted.
Preclinically, the Ras inhibitor salirasib reduced EwS
growth and migration in vitro and in vivo [31]. Interest-
ingly, salirasib also reduced HIF-1-a and EWSR1:FLI1
protein levels in vivo, suggesting its therapeutic poten-
tial in EwS treatment [31]. However, there are no clinical
trials for salirasib in pediatric patients so far. Further-
more, melatonin induced hydroxylation and inactivation
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Fig. 2 Elevated HIF-1-a and GLUTT expression correlates with worse overall survival in EwS patients. Kaplan—Meier survival analyses in 156 EwS
patients based on HIF-7-a and GLUTT expression levels (cut-off defined as best percentile, log-rank test). Microarray data were retrieved from the
Gene Expression Omnibus (accession codes: GSE63157, GSE34620, GSE12102, GSE17618) and normalized using Robust Multiarray Average (RMA)
using custom brainarray chip-description files (v20). Batch effects were removed with ComBat. Tumor purity was assessed using the ESTIMATE
algorithm. Only samples with a tumor purity >60% corresponding to The Cancer Genome Atlas (TCGA) standard were included in survival analyses

of HIF-1-a in EwS cell lines, leading to reduced aerobic
glycolysis, increased reactive oxygen species (ROS) lev-
els, and apoptosis [71]. Melatonin was well tolerated by
pediatric patients in a dose-escalation study [72] and
could be a promising candidate for further clinical inves-
tigation. Additionally, EI Naggar et al. found that the class
I histone deacetylase (HDAC) inhibitor MS-275, also
named etinostat, inhibited YB-1 binding to target gene
transcripts and constrained translation of stress-adaptive
proteins, among them HIF-1-a [73]. Even though the
report focused on NFE2 like bZIP transcription factor 2
(NFE2L2) as mechanistic explanation for the in vivo anti-
tumor effects of MS-275 in EwS, the fact that MS-275
also decreased HIF-1-a translation should not be over-
looked [73]. MS-275 was well tolerated in the pediatric
setting, including EwS patients, and one study reported
stable disease for one year under MS-275 treatment
in a EwS patient [74, 75]. Further studies are needed to
evaluate the therapeutic potential of MS-275 in EwS
patients, potentially also in combination treatment. As
mentioned above, the role of Src in hypoxic EwS cells is
currently discussed and Bailey et al. demonstrated that
dasatinib, a Src inhibitor, decreased EwS motility and
invasion [33]. Yet, two caveats for the use of dasatinib
are that i) it seemed not to inhibit proliferation rates in
EwS cell lines and ii) the strong rebound effects that have
been observed in vitro [33] which suggest that dasatinib
should be combined with other drugs for EwS treatment.
In line with this, single agent therapy with dasatinib was
not efficient in EwS patients in a phase II study [76] and a
phase I/1I study testing the combination of dasatinib with
additional chemotherapeutics in pediatric solid tumors
is ongoing (NCTO00788125). Furthermore, the CXCR4
signaling axis that is probably linked to hypoxia in EwS
has been identified as therapeutic target to reduce EwS
migration [48]. In a phase I/1I study, the CXCR4 inhibitor

plerixafor was well tolerated by pediatric patients, includ-
ing patients with EwS [77]. However, plerixafor currently
is only used as drug to mobilize hematopoietic stem cells
from the bone marrow [77] and potential effects on EwS
growth and metastasis have not been investigated clini-
cally yet. Of note, bevacizumab, a monoclonal antibody
against the HIF-1-a-downstream target VEGE, showed
promising anti-tumor effects in combination treatment in
EwS in two clinical studies [78, 79]. Additionally, studies
in glioma cell lines and patient-derived colon cancer xen-
ografts showed that irinotecan, which is known as DNA
damaging anti-cancer agent, can downregulate HIF-I-a
mRNA and protein levels [80—82]. This sheds light on the
potential mode of action of irinotecan in EwS treatment,
where it is already successfully applied [83—86]. Lastly,
geldanamycin, which indirectly inhibits HIF-1-a, was tol-
erated in a phase I study by pediatric patients, including
EwS patients [21, 87]. However, it remains unclear if this
drug has anti-tumor efficiency in EwS and further stud-
ies are ongoing (NCT00093821). In summary, available
preclinical and clinical data support the notion that tar-
geting hypoxia, HIF-1-a, and their associated pathways
represent a promising therapeutic strategy in EwS. In this
context, drugs targeting hypoxia could be especially use-
ful as an addition to the standard chemotherapeutics in
EwS treatment [21, 78, 79]. However, phase II/III studies
of hypoxia-targeting drugs in EwS are still missing, and
further research in this field is urgently needed.

A summary of therapies in the context of hypoxia and
HIFs in EwS is given in Table 2.

Hypoxia and/or HIF-1-a activity and therapy resistance

in EwS

Hypoxia-induced drug resistance is a well-established
concept [21, 88] that has been explored also in EwS.
For example, Batra et al. found that hypoxia impairs
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Drug Mode of action Preclinical data in EwS Clinical data in pediatric EwS Reference(s)
patients
Salirasib Ras inhibitor In vitro and in vivo growth and  Not tested in pediatric patients Hameiri-Grossman et al., 2015
migration inhibition
Reduction of HIF-1-a levels
in vivo
Melatonin Hydroxylation and inactivation  Induction of ROS and apoptosis Phase | study tested tolerabil-  Sanchez-Sanchez et al,, 2015

Etinostat/ MS-275

Dasatinib

Plerixafor

Bevacizumab

Irinotecan

Geldanamycin

Imatinib

of HIF-1-a

Inhibiton of HIF-1-a translation
via inhibition of YB-1 binding to
HIF-1-a mRNA

Src inhibitor

CXCR4 inhibitor

VEGF monoclonal antibody

DNA damaging agent

Indirect inhibition of HIF-1-a

Tyrosine-kinase inhibitor

in vitro, inhibition of glycolysis

Reduction of metastasis in vivo

In vitro inhibition of migration
and invasion, no inhibition of
proliferation

In vitro inhibition of migration
and invasion

No data in EwS available
Reduced HIF-1-a levels in
glioma and colon cancer

In vitro reduction of HIF-

1-a protein levels that were
induced under hypoxia

(£ metformin)

In vivo reduction of metastasis
in combination treatment with
metformin

ity in pediatric patients with
relapsed solid tumors, no EwS
patients included

Phase | studies show tolerability
in pediatric patients including
EwsS patients

Phase Il study showed no effi-
ciency as single agent in EwS
Phase /Il study on combina-
tional treatment in children
with solid tumors ongoing

Phase I/l study demonstrated
tolerability in pediatric patients
including EwsS patients

Tolerability and responses in
EwsS patients treated with a
combination treatment includ-
ing Bevacizumab

Tolerability and efficacy of
combined regimens including
irinotecan in advanced EwS
patients

Phase | study demonstrated
tolerability in pediatric patients
including EwS patients

Phase Il studies demonstrated
tolerability but no efficacy of
imatinib as single agent ther-
apy in relapsed EwsS patients

Johnston et al.,, 2019

El-Naggar et al., 2019
Bukowinski et al., 2021
Gore et al., 2008

Bailey et al., 2016
Schuetze et al,, 2016
NCT00788125

Krook et al., 2014
Morland et al,, 2020

Kuo et al., 2017
Wagner et al.,, 2013

Casey et al,, 2009
Kurucu et al.,, 2015
Salah et al., 2021
Xuetal, 2021

Bagatell et al., 2007
Bernauer et al., 2021
NCT00093821

Nan et al., 2020
Chugh et al,, 2009
Bond et al., 2008

fenretinide (4-HPR) therapy in EwS through the upregu-
lation of acid ceramidase, which fosters the conversion
of pro-apoptotic ceramid species into the pro-survival
molecule sphingosine-1-phosphate [89]. Through com-
bination with safingol, the anti-tumor effect of 4-HPR
under hypoxic in vitro conditions could be reestablished
[89]. A clinical phase I study defined the maximal tol-
erated dosage of oral 4-HPR in pediatric patients with
high-risk solid tumors, which included five EwS patients
[90]. 4-HPR was well tolerated and stabilized tumor
growth in one of the five EwS patients [90]. The suggested
combination of 4-HPR with safingol [89] could prob-
ably improve therapy effectiveness, but still needs to be
investigated. As another example, metformin promis-
ingly reduced proliferation of EwS cells and sensitized
them to chemotherapeutics in vitro, such as vincristine
and doxorubicin [91]. However, in vivo experiments did

not show any reduction in tumor proliferation through
metformin, neither as single agent therapy nor in com-
bination with other chemotherapeutics [91]. In fact,
hypoxia, which was present in vivo but not in vitro,
counteracted the anti-proliferative effects of metformin
that were observed in vitro [91]. Accordingly, hypoxia
had a substantial impact on EwS therapy options imply-
ing that more physiological-like cell culture methods in
the field of EwS and drug discovery are urgently needed.
Most interestingly, Nan et al. found that imatinib could
reverse hypoxia-induced resistance of EwS cells to met-
formin, most probably via inhibition of HIF-1-a activ-
ity [39]. Hence, concomitant application of metformin
and imatinib reduced EwS proliferation and metastasis
in vitro and in vivo and suggested this combination as a
powerful new therapeutic approach in EwS [39]. How-
ever, imatinib as single agent therapy was not effective in
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EwS patients in two phase II studies conducted so far [92,
93]. Currently, metformin as addition to chemotherapy is
tested for children with solid tumors in a phase I study
(NCT01528046) as well as its potential use for mainte-
nance therapy of children and adults with bone sarcoma
(NCT04758000). Furthermore, Kilic et al. found GLUT1
expression downstream of HIF-1-a as well as the PI3K/
Akt pathway that contributed to resistance of EwS cell
line A-673 to chemotherapeutics such as doxorubicin,
vincristine, and actinomycin D under hypoxia [34, 44].
Of note, the A-673 cell line is a p53 deficient cell line,
but the same hypoxia-induced drug resistance was also
observed in the p53 wildtype rhabdomyosarcoma cell
line A204 [34, 44]. Further evidence for the involvement
of the PI3K/Akt pathway in hypoxia-induced drug resist-
ance in EwS is that the tyrosine kinase inhibitor imatinib
reduced HIF-1-a levels in EwS cells and thereby reversed
hypoxia-induced resistance to metformin [39]. Moreo-
ver, Magwere et al. demonstrated that hypoxia-induced
drug resistance in EwS was heterogenous across different
chemotherapeutics and cell lines, thus adding complex-
ity to the topic [37]. Of note, glutathione (GSH) levels in
response to hypoxia were also heterogenous across EwS
cell lines, indicating that the GSH antioxidant system is
probably not ideally suited for therapeutic targeting of
hypoxia-induced drug resistance in EwS [37]. Finally,
a recent study uncovered the NPY/Y5R-RhOA axis as
potential mechanism of hypoxia-induced chemoresist-
ance in EwS [69]. The authors demonstrated that Y5R
inhibition successfully reduced hypoxia induced EwS
disease recurrence in bones in vivo and thereby strongly
underlined the rationale for targeting the hypoxic cell
population within a EwS tumor [69].

Hypoxia and/or HIF-1-a activity and EwS
metabolism

One of the hallmarks of cancer is the reprograming of the
energy metabolism, to fuel its uncontrolled cell growth
[94]. In EwS, EWSRI:FLI1 mediated upregulation of
enzymes involved in serine-glycine biosynthesis [95-97]
and glucose metabolism [98, 99], as well as increased
expression of glutamine transporters [96]. Furthermore,
EWSR1:FLI1 inhibited the breakdown of tryptophan in
the kynurenine pathway thus hindering aryl hydrocarbon
receptor (AHR) signaling [100]. HIF-1-a is known to play
an important role as a regulator of cancer metabolism,
mainly through shifting it from an oxidative to a glyco-
lytic form [14, 101]. In cancer cells reciprocal upregula-
tion exists between HIF-1-a and glycolysis [101, 102].
Furthermore, HIF-1-a-mediated induction of glycolytic
enzymes can arise independently from hypoxia, possi-
bly explaining the Warburg effect [14]. Along these lines,
aerobic glycolysis, characteristic of the Warburg effect,
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was found in EwS cell lines but not in chondrosarcoma
or non-malignant cell lines [71, 98, 103]. Moreover, a
direct link between HIF-1-a and aerobic glycolysis in
EwS cells [71] as well as a direct link between hypoxia
and GLUT-1 expression and glucose uptake [34, 36] have
been described. Additionally, when EwS cell lines were
exposed to low glucose levels, a significant increase in
HIF-1-a and HIF-2-a expression was found [36], illustrat-
ing again the potential for hypoxia-independent upregu-
lation of HIF-1-a in EwS cells. Nevertheless, it is not
yet elucidated if and how EWSR1::FLI1 and HIF-1-a act
together to change EwS metabolism and how this may be
potentially exploited for targeted therapies.

Hypoxia and/or HIF-1-a activity and acidosis in EwS
Increased glycolysis leads to intracellular and extracel-
lular acidification and thus contributes to tumor acido-
sis, which was shown to be true in bone sarcomas [104].
Accordingly, HIF-1-a signaling seemed to be crucial in
these events, regardless of whether HIF-1-a activation
happened due to hypoxia or not [104]. Most interest-
ingly, DiPompo et al. suggested that tumor acidosis could
reciprocally influence HIF-1-a levels in bone sarcomas,
for example via pH-dependent nucleolar sequestration of
von Hippel-Lindau tumor suppressor (VHL) or nuclear
factor kappa B (NF-kB) signaling, and for the later one
evidence has already been found in osteosarcoma cells
[104]. Avnet et al. found that EwS cells employed the
V-ATPase proton pump to maintain pH homeostasis
during tumor acidosis, suggesting V-ATPase as potential
target for EwS treatment [103]. All in all, little is known
about the role that hypoxia and HIF-1-a signaling play in
EwS tumor acidosis, however the discussed studies sug-
gest that further research in this field could open new
therapeutic opportunities.

Hypoxia and/or HIF-1-activity and EwS metastasis

The presence of metastasis at diagnosis is the strongest
predictor for poor outcome in EwS [24]. Metastasis is a
complex process selecting for highly aggressive tumor
cells through sequential steps including exit and migra-
tion from the primary tumor, penetration of blood ves-
sels, survival through circulation, and adaptation to
distant organs, where cells must adjust to tissue-spe-
cific microenvironmental signals [105]. In this context,
hypoxia and HIF-dependent signaling are emerging as
key microenvironmental promoters of metastasis [69,
106]. In fact, the amount of tumor ischemia was linked
to increased metastasis in EwS patients [32]. High HIF-
1-a expression was shown to correlate with sarcoma
metastasis in in situ and in vivo murine models; poten-
tially due to HIF-1-a-mediated orchestration of collagen-
associated tumor cell transportation and penetration into
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the vasculature [107]. In EwS, HIF-1-a transcriptional
activation was mediated by YB-1 and lead to increased
invasive and metastatic potential in vivo [46]. Interest-
ingly, targeting YB-1 by increasing acetylation using the
class I HDAC inhibitor MS-275 proved to enhance oxi-
dative stress and decrease metastatic potential in vivo
[73]. Additionally, hypoxia contributed to EwS metas-
tasis by transforming NPY from a cell death mediator
into a growth- and migration-promoting factor through
selective regulation of its Y2R/Y5R receptors [68, 108].
In this context, EwS patients with higher systemic NPY
levels in serum showed worse malignancy features [109].
Specifically, EwS tumors that were subjected to hypoxia
developed a high capacity to metastasize to the bone
niche and Y5R inhibitors reduced bone invasiveness and
bone metastasis in EwS in vivo [69]. Finally, the above
discussed combination of metformin with imatinib for
EwS treatment inhibited the formation of metastases in
an in vivo murine model [39]. In summary, these stud-
ies show that several mechanisms of metastasis in EwS
are mediated by hypoxia and HIF-dependent signaling,
which opens new inroads for therapeutic targeting of
tumor progression.

Hypoxia and/or HIF-1-a activity and EwS
vasculature
EwS employs three different strategies to promote the
expansion of the vasculature: i) angiogenesis, ii) vasculo-
genesis and iii) tumor cell vascular mimicry [110].
Angiogenesis is the sprouting of new vessels from pre-
existing ones and develops in response to tumor hypoxia
[111]. EwS cells replying to hypoxia promoted the release
of angiogenic factors form the surrounding stroma and
additionally expressed themselves VEGF, CXCR4, and
fibroblast growth factors (FGFs) to bring on the angio-
genic switch [112]. One key regulator in this process was
the zinc finger WT1 transcription factor (WT1) [113]:
WT1 was upregulated in response to hypoxia, directly
induced transcription of VEGF and thus assisted in angi-
ogenic activities and tube formation of endothelial cells
in EwS [113]. Vasculogenesis is the process in which bone
marrow (BM) cells, endothelial cells, and pericytes/vas-
cular smooth muscle cells (vSMC) organize to form the
tumor vascular network [114]. A downregulation of delta
like canonical Notch ligand 4 (DLL4) was correlated with
reduced pericytes/vSMCs covering of the vessels, mak-
ing them leak and increasing EwS hypoxia [115]. Fur-
thermore, repressor element 1-silencing transcription
factor (REST), was identified to be a key regulator of EwS
vessel proficiency. Intriguingly, low expression of this
EWSR1:FLI1 target gene impaired EwS vessel morphol-
ogy and increased tumor hypoxia [116, 117]. Lastly, the
ability of tumor cells to form microvascular channels in
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hypoxic microenvironments is called ‘vascular mimicry’
[118]. HIF-1-a was highly expressed by EwS cells around
blood lakes and could drive vascular mimicry in those
tumor cells [119]. Additionally, EwS cells surrounding
blood lakes also expressed Y2R, implying involvement
of Y2R and NPY in EwS vascular mimicry [68]. In sum-
mary, hypoxia and HIF-1-a have been found to promote
vascular expansion in EwS throughout different mecha-
nisms, highlighting their potential therapeutic value in
EwS treatment.

Hypoxia and/or HIF-1-a activity and EwS
endochondral ossification

EwS mainly arises in bones [24] and hypoxia plays an
important role during bone development, specifically the
process of endochondral ossification (ECO) [120, 121]. In
fact, hypertrophic chondrocytes must overcome hypoxia
to enable bone maturation, which they do via HIF-1-a
signaling and induction of VEGF [120, 121]. This presence
of angiogenic factors in the microenvironment could ulti-
mately create a well-suiting soil for Ewing sarcomagene-
sis [25, 111]. Furthermore, evidence exists for crosstalk of
EWSRI1:FLI1 with diverse transcription factors of bone
development, such as induction of SRY-box transcription
factor 6 (SOX6) through EWSR1::FLI1 [122], the direct
binding of EWSR1:FLI1 to RUNX family transcription
factor 2 (RUNX2) [123, 124], and the indirect influence of
EWSRI1:FLI1 on SRY-box transcription factor 9 (SOX9)
regulation [125]. On a similar note, association of SOX6
and SOX9 expression with hypoxia/HIF-1-a has been
found in the context of bone formation [126, 127]. Based
on these findings we suggest ECO-related hypoxia/HIF-
1-a signaling as potential determinants in EwS pathogen-
esis, yet more research in this field is needed. Of note,
the bone niche and the associated hypoxic conditions
as key factors influencing EwS pathophysiology have
already been discussed [25-27]. Accordingly, hypoxia as
an integral part of the bone microenvironment attracted
EwS cells that had previously been subjected to hypoxia
to metastasize specifically to the bone niche in vivo but
not to other compartments [69]. Furthermore, inhibi-
tion of the Y5R precisely reduced bone metastasis in vivo
but not metastasis in other locations [69]. This under-
lines the important role of the TME and indicates intra-
tumoral heterogeneity among EwS tumor cells [69, 108].
Interestingly, hypoxia was key to generate EWSR1::FLI1-
driven EwS models from human mesenchymal stem cells
derived from a EwS patient [128]. Finally, hypoxia and/
or HIFs play a major role for osteoclast stimulation dur-
ing bone resorption [129] and extensive osteolytic bone
destruction has been called a principal characteristic of
EwsS [27].
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Hypoxia and/or HIF-1-a activity and exosomes

in EwS

Investigating the nature and role of tumor exosomes in
sarcoma development has recently gained more atten-
tion [130]. Kling et al. addressed the effect of hypoxia
on EwS exosomes and found that the cargo of hypoxic
EwS exosomes contained elevated microRNA 210 levels
in comparison to EwS exosomes secreted by normoxic
cells [35]. In fact, these hypoxic EwS exosomes enhanced
survival and sphere formation capacity in normoxic EwS
cells when co-cultured [35]. Consequently, hypoxic EwS
cells seem to be able to influence the non-hypoxic cells
within the same tumor, adding to the complexity of the
hypoxic EwS TME.

Hypoxia and/or HIF-1-a activity and chromosomal
instability in EwS

CIN as continuing errors in chromosomal segregation
during successive cell divisions [131] is a common phe-
nomenon across cancer entities including EwS [69, 131].
The resulting genomic instability promotes tumor cell
adaptation to harsh environmental conditions and prob-
ably confers aggressiveness to EwS tumors [69]. Most
interestingly, hypoxia causes CIN and aneuploidy in EwS
cells via the NPY/Y5R-RhoA-axis [69]. This might ulti-
mately increase EwS disease recurrence and metastatic
potential [69]. Of note, EwS cells that were exposed to
hypoxia keep their tendency for mitotic segregation
errors and CIN even upon reoxygenation, indicating that
EwS cells keep a cellular memory of having been exposed
to hypoxia [69].

HIF-1-b and EwS

HIF-1-b, also known as ARNT, is not only the dimeriza-
tion partner of HIF-1-a, but also of additional transcrip-
tion factors, including AHR, single minded proteins
(SIM), and c-Jun proteins [17, 132]. Upregulation of
ARNT/HIF-1-b has been associated with multiple types
of cancer [133-135]. In fact, ARNT locates to chromo-
some region 1q21, which is found amplified in different
tumors, including EwS [136-139]. Regarding the role
of ARNT in EwS, one study demonstrated that ARNT
could contribute to proliferation, antiapoptotic capaci-
ties and angiogenesis of EwS cells [140]. Of note, signal-
ing of ARNTSs dimerization partner AHR has been shown
to contribute to tumor progression and low survival in
chronic lymphocytic leukemia and glioma patients [141].
In EwS, interactions of EWSR1::FLI1 with the AHR sign-
aling pathway have been proposed [100]. However, it is
not clear which role ARNT plays in this context, yet these
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findings could suggest ARNT as potential target for EwS
therapy.

Conclusion

This review summarizes emerging evidence that hypoxia
and HIF signaling are involved in EwS pathophysiol-
ogy in multiple ways, e.g., in migration and metastasis,
metabolism, and formation of vasculature, highlight-
ing the importance of studying them. Based on previous
reports, we introduced the concept of viewing hypoxia
and HIFs independently from each other when looking at
molecular interactions of HIF-1-a and EWSR1::FLI1, yet
this hypothesis needs to be further validated. Addition-
ally, have shown in our EwS patient cohort that expres-
sion of HIF-I-a and downstream targets is associated
with worse prognosis, underlying the clinical relevance of
hypoxia and HIFs in EwS. Lastly, preclinical, and clinical
studies give proof that therapeutic targeting of hypoxia,
HIFs, and associated pathways could improve the out-
come of EwS patients. This is specifically true for com-
bination therapies [21, 78, 79] implying that rational
treatment combinations connecting anti-HIF/hypoxia
agents with other therapeutics are likely to produce the
strongest improvement, which is especially relevant for
EwS patients with metastatic or relapsed disease [24].
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EwsS Ewing sarcoma

HIF-1-a Hypoxia inducible factor 1 subunit alpha
TME Tumor microenvironment

HIF Hypoxia inducible factor

HRE Hypoxia response element

VEGF Vascular endothelial growth factor
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GLUT-1)

PI3K Phosphatidylinositol-4,5-bisphosphate 3-kinase

Akt AKT serine/threonine kinase 1

MAPK Mitogen-activated protein kinase

PTEN Phosphatase and tensin homolog protein

HIF-1-b Hypoxia inducible factor 1 subunit beta

ARNT Aryl hydrocarbon receptor nuclear translocator

EWSR1 Ewing sarcoma breakpoint region 1 protein

FLIT Friend leukaemia integration 1 transcription factor
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CXCR4 C-X-C motif chemokine receptor 4
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Src SRC proto-oncogene
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YB-1 Y-box binding protein 1
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GDF6 Growth differentiation factor 6
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HDAC Histone deacetylase



Ceranski et al. Molecular Cancer (2023) 22:49

NFE2L2 NFE2 like bZIP transcription factor 2
4-HPR Fenretinide
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NF-kB Nuclear factor kappa B

FGF Fibroblast growth factor

WT1 WT1 transcription factor

BM Bone marrow

vSMC Vascular smooth muscle cell
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RUNX2 RUNX family transcription factor 2
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