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Chapter 1

EWING SARCOMA

Ewing sarcoma (EWS) is a malignant round cell tumor occurring predominantly in bone
in children and young adolescents and to a lesser extent in soft tissue and occasionally organ
based [1]. EWS is the third most common primary bone sarcoma with an incidence of three
per million in this patient group [2]. It is slightly more common in male than female (1.4:1)
and majority of patients are Caucasians [3]. It was first recognized by Liicke in 1866 and af-
terwards reported by Hildebrand and Marckwald at the end of the nineteenth century [4,5].

Ewing designated new attention to the tumor, popularized it by giving it the entity ‘diffuse
endothelioma of bone’ as a descriptive name and in detail described the morphology as lit-
tle differentiated round cell tumor which was highly vascularized [6]. The use of intensive
chemotherapy, radiotherapy and surgery increased the three year event free survival in pa-
tients diagnosed with a localized disease to 75.4% [7]. However, 15% to 30% of the patients
have metastases at diagnosis and, together with patients with a recurrent disease, have a poor
survival of about 30% [8,9].

Figure 1: James Ewing and a by him published image of an Ewing sarcoma demonstrating
blood sinuses lined by tumor cells, adapted from Ewing J. [6].

CLASSIFICATION OF EWING SARCOMA

Since EWS shows very little differentiation with the exception of some degree of neurogenic
differentiation in some cases, the cellular origin of tumor still remains enigmatic. Based on
clinical presentation, several clinical entities have been described such as peripheral primitive
neuroectodermal tumor (PNET) and Askin tumor. However, in the latest WHO classification
all separate clinical entities are unified to EWS characterized by its pathognomonic chromo-
somal translocation [1]. The translocation fuses at the 5" end the EWSRI gene, located on
chromosome 22, with a gene of the ETS transcription factor family at the 3’ end. The most
common 3’ end partner is, with 85%, the on chromosome 11 located gene Friend leukemia
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virus integration site 1 (FLI1), followed by the ETS-related gene (ERG) on chromosome 21
with 10% [10,11]. More sporadic 3’ end partners are ETVI, ETV4 and FEV [1]. The inciden-
tally detected FUS-ERG fusion gene in a EWS patient demonstrates that, like the 3’ end part-
ner gene the 5’ end partner is interchangable [12]. Gene fusion involving non-ETS gene or
genes neither TET nor ETS genes with histopathological features of EWS have been recently
reported involving EWSRI-NFTAC2, BCOR-CCNB3 or CIC-DUX4 genes. These entities are
collectively being grouped as Ewing-like sarcoma [13-15].

TUMOR MICROENVIRONMENT OF EWING SARCOMA

The EWSRI-ETS fusion gene is, besides the genetic marker of EWS, also the oncogenic
driver [16]. The EWSRI, a housekeeping gene, has an RNA binding domain on the 3’ end
and a transactivation domain at the 5’ end with yet not well-defined functions. The 3’ end of
the ETS gene included the fusion contains a DNA binding domain and acts as a transcription
factor. The chimera protein has a preferential binding to GGAA repeats modulating gene ex-
pression of nearby genes [17,18]. The fusion protein interferes with various fundamental cel-
lular processes including expression, splicing and protein signaling resulting in a malignant,
aggressive growth and highly vascularized phenotype [19-21]. Such a phenotype is often the
result of an extensive interplay between the tumor cell and its microenvironment. The tumor
microenvironment consists of extracellular matrix, blood vessels, stromal cells, monocytes
and leukocytes [22]. The tumor microenvironment is crucial for the tumor to metastasize and
for blood vessel growth (angiogenesis) [23]. Main players in facilitating the interaction within
the tumor microenvironment are chemokines with at least four major features: 1) attraction
of endothelial cells and pericytes leading to angiogenesis; 2) paracrine or autocrine stimula-
tion signaling leading to tumor cell proliferation and 3) increased tumor cell migration and
invasion and 4) influence of the immune response.

CHEMOKINES

Chemokines are small chemoattractive proteins, which vary from eight to ten kDa in
their molecular weight. Based on the presence of four conserved cysteine residues they can
be divided in subfamilies depending on their cysteine pattern as CXC, CC, CX,C and XC
chemokines [24]. The CXC subfamily can be further subclassified as ELR and ELR* (glutamic
acid-leucine-arginine) amino acid motif containing chemokines where ELR* (CXCL1, 2, 3, 5,
6 and 8) are angiogenic and ELR- chemokines (CXCL9, CXCL10 and CXCL11) are angiostatic
[24,25]. Besides angiostatic, CXCL9 and CXCL10 are T-cell attractants and protein expression
levels of CXCL9 and CXCL10 in EWS correlated with increased number of cytotoxic T-cells
and a better patient survival [26]. Immunotherapy to stimulate the attraction of immune cells
and to improve the immune response in EWS were successfully applied in in vitro studies pro-
viding a promising ground for novel immunotherapy approaches for EWS patients [27-29].

CXCR4 SIGNALING

Most chemokines and receptors are expressed by specific cells and are involved in some of
the four major processes in the tumor microenvironment; angiogenesis, proliferation, me-
tastasis and immune system recognition. Stromal derived factor 1 (SDF-1/CXCL12) and its
receptor CXCR4 are exceptions since they are widely distributed across the body and involved
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in the regulation of all four main tumor microenvironmental processes. [30,31]. Moreover,
overexpression of CXCR4 receptors in tumors is frequently associated with increased meta-
static propensity and poor clinical outcome [31-33]. Various downstream signaling pathways
of CXCR4 mediate its diverse functions (Figure 1). CXCL12 binding to CXCR4 leads to acti-
vation of the receptor which then activates an associated G protein leading to the activation of
the migration associated protein kinase C and cofilin pathway and the proliferation stimulat-
ing PI3K-Akt and RAS-MAPK-ERK pathways [30,34]. After ligand binding, CXCR4 is phos-
phorylated at the C-terminus and recruits Beta-arrestins. Depending on the type of recruited
beta-arrestin, these either desensitize the G protein activation or transduce the activation
signal towards RAF-MEK-ERK pathway [35]. The desensitization of CXCR4 activation is fol-
lowed by internalization of the receptor leading to either recirculation or degradation [36,37].
Endocytosis and recycling of the receptor are vital for proper functioning of CXCR4 [38].
Recent reports suggest that the internalization of the receptor and its downstream signaling
are connected to each other [39,40].

o
bl

Endocytosis

/\ Adenyl Desensitization
G \ -

Bac e Raf

- > *
ERK1/2

B Bad Y
NEcE
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Chemotaxis Transcription Survival Transcription
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Figure 2: CXCR4 downstream signaling, adapted from Lauren E. Woodard and Sridhar
Nimmagadda et al.[41].

WHOLE TRANSCRIPTOME ANALYSIS OF CHEMOKINES

The chemokine field is still in development and novel chemokines and chemokine recep-
tors have recently been identified [42-44]. In addition, alternative splicing of chemokines and
chemokine receptors forms novel isoforms with other or additional functions [45-48]. Whole
transcriptome sequencing, next generation sequencing of the RNA, of tumors elicits the iden-
tification of novel splice variants. Whole transcriptome sequencing is an unbiased approach
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since it uses adapters to sequence the complete RNA, both coding and non-coding. When
analyzing the mapped paired-end novel splice variants and their sequence can be determined.
In addition it can be used to quantify the splice variants expressed.

AIM OF THE STUDY AND OUTLINE OF THIS THESIS

The aim of this study was in depth investigation on the presence of chemokines and their
role in the tumor microenvironment of EWS and the clinical usability of the chemokines as
predictive and/or prognostic markers in EWS.

Detailed characterization of EWS and the effect of the fusion protein on the tumor cellular
processes at DNA, RNA and protein level is needed to unravel the interactions with its tumor
microenvironment. When this interplay is better defined it might lead to identification of
new therapeutic targets and predictive and prognostic candidate markers. Recent advances in
the sequencing has helped to fulfill this characterization of EWS at genome, epigenome and
transcriptome level. In Chapter 2 a comprehensive compilation/overview is given of all the
reported sequencing studies in EWS. The results of these studies were put in clinical perspec-
tive by linking them with treatment efficacy of existing therapies against EWS. In additional,
novel potential targeted therapies and immunotherapies were reported which were identified
or strengthened by the sequencing results.

The role of chemokines in the immune microenvironment in EWS was partially studied
previously by us. We extended the understanding of EWS its immune microenvironment
with the role of the T-cell attracting chemokine CCL21 in EWS (Chapter 3). CCL21 is, be-
sides its T-cell attracting ability, of interest since CCL21 activation-based immunotherapy is
tested in a clinical trial for non-small cell lung cancer.

The highest expressed chemokine receptor in EWS found so far is CXCR4. In Chapter 4
we focused on the role of the CXCR4 network in EWS by investigating the in vitro and in
vivo expression of the CXCR4-CXCR? axis genes and of the two described isoforms CXCR4-1
and CXCR4-2. The obtained levels were correlated to clinical parameters in two independent
cohorts.

Since the EWSRI1-ETS fusion protein alters splicing, alternative splicing of CXCR4 was ana-
lyzed by whole transcriptome sequencing. This has led to identification of the 2 new CXCR4
isoforms (Chapter 5). Detailed characterization of the function of the two novel isoforms
were performed and presented.

CXCR4 has various signaling pathways and CXCR4 localization and protein dynamics is
important in regulating its activity. Earlier EWS studies demonstrated contradictory results
between RNA and protein expression in metastases. Since only cell membrane located CXCR4
is able to be bound and activated by a ligand, we studied the CXCR4 cell membrane expres-
sion in EWS by using a peptide-based method (Chapter 6). With this method CXCR4 cell
membrane expression in EWS cell lines could be determined qualitatively and quantitatively.
As the receptor was internalized upon binding the peptide, we synthesized and validated in
vitro and in vivo a CXCR4 endocytosis tracker based on the previous used peptide combined
with a FRET (Forster resonance energy transfer) dimer, to track the internalized receptor and
study the endocytosis of CXCR4 (Chapter 7). In the FRET dimer Cy5 and Cy3 fluorophores
were connected by a disulfide bond which can be reduced intracellularly. Reduction disrupts
the FRET ability of the dimer and the resulting difference in fluorescence intensity can be
measured.

In Chapter 8 the results are summarized and the future perspectives are discussed.
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ABSTRACT

Ewing sarcoma is an aggressive neoplasm occurring predominantly in adolescent
Caucasians. At the genome level, a pathognomonic EWSR1-ETS translocation is present.
The resulting fusion protein acts as a molecular driver in the tumor development and
interferes, amongst others, with endogenous transcription and splicing. The Ewing
sarcoma cell shows a poorly differentiated, stem-cell like phenotype. Consequently, the
cellular origin of Ewing sarcoma is still a hot discussed topic. To further characterize
Ewing sarcoma and to further elucidate the role of EWSR1-ETS fusion protein multiple
genome, epigenome and transcriptome level studies were performed. In this review, the
data from these studies were combined into a comprehensive overview. Presently, classical
morphological predictive markers are used in the clinic and the therapy is dominantly
based on systemic chemotherapy in combination with surgical interventions. Using
sequencing, novel predictive markers and candidates for immuno- and targeted therapy
were identified which were summarized in this review.

KEYWORDS
bone neoplasm; bone tumor; Ewing sarcoma; soft tissue tumor; targeted therapy; epigenet-
ics; tumor microenvironment; immunotherapy; next generation sequencing; splicing

INTRODUCTION

Ewing sarcoma (EWS) is a high-grade sarcoma occurring predominantly in the bones of
children and young adolescents, in which it is the third most common primary bone sarcoma,
following osteosarcoma and chondrosarcoma. In adults, it occurs less frequently, but at this
age, soft tissue and organ related involvement is more common [1,2]. At the cellular level,
EWS has a poorly differentiated, stem cell-like phenotype with some degree of neurogenic
features. These were partly represented by earlier classification as peripheral primitive neuroe-
ctodermal tumors (PNET). In the current World Health Organization (WHO) classification,
however, PNET and a clinical variant of EWS known as Askin tumor, arising in the chest wall,
are all classified as EWS based on the presence of a unifying pathognomonic chromosomal
translocation '. This translocation forms a chimera gene fusing the EWSRI gene with a mem-
ber of the ETS transcription factor family. Of the EWSRI-ETS translocations, EWSRI-FLII
is the most common with 85% of the cases. Other partners of EWSRI are ERG (10%), ETV1,
ETV4 and FEV [2]. No difference in survival was observed between the different transloca-
tion types [2]. There is an increasing body of evidence from tumors with histopathological ap-
pearance of EWS without the involvement of EWSR1 and/or ETS. The clinical relevance of this
Ewing-like tumor family from classical EWS is yet unknown and is studied [3-5]. The incidence
of EWS is three per million and around a nine-fold more in Caucasians compared to Africans
[6]. A suggested genetic explanation for this is the presence of intronic Alu elements (retro-
transposons) located near the breakpoint region. In the African population, an allele which
lacks the majority of the Alu elements has been identified with an allele frequency of 8% [7].
Alu elements are potentially more preferred during recombination and their increase could
increase the chance of a translocation to occur [8]. The lack of Alu repeats may contribute,
but it cannot be the leading mechanism behind the observed difference in tumor incidence.
Furthermore, a similar occurrence in Alu distribution was not observed in other EWSRI
translocation positive sarcomas, like clear cell sarcoma [9]. A large genome-wide association
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study (GWAS) on EWS identified no single-nucleotide polymorphism (SNP) association at
the EWSRI and ETS breakpoints. However, they did find three SNPs; rs9430161 on chromo-
some 1 upstream TARDBP (Tat activating regulatory DNA-binding protein), rs224278 on
chromosome 10 upstream EGR2 (early growth response 2) and rs4924410 at locus 15q15,
which were associated with EWS with odds ratio of 2.2, 1.7 and 1.5, respectively. EGR2 is a
target of EWSR1-FLI1 and TARDBP was proposed to be structurally and functionally similar
to EWSRI1 [10]. Further validation is required for the SNP at 15q15, since multiple genes
are located in close proximity of it. The SNPs on chromosome 10 and 1 were more frequent
present in Caucasians compared to Africans and could thereby be a factor in the differences in
incidence of EWS in different racial patient populations [10]. Recently, another possible cause of
the epidemiologic difference in the occurrence of EWS has been proposed. The EWSRI-ETS
chimeric protein binds to GGAA microsatellites which differ in distribution between Cauca-
sians and Africans. Caucasians have a higher frequency of repeats of 20-30 GGAA elements
compared to Africans, which have a higher frequency of repeats longer than 30 elements. In
a reporter gene assay, the highest EWSR1-FLI1 expression was observed when the GGAA
microsatellite consisted of 20-30 motifs and this was concordant with the EWS target gene
expression in relation to GGAA microsatellite length in EWS cell lines [11,12]. This suggests
that the expression inducible capability of EWSR1-ETS can be larger in Caucasians compared
to Africans.

RELATION BETWEEN EWSR1-ETS AND THE CELL OF ORIGIN OF EWS

There is an ongoing debate on the identification of the cell of origin of EWS. Expression
of the fusion protein leads to more stem cell-like phenotypes and expressions of neuro-ecto-
dermal markers [13]. In addition, EWSRI is expressed in many tissues, its function is poorly
understood and the EWSRI gene is involved in translocations in multiple other tumors [14-
17]. Multiple cells of origin have been suggested, such as mesenchymal stem and neural crest
cells [13,18,19]. In order to shed some light on this debate, the effect of induced expression of
the chimeric protein in non-tumorigenic cells was investigated. It was expected that the trans-
location had a large impact on cell homeostasis and interfered at multiple levels in endog-
enous processes. To study the impact of this gene chimera, primary human fibroblasts were
transfected with an EWSR1-FLI1 construct and that led to a TP53 dependent growth arrest.
This points towards the need of additional (secondary) changes to be able to transform [20].
Likewise, in other studies, which used EWSRI-ETS transfected adult human mesenchymal
stem cells (MSCs), an additional mutation was needed for the cells to form tumors; while trans-
formation was possible using unmodified pediatric MSCs [18,21,22]. Animal models contain-
ing inducible EWSRI-FLII constructs led to phenotypically varying tumors from malignant
peripheral nerve sheath tumors to myeloid/erythroid leukemia [23,24]. These observations
directed towards a hypothesis that certain epigenetic changes might be needed to result in
an EWSR1-ETS driven tumor and that this partly dictates the phenotype of the tumor. The
presently hypothesized cells of origin are MSCs and neural crest cells. This is based on their
capability to endure expression of EWSRI-ETS gene chimera without additional mutations,
and the finding that transient EWSRI-ETS expression leads to a tumor similar to EWS at the
level of expressed cellular markers and micro-array expression data [22,25]. Recently, a new
mouse model has been created to mimic EWS using specific selected cells of the embryonic
superficial zone of the long bones. In these animals, EWS-like tumors developed without any
additional gene modifications. This might be a leap forward in creating a mouse model for
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EWS [19]. To gain further insight into the tumor specific genetic changes multiple massive
parallel sequencing studies were performed at the genome, the transcriptome and the epige-
nome level (Table 1). By combining the results of these studies, researchers may identify land-
scape marks in the EWS OMIC atlas explaining some of the mechanisms behind the behavior
of Ewing sarcoma with the aim to identify new, targeted therapeutic targets These targets can
be validated by combining functional studies and testing In addition, this might shed light on
the cell of origin and secondary events necessary for tumor formation and changes that are
related to a more therapy resistant or more aggressive phenotype.
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GENOME MAP

To identify possible secondary genetic and genomic alterations related to the develop-
ment of EWS and its biology, several groups performed genome-wide studies such as: whole
genome sequencing (WGS), whole exome sequencing (WES) and whole transcriptome se-
quencing (WTS) [26-28]. These three types of studies included WGS of 123 tumor samples
in parallel with the normal tissue derived germline controls, WES of 92 tumors of which 26
with paired normal control and 11 cell lines and WTS of 92 tumors and 42 cell lines resulting
in data about structural rearrangements and variations, somatic mutations and expression
profiles.

For a long time, EWS was known as a genetically stable tumor with rarely occurring ad-
ditional mutations. Only a few genomic changes such as TP53 mutations or CDKN2A/CD-
KN2B deletions were observed in a minority of samples in retrospective studies and they
were reported to be associated with an inferior outcome in a multivariate analysis [29,30].
The search for secondary mutations that provide a permissive genetic background, and might
explain how the EWSR1-ETS chimera protein transforms cells, remained unsuccessful for
over twenty years after the initial identification of the EWSRI-FLII fusion gene [43]. The
goal of the genome sequencing studies was to identify the missing link in this area. Both
WGS and WES studies detected only a very low number of somatic mutations (0.65-0.15 per
Mb) although different statistics for analysis were used [27,28]. Similarly, the low number
of single nucleotide variations (SNV) in EWS has been reported in an earlier study and was,
when compared to other tumors, one of the lowest [29]. Possible causes for the low number
of SNVs could be related to the pathognomonic gene fusion acting as a direct tumor driver,
and to the young age of onset of the tumor with possible fewer gained environmental muta-
tions. Rhabdomyosarcoma (RMS) consists of both fusion gene positive and negative subtypes
and the fusion positive subtype contained significant less mutations compared to the fusion
negative subtype [44]. The number of mutations detected in fusion positive RMS was similar
to EWS.The number of additional mutations correlated with age in both the RMS and EWS,
confirming an age related factor [28,44]. Another retrospective study confirmed that the in-
creased number of somatic mutations was in a univariate analysis correlated to shorter survival
time [27]. This might partly explain why an increased age is correlated with inferior prognosis
in EWS, but it could also be due decreased tolerance to chemotherapy [45,46]. In biopsies,
the most common kind of mutation detected was a C to T transition, which was linked to the
common event of deamination of methylated cytosines [28]. The number of mutations was, as
expected, increased in post-chemotherapy samples and an association between the increased
numbers of novel mutations with a poor patient outcome was observed [28]. In theory, these
clones might already have been present but remained undetected due to tumor heterogeneity.
Alternatively, these mutations were caused by the treatment resulting in a drug resistance
phenotype. This would be very interesting for understanding treatment response prediction.
Overall, EWS is from a global genomic perspective a relatively stable tumor with low number
of somatic mutations, implying a functional mutation recognition and repair mechanism.

Structural and Copy Number Variant Map

All bona fide EWS contained an EWSRI-ETS translocation and these were detected in all
tumors and cell lines tested [26-28]. In the study by Brohl et al. [26], however, seven cases
were identified with cellular phenotype similarly to EWS but without an EWSRI-ETS trans-
location, supported by the fact that these samples cluster separately based on RNA expression
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profile. This observation supports the notion of the existence of a Ewing-like tumor with
clinical- and histo-morphological appearances similarly to EWS but carrying other, specific
translocations such as, BCOR-CCNB3, EWSRI-NFATc2, FUS-NFATc2 and CIC-FOXO4 and
CIC-DUX4 [3-5]. As these entities are rare, follow-up studies have to show if these groups
should be further stratified based on the genes involved or might be lumped as one clinical
entity, Ewing-like sarcoma. None of the sequenced EWS samples detected an additional, com-
monly occurring translocation co-existing with EWSRI-ETS.

Although EWS tumors with a complex karyotype occur in a minority of cases, there are
some common chromosomal alterations. These are gain of chromosome 1q, 8, 12 and loss of
9p21 and 16q [47-50]. Gain of chromosome 1q and chromosome 16q loss were strongly co-
associated caused by an unbalanced translocation der(16)t(1;16) [47,51-53]. The frequency
of 1q gain was, in various studies, associated with a dismal prognosis and was higher in chemo-
therapeutic treated tumors [27,28,47,48,54,55]. The responsible factor for this association was
investigated by Mackintosh et al. who compared samples with and without 1q gain and 16
loss. At chromosome 1q, they identified increased expression of the gene Cell Division Cycle
Protein 2 (CTD?2), also known as Denticleless E3 Ubiquitin Protein Ligase Homolog (DTL),
as the suspected factor [48]. DTL is, like TP53, involved in DNA damage repair and could
therefore have an effect on tumor progression [56]. The chromosome 1q gain is not a EWS
specific aberration, as it is one of the most frequently observed secondary changes in many
tumor entities and even in Scultured embryonic stem cells [57]. The large heterochromatic
regions at 1q12 might be responsible for the frequent translocation breakpoint leading to gain
of the long arm of chromosome 1 [58-60]. As was observed with 1q, gain of chromosome 8
and 12 was present in many other tumors summarized by the progenetix website [61]. Ac-
cording to this website, these chromosome gains might be linked to pluripotency and pro-
liferation. Chromosome 12 gain has also been observed in cultured human embryonic stem
cells [62]. The oncogene associated with the increased tumorigenity for chromosome 12 gain
is not clear since next to NANOG it contains many genes including known oncogenes CDK4,
ERBB3, GLI1 and MDM2. For chromosome 8 gain, the increased expression of the oncogene
MYC may be the attributing factor; however, EWS without the gain of chromosome 8 show
similarly high expression of MYC [63-66]. Homozygous loss of 9p21 is, with about 12%,
less common in EWS but could have a large impact since a well-known cell cycle regulator
CDKN2A/CDKN2B is in this locus. Huang et al. [41] demonstrated in a retrospective study
of 60 patients that the loss of CDKN2A/CDKNZ2B has a negative effect on the overall survival.
Recently, Tirode et al. [27] analyzed 300 EWS samples and did not observe a significant differ-
ence in overall survival of patients with or without CDKN2A/CDKN2B loss. This underlines
the importance of large sample size in studies of EWS, when trying to predict the effect of
genomic alternations on prognosis. However, no data on chemotherapeutic response was
presented of these patients, which has been reported to be significantly worse in patients with
a CDKN2A4/CDKN2B loss [27]. Loss of heterozygosity (LOH) is detected in earlier studies in
a minority of the patients and was investigated using micro-satellite instability markers and
identification markers, but no overlapping chromosomal regions were detected [67,68]. A
recent study examined LOH in only six EWS samples by using SNP microarrays and showed
some overlapping chromosomal regions with the ones reported earlier [69]. These were 17p
and 11p and may be relevant to verify since TP53 is located at the 17p chromosomal region.
In several tumors inactivation of TP53 has been reported due to point mutations or, less fre-
quently, homozygous deletion, or deletion in combination with point mutation due to LOH.
Intriguingly, in EWS inactivation of TP53 caused by deletion was found as a rarely occurring
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event in earlier studies and was not even reported in any of recent large genomic landscape
studies [26-28,41,48,49,70].

Mutation Map

Although EWS contains few SNVs, their distribution over the genome is quite specific.
The most commonly affected genes found in the genomic landscape studies were STAG2 and
TP53 with an occurrence in patients of respectively 9%-21.5% and 5.2% to 7% and both were
in a retrospective study in a univariate analysis associated with poor prognosis [26,27,72].
The most commonly mutated gene STAG2 was only recently reported for the first time in
EWS [73]. The distribution of the mutations is striking, with a quarter of the cases having a
mutation at R216X, which is a possible CpG site and might be linked to a STAG2-DNA meth-
ylation pattern (see Figure 1A). The mutated STAG2 status correlated only with an increase
in structural variants and no other of the tested parameters [27,28]. This observation may
be related to the function of STAG2, as it is a subunit of the cohesin complex and involved
in chromatin modeling, chromatin cohesion, repair of stalled replication forks and double-
strand breaks (DSBs) [74-77]. STAG2 or other mutations in the cohesion complex were ob-
served also in other tumors, including glioblastoma, myeloid malignancies, colon cancer and
bladder cancer [72,73,78,79]. In colon cancer and glioblastoma, cohesin complex mutations
were associated, like in EWS, with an increase in structural variants and aneuploidy [73,79].
In contrast, in myeloid malignancies this was not observed and in bladder cancer an inverse
association was reported [80,81]. However, in myeloid malignancies, like in EWS, cohesin
mutations were associated with poor prognosis [78]. In addition, when one of the cohesin
complex genes was mutated in myeloid leukemia cell lines, less cohesin was bound to the
chromatin [80]. Since cohesin is a key regulator of the chromatin structure and consequently
influences gene expression, a reduction in the cohesin bound to the chromatin could affect
the global gene expression [74,80,82]. TP53 is the second most common mutated gene in
EWS and is one of the most common mutated genes in all tumors [83]. The frequency of
TP53 mutations is slightly lower compared to earlier reports with an average of 10%. The two
most frequent detected TP53 mutations were the p.C176F and p.R273X of which p.R273X has
been reported earlier [84]. In the International Agency for Research on Cancer (IARC) database,
p-R273X is, like in EWS, a hot spot mutation. Yet, the most frequent TP53 mutation in EWS
p-.C176F is remarkably not listed as a hot spot in the IARC database. In addition, the IARC
database hot spot mutation p.R248Q is detected in only one tumor sample and only in one
cell line, although it has been reported more frequent in earlier studies. This suggests that
more samples are needed for a clear TP53 mutation pattern (see Figure 1B) [26-28,83,85].
Mutations of STAG2 and TP53 showed a trend for co-occurrence with a synergistic negative
effect on prognosis when both mutations were present. They are both involved in the check-
point and repair processes, which may be further abrogated when both genes are mutated
[27]. A trend for mutual exclusivity of TP53 mutation and the loss of CDKN2A with only a
few exceptions were present. Moreover, CDKN2A loss and STAG2 mutation were mutual ex-
clusive [27,28]. This indicates that CDKN2A and STAG2 may be involved in complementary
essential processes such as cell cycle and chromatin remodeling. Having a mutation in both
genes may be lethal or redundant for EWS tumors [27,28,41,42,86,87]. To correct errors that
may be caused by the relatively low numbers of cases analyzed, validation of these data in a
bigger study is necessary.

Other somatic gene mutations in EWS, described in three large genomic studies, were low
and not recurrent. All three studies reported a different process to be most influenced by
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these somatic mutations. Tirode et al. [27] found mutations in several epigenetic regulators
with EZH?2 as the most frequent mutated gene (3/112 cases), whereas Crompton et al. [28]
reported mutations in other ETS transcription factors, including ERF (3/46 cases). Brohl et al.
[26] reported mutations in the DNA repair pathway, in specific, with the deleterious polymor-
phism K3326X in BRCA2 (4/55 cases) and a mutation in RAD51 (1/55 case). An earlier study
identified only four mutations in 75 EWS tumors with a hotspot array of 275 recurrent muta-
tions across 29 genes which were not reported by these large genomic studies [88]. A recent
study in chemotherapy-treated EWS tumors observed mutations which had implications for
further targeted therapy response, such as KRAS [30].

Genome-wide sequencing of EWS was expected to show a common secondary event that
would help to understand and model Ewing sarcoma and its onset. However, no common
secondary event was identified. Overall, EWS was found to be a relatively stable tumor with
a low frequency of mutations, which were scattered across the genome and acted dominantly
on cell cycle processes. This suggests that these mutations occur during tumor progression
and may be used as a marker for tumor progression but are not associated with the onset of
EWS. Consequently, this may indicate the involvement of other factors in the onset of EWS
pointing to disturbances at the epigenetic level as potential candidate.
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Figure 1: Mutation overview of reported STAG2 and TP53 in Ewing sarcoma. Overview of published mutations
on STAG2 and TP53 from next generation sequencing data divided in five mutation subtypes based on data collected
from 472 tumors and 54 cell lines. (A) Overview of the STAG2 mutations (B) Overview of the TP53 mutations.
Amino acid sequence of the proteins is presented with different protein domains annotated in boxes and every sphere
represents a reported mutation.
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EPIGENOME MAP

Epigenetic modification involves both histone and DNA modifications such as acetylation
or methylation of histone proteins and methylation of CpG islands. The DNA accessibility for
transcription factors and polymerases, and thereby transcription, is partly regulated by these
modifications. Classical sequencing reactions are not suited for the detection of epigenetic
changes, therefore additional treatments have to be applied to detect these modifications.
Examples of treatments to detect DNA methylation are MeDIP-seq, methylated DNA im-
munoprecipitation sequencing and WGBS, whole-genome bisulfite sequencing [89,90]. More
complex approaches should be used to detect modifications influencing histone composi-
tion, such as ChIP-seq, chromatin immunoprecipitation sequencing; ChIP-exo, chromatin
immunoprecipitation-exonuclease, or the detection of DNase-I sensitive sites [31,91,92]. As
these approaches are complex reactions and not uniformly applied in different laboratories,
comprehensive epigenome mapping of tumors are rarely published, although the ENCODE
project, specifically set up for this, has generated a general overview [31,33,91,92]. Many parts
of the epigenome in tumors however have been reported, since it is thought to have great ther-
apeutic potential [93-96]. Recently an epigenome overview has been published by Tomazou et al.
[32] covering the epigenome and transcriptome of EWS cell line A673 with inducible EWSR1-
FLI1 knockdown construct. Four separate clusters of histone marks were detected with dif-
ferent effects upon knockdown of EWSR1-FLI1 [32]. Furthermore unique EWS open chro-
matin structures at distant enhancer and super-enhancers sites were detected, suggesting an
important role for epigenomic regulation [32]. This might be related to the earlier described
binding of the EWSRI-ETS fusion protein to GGAA containing microsatellite elements at
enhancer sites and thereby affecting expression of downstream located genes (see Figure 2A)
[31,97,98]. However, experimental evidence is lacking here. Binding to GGAA elements is an
ETS specific effect and acts specifically on genes which do not contain a TATA box promoter
[99]. Examples of such genes are CAVI, NROBI and FCGRT. The binding of EWSR1-FLI1 to
GGAA microsatellitesmight lead to multimer formation which is needed to attract sufficient
number of chromatin remodelers necessary for the sustained expression [31,34,98]. An im-
portant attracted chromatin remodeler for this sustained expression is p300 that acetylates
histone 3 lysine H3K27 (H3K27ac). Monomeric EWSR1-FLI1 binding to a single GGAA ele-
ment could not activate transcription and even inhibited gene expression, marked by the
H3K9me3 histone modification (see Figure 2B) [32].This might be due to insufficient at-
traction and binding of p300 since the fusion protein lacks a p300 binding site while wild-
type ETS transcription with p300 binding sites could attract p300 and activate transcription
[31,100]. In pediatric mesenchymal stem cells, induction of EWSRI-FLII led to a histone
pattern at the EWSR1-FLI1 bound GGAA microsatellites which was similar to the pattern
in EWS cell lines. Inhibition of EWSR1-FLII1 led to a decrease in activation of histone mark
H3K27ac, which supports an active role of EWSR1-FLI1 in chromatin remodeling [31,32].
The H3K27 acetylation was especially associated with EWSR1-FLI1 bound enhancers [32].
It has to be noted that the overlap of ChIP-seq detected EWSRI1-ETS binding sites was low
with only 21% between EWSR1-FLII carrying cell lines and 17.2% between EWSRI-FLII and
EWSRI-ERG carrying cell lines [31,36]. If these are all cell culture related artifacts or are due
to accessibility of the DNA is not known. Another chromatin remodeling complex bound by
EWSR1-FLI1 is the NuRD complex containing HDAC2 and HDACS3 proteins. These HDACs,
when together with CHD4, can be active in the NuRD complex. Consequently, binding of the
NuRD complex to EWSR1-FLI1 leads to repression of gene expression [101]. EWSR1-FLI1
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regulated repression of expression was reverted by HDAC inhibitors and inhibiting histone
demethylase LSD1, another NuRD complex protein. The NuRD complex is involved in many
processes, especially in blood vessel development and integrity [32,102-104]. The interaction
of EWSRI-ETS with the epigenetic remodelers is further increased by binding of EWSRI1-
ETS to the promotor of enhancer of zeste homolog 2 (EZH2) and Sirtuin 1 (SIRT1), thereby
upregulating this histone methyltransferase and deacetylase [105,106]. The EZH2 mediated
effect in the cell was dependent on HDAC activity, demonstrating a cross interaction between
two EWSR1-ETS modulated chromatin remodelers [105]. Overall, a complex interaction be-
tween EWSR1-ETS, chromatin and chromatin remodelers is needed in Ewing sarcoma to
execute its oncogenic effect. As described earlier, transient expression of EWSR1-ETS in cells
from different origin resulted in different phenotypes. This might be, in part, attributed to the
chromatin state near GGAA microsatellites. An open chromatin structure at the enhancer and
super-enhancer sites, as identified by Tomazou et al. [32], may be needed for the transforming
effect of a EWSRI-ETS fusion protein in the development of Ewing sarcoma and if a more
closed chromatin state was present an EWSRI-ETS translocation would lead to different ef-
fects or cell death. [32]. Although this is an attractive and plausible hypothesis, there is no
experimental evidence yet to support this notion. The microenvironment, through for example,
proliferative signaling, could greatly influence the chromatin state and have an interplay be-
tween EWSR1-ETS oncogenic properties. The other way around, tumor cell induced signaling
can change the differentiation status of cells allocated in the tumor and distant microenviron-
ment.

The type of mutations identified in EWS tumors pointed towards presence of methylated
CpG sites, as mentioned in the genome map chapter. DNA methylation in EWS is studied
only in a limited number of studies that used various techniques. In a recent relative small
retrospective study by Park et al. [107], it was shown that patients with a poor outcome had
increased methylation of CpG islands compared to patients with a better outcome, although
the total hypermethylated genes was limited with only 10% of the investigated genes [107].
Their observation showed a similar proportion of genes with methylated CpG islands to an
earlier study on DNA methylation using a different methylation micro-array [108]. Although
the proportions were similar, the majority of the actual detected genes identified were differ-
ent, having only six genes in common (LYN, EPHA3, ESR1, MAP3K1, NGFR and SOX17) in
two studies. Compared to clear cell sarcoma and rhabdoid tumor of the kidney the same low
number of hypermethylation of CpG islands was observed, but the number of significant hy-
pomethylated genes was similar [109]. Since this study contained only four Ewing sarcoma
samples, a larger study with more samples using the same platform should be performed.
Whole genome DNA methylation was also performed in the earlier mentioned epigenome-
wide study of Tomazou et al. [32]. Through WGBS, they observed less DNA methylation
at actively expressed genes compared to non-expressed genes, suggesting an involvement of
DNA methylation in the EWSRI-ETS mediated gene expression effect. However knockdown
of EWSRI-ETS did not change the DNA methylation pattern. An alternative method to inves-
tigate the DNA methylation would be by using the PACBIO RSII sequencer system (Pacific
Biosciences, Menlo Park, CA, USA). This system can detect the methylated CpG sites during
the sequencing process and, as it does not need any amplification or chemical modification
step, it has no probe bias. An unbiased sequencing approach could help to identify DNA meth-
ylation pattern in primary tumors and see if the pattern is the same in EWS tumors compared
to cell lines. Since cell lines are used as models for EWS tumors and DNA methylation at
whole genome level is only studied in cell lines.
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Figure 2: EWSR1-ETS mediated epigenetic activation and repression of gene expression. Possible mechanisms
of how EWSR1-ETS acts as a transcription activator or repressor with different chromatin remodelers and is associ-
ated with different epigenetic histone modifications. A) EWSRI-ETS activation complex binds to GGAA microsat-
ellites. The complex attracts LSD1 in a yet unidentified activation complex and p300, which is needed for efficient
transcription. The activation complex may bind to H3K4me3 and H3K27ac histone marks which, in turn, may lead
to upregulation of the epigenetic modifiers SIRTI and EZH2; B) EWSRI-ETS repression complex binds to single
GGAA elements and scavenges for p300, but, as it is insufficient to create an activating complex, it may recruit NuRD
repression complex which may lead to further repressed expression. In addition, these repression sites are marked
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TRANSCRIPTOME MAP

An EWSRI1-ETS rearrangement affects gene expression levels, as mentioned above. In addi-
tion, it affects the expression of non-coding RNAs and splicing of RNAs by binding to the pol-
ymerase II complex protein hsRPB7 and to RNA helicase A (RHA) (Figure 3) [40,110,111].
The effect of EWSRI-ETS on gene expression levels has been investigated with microarrays
and studied in cell and animal models [19,20,22,112]. A meta-analysis of earlier micro-array
studies was performed and compared the expression levels of other sarcomas demonstrat-
ing a specific EWS signature [113]. Knockdown studies of the most common fusion protein
EWSRI1-FLII revealed that it causes both downregulation and upregulation of numerous genes
involved in extracellular and intracellular processes [35,114]. Downregulated genes were in-
volved in extracellular signaling and signaling regulation, including multiple chemokines and
interleukins (such as, CXCL8, CCL2 and IL1A) [38,101]. Upregulated genes were involved in
neural differentiation, transcription and cell cycle and included membrane proteins [114-
117]. Examples of external validated membrane proteins upregulated by EWSR1-ETS fu-
sion protein are STEAP1, GPR64, CD99, CAV1 and CHM1 [116,118-121]. These membrane
proteins are interacting with the surrounding tumor microenvironment, thereby contrib-
uting to the high vascularization and invasive properties of EWS [116,119,122]. Validation
of the EWSR1-ETS upregulated transcription factors NKX2.2, NROB1, GLI1, BCL11B and
E2F3 demonstrated an extensive attribution to the aggressive and stem-like phenotype of
EWS [115,123-126]. EWSRI-ETS affects gene expression, mainly downregulation, both di-
rectly and indirectly. Directly, by binding GGAA microsatellites and indirectly, by interact-
ing with the NuRD co-repressor complex and upregulating above mentioned transcription
factors [101,115,125]. Transcription initiation is commonly not regulated by one but mul-
tiple transcription factors which interact with each other. By interacting with transcription
factors, such as E2F3 and Spl, EWSR1-ETS enhances its ability to induce gene activation
[35,126,127]. Although EWSR1-ETS needs variable different cellular processes for its effect
at the transcriptome level, the EWSRI-ETS map was observed to be relatively stable. When
comparing the transcriptomes of cell lines with tumors in a principle component analysis,
only the first principle component of pathways was significantly different. The principle com-
ponent consisted of tumor-microenvironment pathways in EWS tumors and metabolic path-
ways in cell lines [28].

EWSRI-ETS affects not only the expression of genes but also the expression of non-cod-
ing RNAs, including both micro RNAs (miRNAs) and long non-coding RNAs (IncRNAs)
[22,38,128]. miRNAs are regulating more than 60% of the human genes by mainly binding
at the 3’UTR of the mRNA [129]. Around 10% of the studied miRNAs are significantly af-
fected in EWS, both in down- and upregulation [128,130,131]. Affected pathways are diverse
and include important tumorigenic pathways such as IGF signaling, chromatin remodeling,
pluripotency and DNA damage repair [128,131-134]. An relatively small EWS retrospective
patient survival association study on miRNAs identified a survival association with increased
miRNA34a expression [135]. miRNA34a is thought not to be influenced by EWSR1-FLI1 it-
self but its activity is regulated by TP53 and NF-«B and is associated with survival also in a
retrospective glioblastoma study [136-138]. It regulates expression of proteins involved in
growth pathway signaling, apoptosis, chromatin remodeling and genomic stress [136-138].
miRNA analysis at whole transcriptome scale might be successful to identify more miRNAs
regulated by EWSR1-ETS or which are predictive for therapy.
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Figure 3: The influence of EWSR1-ETS fusion protein at the transcriptome level. EWSR1-ETS fusion protein acts
as an aberrant transcription factor that influences the regulation of mRNA, IncRWNA and miRNA expression levels.
In addition, by binding to RHA additional transcripts can be bound and this might interfere with the stability of these
transcripts. Alterations in epigenetic activity lead to up- and downregulation of a number of transcription factors
and thereby interfere indirectly with gene expression. Furthermore, EWSR1-ETS fusion protein binds to the spliceo-
some and thereby altering splicing processes. By acting on these mediators, multiple cellular pathways are affected.
The summarizing gene ontology clusters of the upregulated cellular pathways are cell cycle, membrane proteins, IGF
signaling and transcription and the downregulated is extracellular signaling. The main processes influenced by these
gene ontology clusters are an increase in proliferation, pluripotency, migration and angiogenesis.

Long non-coding RNAs are relatively recently discovered as functionally relevant and
have functions both in epigenetic and post-translational regulations [139,140]. For example,
MALATI is a commonly expressed IncRNA, which is involved in angiogenesis and cell cycle
progression [141,142]. Brunner et al. [143] studied expression of IncRNAs in a large tumor
panel of both sarcomas and carcinomas including EWS. A large number of known and novel
IncRNAs differentially expressed in EWS were identified, including ALDHIL1-AS2, DICERI-
ASI and LINC00277 [143]. In later research, LINC00277 (EWSATI) was the only IncRNA
which was significantly overexpressed in EWSRI-FLII transfected pediatric MSCs and down-
regulated in EWS cell lines when treated with EWSRI-FLII shRNA [38]. LNC00277 induction
on its own affected expression levels of numerous genes which overlapped with EWSR1-FLI1
target genes. Its effect was established partly by interacting with the RNA binding protein
HNRNPK. A number of splice variants of LINC00277 were described of which LINC00277-2
was dominantly expressed in EWS. The modus of action of the various splice variants is un-
known until now.
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After transcription, RNAs are spliced and alternative splicing increases the functional di-
versity of proteins and noncoding RNAs. Splicing is regulated by multiple protein complexes
and by interfering in this regulation many cellular processes can potentially be affected [144].
EWSRI is involved in one of these protein complexes as scaffold protein [145,146]. EWSR1-
ETS, missing the C-terminal part of EWSRI, interferes in the EWSRI complex mediated
splicing and causes the deregulated splicing of EWSRI complex targeting RNAs [39,146—
148]. One of the processes interfered with by EWSR1-ETS binding that was investigated in
depth is the binding to RNA helicase A (RHA). RHA has both functions in DNA and RNA
unwinding and stabilization [40,149]. Especially the RNA binding of RHA was inhibited by
EWSRI-ETS binding and the new EWSR1-ETS RHA complex could bind additional targets,
which were enriched for transcripts involved in extracellular signaling processes [40]. The
consequences at the cellular level of the splicing interference has been illustrated by the splic-
ing of CCDNI (cyclin D1), a cell cycle regulator and Vascular Endothelial Growth Factor A
(VEGF-A). The normal a-isoform of CCNDI is exported from the nucleus during G1 phase
to stop the cell cycle but by EWSR1-ETS interference the relative quantity of the b-isoform
is increased in EWS. This isoform is not exported and increases proliferation of EWS cells
[150]. VEGF-A splicing can result in both more and less angiogenic isoforms and, by the
interference of EWSRI1-ETS, the equilibrium between these isoforms is shifted to the more
angiogenic isoform VEGFA-165. The effect of this shift is an increase in angiogenesis, which
correlates to the highly vascularized histological features of Ewing sarcoma [151]. Despite the
number of fundamental studies on the mechanism affected by EWSRI-ETS, limited studies
are published on RNA targets. Whole transcriptome sequencing could be used to map the
RNA targets of which splicing are affected by EWSR1-ETS but this has not yet been reported.
In conclusion transcriptome mapping has shown to be of high value to characterize EWS and
identify potential targets and survival markers [37,38,106,135].

UNDERSTANDING THERAPY SENSITIVITY AND IDENTIFYING
TARGET CANDIDATES USING THE EWING SARCOMA SEQUENCING
OVERVIEW

Before the introduction of chemotherapy, the overall survival of patients with EWS was
about 10% using surgery alone. Early observation showed increased radiosensitivity of Ew-
ing sarcoma and therefore radiotherapy as monotherapy was introduced, but the majority of
patients still died of metastasis within two years when only radiotherapy was used [152,153].
The introduction of systematic chemotherapy increased the overall survival from ten percent
to nowadays sixty to seventy-five percent for a localized tumor at diagnosis [2,154,155]. How-
ever, when a patient has recurrent disease, which is the case in thirty percent, or presents a
metastatic disease at diagnosis, the overall survival drops to ten to forty percent [45,46]. As
these patients are young, longtime curing is the treatment prospective, rather than stabilizing
and short-term benefit. This translates in intense treatments but, as a pay-off, these have large
consequences for long-term survival of EWS patients [156]. Prognostic markers for survival
or treatment sensitivity may help to personalize the treatment [157]. New treatment protocols
are needed to increase the patient survival with the least long-term effect. The uncovering of
the mechanism of disease specific pathways serves as the basis for the development of targeted
drugs to treat patients with the highest efficacy and the least side effects. For this, an EWS
OMIC overview, using the results obtained by sequencing from various sources (Table 1),
could help to increase this fundamental understanding and could lead to the identification of
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novel therapeutic candidates for systemic, targeted and immunotherapy.

DNA Damage Response and Repair: Systemic and Targeted Therapy

Chemotherapy is an essential part in the treatment of EWS [154,158]. Over the past dec-
ades, the combination of chemotherapeutics, dosage and administration protocol has been
adjusted to improve tumor response and reduce toxicity [155,159,160]. The present standard
treatment protocol for EWS is based on combination of vincristine, doxorubicin, ifosfamide
or cyclophosphamide and etoposide [2,159]. Most of these are DNA damaging drugs. As EWS
contains a limited number of secondary mutations, it is likely that these tumors have an intact
DNA damage response mechanism. Alkylating and double strand break causing agents con-
sequently activate this mechanism leading to growth arrest and apoptosis of EWS cells. The
hypothesis of an intact DNA damage response mechanism correlates with the chemothera-
peutic resistance of TP53 mutated EWS tumors, a key gene in this mechanism, since these
tumors do not have an intact DNA damage response mechanism [41]. Fusion positive RMS
has a limited number of mutations, similarly to EWS, but it is less sensitive to chemotherapy
compared to translocation negative RMS [44]. This implies that downstream EWSR1-ETS
effects may partly be responsible for the chemotherapy and radiotherapy sensitivity. In ac-
cordance, EWSR1-ETS associated DSBs have been identified and radiation induced damage
turnover in EWS was reduced compared to osteosarcoma [161,162]. This makes the damage
repair pathway a promising candidate to target. Compromising the DNA damage repair path-
way via inhibition of poly (ADP ribose) polymerase 1 (PARP1) did indeed lead to inhibited
proliferation in EWS cell lines and potentiated the response to temozolomide and irinotecan
[19,161-163]. However, in EWS xenografts and patients treated with a PARP1 inhibitor, only
the combination with temozolomide or irinotecan was effective [162,164]. In colon cancer
xenografts this effect was observed as well [165]. The sensitivity of colon cancer to PARP1
inhibition is hypothesized to be related to a less functional homologous recombination due to
cohesin complex aberrancy [75,77,166]. In glioblastoma cells, a correlation between PARP1
sensitivity and the presence or absence of the cohesin complex gene STAG2 was demonstrated
[167]. In the EWS PARP1 inhibition studies both STAG2 wild type and mutant cell lines were
sensitive to PARP1 inhibition in combination with chemotherapy [163,168]. A specific role
for STAG2 in this is therefore unlikely in EWS. Overall, it seems EWSR1-ETS interferes in
the DNA damage repair pathway by a yet unexplainable way based on data obtained from
genome and transcriptome sequencing studies leading to chemotherapy sensitivity. Identi-
tying the TP53 independent DNA damage response and repair pathway could open novel
therapeutic options.

Targeting Chromatin Remodeling; EWSR1-ETS and Its Binding Partners

As mentioned, EWSR1-ETS intervenes in chromatin remodeling in multiple ways and the
chromatin state around GGAA microsatellites might be related to the oncogenic capacity
of EWSR1-ETS. Hence, chromatin remodeling is a good target. Understanding the action
of EWSRI1-ETS fusion protein in this could be used to design novel therapeutic agents that
either occupies its GGAA microsatellite binding sites, targets the chromatin remodeling or
blocks binding of its partners in transcription.

Chemotherapeutic drugs induce DNA damage by binding to the DNA, but the same bind-
ing can interfere with the binding of EWSR1-ETS to the DNA. Between these DNA bind-
ing chemotherapeutic agents, there is a difference in binding specificity, where Cisplatin and
Doxorubicin are suggested to be less specific than Actinomycin D for removal of EWSR1-ETS
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from the DNA [169]. However, due to the heavy systemic side effects Actinomycin D is no
longer used to treat Ewing sarcoma patients in the U.S. [170]. Trabectedin, a toxin from the
sea squirt Ecteinascidia turbinate, is believed to be more specific against EWSR1-ETS DNA
binding sites. In vitro studies in EWS and myxoid liposarcoma, another fusion gene holding
tumor demonstrated a high efficacy and showed interference with the activity of EWSRI1-ETS
and EWSR1-CHOP fusion protein, respectively [158,171]. In a clinical trial, however, trabect-
edin alone did not show a significant effect on overall survival in EWS [172].

Targeting chromatin remodelers, for example LSD1 and HDAC2, that attribute to the
EWSRI1-ETS oncogenic potential has been shown to be effective in vitro and in xeno-
grafts[37,106,173,174]. The effect of inhibiting LSD1 was even analyzed by whole transcrip-
tome sequencing in cell lines with EWSRI-FLI1 or EWSRI-ERG translocation to identify the
overall effect on gene expression. Inhibition affected numerous genes including well-known
target genes like CAV1, NKX2.2. This inhibition study strengthened the role of the NuRD
complex in the transcriptome wide effect of EWSRI1-ETS [37]. HDAC2 inhibition by Vori-
nostat had a similar effect on the EWSR1-ETS repressed genes, replicating an earlier HDAC2
inhibition study in EWS, but did not affect genes directly activated by EWSRI-ETS [37,175].
A third potential identified target is the EWSR1-ETS upregulated histone deacetylase SIRT1
which was identified in a EWSRI-FLII knock-down screen and inhibition was effective in
EWS cell lines in vitro and in xenografts [106]. Furthermore, SIRT1 is regulated by miRNA34a
expression, a prognostic factor in EWS, and both are associated with TP53 activity [135,137].

Riggi et al. [31] demonstrated that EWSR1-ETS can function as initiator in chromatin re-
modeling but needs to recruit other proteins for transcription initiation. Agents that inhibit
the interaction between EWSR1-ETS and its binding partners by blocking the binding sites of
EWSRI1-ETS can be fruitful and a daunting task at the same time due to the disordered struc-
ture of EWSR1-ETS [176]. The identification of the small molecule YK-4-279 as inhibitor of
the EWSR1-ETS binding to RHA confirmed that this approach is indeed promising and had
a broad transcriptomic influence in EWS [40,177,178]. YK-4-279 treatment resulted in the
same effect at splicing level as EWSRI-ETS inhibition and inhibited the binding of transcripts
by the EWSR1-ETS RHA complex [39,40]. In vivo experiments suggest that combining this
agent with other treatments could be especially effective, as shown in the combination with
TP53 reactivating agent Nutlin3a in a zebrafish model [179].

Targeting EWSRI-ETS Influenced Extracellular Signaling, Transcriptome
Mapping as a Lead

At the transcriptome level, EWSRI1-ETS influences various pathways involved in intracel-
lular processes and tumor microenvironmental processes that are needed for EWS develop-
ment and maintenance. Both these processes are vital according to the processes collectively
described as the hallmarks of cancer by Hanahan and Weinberg [180]. Major pathways by
EWSRI1-ETS affected are involved in extracellular signaling and membrane protein signaling.
At a histo-morphological level, this is reflected by a stem-cell like tumor with high vasculari-
zation and a clinically observed high metastatic potential. Involved EWSRI-ETS key target
pathways responsible for these features might be identified by transcriptome sequencing.
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A well-known EWSR1-ETS targeted pathway is the IGF pathway, which is involved in tu-
mor growth, metastasis and angiogenesis [181,182]. EWSR1-ETS increases the IGF1 path-
way activity by upregulation of IGF1 expression and downregulation of insulin growth fac-
tor binding protein 3 and 5 (IGFBP3, IGFBP5) and various IGF pathway targeting miRNAs
[114,117,133]. Targeting this pathway by small molecules or by monoclonal antibodies was
shown to be highly effective in cell lines and it inhibited the angiogenesis in xenografts. In
clinical trials, IGFIR treatment resulted in partial success due to no-response or quick resist-
ance while a small group of patients remained stable. By studying the long-term responding
patients at OMIC levels, we could identify the cause of their tumors sensitivity to anti-IGF
therapy, which, in turn, would identify patients for anti-IGF therapy and understand the
mechanism of the gained resistance [183-187]. In addition, combination chemotherapy with
anti-IGF therapy is being investigated and may be an option. The combination of OSI-906, a
dual inhibitor of IGF1R and IR, with trabectedin showed promising preclinical results [188].

The introduction of anti-angiogenic therapy with promises for all cancer types has been
taking full media coverage with high initial expectations. Massive efforts to develop novel
anti-angiogenic agents have led to several novel targeted therapy approaches. Although anti-
angiogenic therapy alone was found to be insufficient, a combination with other treatment
modalities may be effective [189]. As Ewing sarcoma is highly vascularized, targeting angio-
genesis has been investigated in several in vitro and in vivo studies with success [185,190-192].
This was translated into multiple clinical trials testing anti-angiogenic drugs (NCT00516295,
NCT01946529, NCT01492673 and NCT02243605). However, a pilot study in which chemo-
therapy with or without bevacizumab (a VEGEF-A inhibitor) was used did not show a positive
effect of bevacizumab [193]. Vascular mimicry has been observed in Ewing sarcoma and may
be enhanced under hypoxic conditions that might reverse the anti-angiogenic effect [194-
196].

As was demonstrated by micro-array studies and verified by transcriptome sequencing,
EWSRI-ETS represses extracellular signaling proteins, including chemokines [28,38,113].
Chemokines are involved in all important tumor microenvironmental processes and elucidat-
ing the relation between the presence or absence of these chemokines may lead to new can-
didate targets or reactivating agents which would increase the chemokine expression [197].
The expression levels of the pro-inflammatory chemokines CXCL9 and 10 have been linked
to the number of infiltrating T-cells and subsequently with a better overall survival in EWS
patients in a relatively small retrospective study in a univariate analysis [198]. Treatment with
interferon gamma (IFN-y) enhanced the expression levels of pro-inflammatory chemokines
and sensitizes resistant EWS cells in vitro to tumor necrosis factor apoptosis-inducing ligand
(TRAIL)-induced apoptosis [198,199]. If these processes are related to each other is un-
known. The only chemokine receptor which is highly expressed in EWS and not repressed by
EWSRI-ETS is CXCR4 [38,200]. As a key factor in the tumor-microenvironment processes,
especially metastasis, it is a very interesting receptor to study in EWS as a potential biomarker
and therapeutic candidate [201,202]. Its RNA expression was, like many other tumors includ-
ing osteosarcoma, correlated with lung metastasis and in vitro membrane CXCR4 positive cell
lines migrated towards a CXCL12 gradient [200,203,204]. In contrast, no CXCR4 was detected
at protein level in EWS lung metastases with immunohistochemistry but was positive in the
chemotherapy-naive tumor biopsies where it correlated with tumor volume [205]. The cause
of the contradiction is unknown up to now and may be attributed to different CXCR4 iso-
forms or the abundant post-transcriptional modifications of CXCR4 [206-210]. The men-
tioned pathways are just examples of the many candidate pathways which can be targeted in
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EWS. These candidate pathways connect intracellular processes with interactions in the microen-
vironment and can therefore be ideal for combined therapy. OMICs can contribute to identify
targets at DNA and RNA level, but since these pathways are highly interconnected with each
other additional post-transcriptional studies are needed for target validation and understand-
ing the role of these signaling pathways in EWS. An example of such a post-transcriptional study
is a knockdown study [211].

Targeting EWS with Immunotherapy

Immunotherapy is based on the use of two general mechanisms: (1) activating the native
immune system (2) priming natural killer (NK) cells or cytotoxic T-cells for antigens spe-
cifically overexpressed in the tumor to treat. The performed OMIC studies in EWS can be of
value in both cases. Expression of antigen presenting and NK cell ligands in EWS samples can
be determined retrospectively and EWS specific antigens can be identified.

Determination of the tumor-associated leukocytes in pediatric tumors showed an increase
in macrophages and almost lack of dendritic compare to adult tumors as a common feature
the almost lack of dendritic cells [212]. The determination of the presence of intratumoral
leukocytes is particularly important since high numbers of CD8+ T-cells have retrospectively
been found to be associated with improved survival in an univariate analysis [198]. Indirect
attraction of these CD8+ T-cells to EWS may be enhanced by the IFN-y therapy, since it up-
regulates pro-inflammatory chemokine expression levels [198]. Activation and attraction of
the T-cells is presently not tested in a clinical trial but activation of endogenous or donor NK
cells has been shown to be effective in EWS and phase I and II clinical trials and are currently
open for enrollment (NCT01287104, NCT02100891) [213,214]. The efficacy of recognition
may in fact be increased by combining this with the earlier mentioned chromatin remodeler
inhibitors. In vitro HDAC inhibitor enhanced the NKGD ligands expression in EWS cell lines,
which are essential for NK mediated lysis [215]. For improved long-term NK activation and
to overcome tumor mediated downregulation of NKGD, prolonged ex vivo activation or an-
tibody dependent cytolysis is needed [216]. From a preclinical perspective, allografting may
be a beneficial adjuvant therapy in combination with either EWSR1-ETS blocking therapy or
standard chemotherapy.

The second general method of priming cytotoxic T-cells for tumor specific membrane pro-
teins overexpressed by EWS or unique HLA presented peptides has been investigated. Pro-
posed targets are the tumor specific membrane proteins like PRAME, GPR64 and STEAP1
[217-219]. However, ex vivo priming of T-cells for antigens like PRAME and STEAP1 could
not yet induce a prolonged antitumor immune response in preclinical studies. T-cells could
not interact with the endogenous presented antigens at EWS cell lines or the T-cells which
did recognize the presented antigens were classified as exhausted T-cells according to high
PD1 expression [220,221]. The EWSR1-ETS upregulated proteins EZH2 and CHM1 were
successfully used to prime allo-restricted T-cells but these are proteins expressed in many
other tissues and could have serious side effects and lead to non-tumor specific targeting
[221]. The ideal antigen to prime T-cells for would be EWSR1-ETS itself. The potential of this
hypothesis was tested and a EWSR1-FLI1 specific antigen was identified and verified as an
activating antigen for cytotoxic T-cells, but no follow-up study has been presented [222]. A
possible cause for the less effective recognition demonstrated in EWS cell lines, and the po-
tential clinical limiting factor, is the loss of major histocompatibility complex (MHC) class I
and class II, which are needed for a proper immune response [223]. Genetic engineering of T-
cells with chimeric antigen receptors directed to overexpressed surface markers is independent
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of the MHC class system. These can be designed against proteins and even phosphoglycolipids
[224]. The singular tested surface marker with this method is the neural ganglioside G, which
was expressed in all 10 EWS cell lines tested and 12 of 14 analyzed patients [225]. A follow-up
xenograft study was successful showing a reduction in tumor growth and number of tumors
but effect on total survival was not significantly different [224]. For further research, antigens
should be selected for EWS specific surface markers to prevent non-tumor cells to be targeted,
like stem cells which do not express MHC class II complex but do express certain surface
markers [226]. For example, the aforementioned G, is also expressed in neural crest cells and
mesenchymal stem cells [227].

Overall, immunotherapy can be promising in combination with systemic or targeted ther-
apy. Both NK-cell and T-cell related therapies have potential, especially the antibody targeted
NK-cells and genetically modified T-cells. Genetically modified T-cell therapy in EWS is just
starting and all membrane proteins and potential tumor specific splice variants of membrane
proteins could be targets for these T-cells. In addition, the ability to target glycolipid struc-
tures opens a complete new set of possibilities, but these cannot be identified by sequencing.

CONCLUSIONS

By sequencing EWS at the genome, epigenome and transcriptome level, an atlas can be
created which would help to fundamentally understand EWS and help to identify important
nodes as therapeutic candidates. The EWSRI-ETS translocation is the characteristic pathog-
nomonic alteration found in all tumors so far. The fusion protein act as a strong transforming
oncogene and, in experimental conditions, the transfection of cells with normal cellular back-
grounds rather leads to oncogene-induced apoptosis than to transformation. Recent studies,
however, showed that stem cells from young individuals with the necessary permissive back-
ground did form tumors, pointing towards the importance of epigenetic controlling in cellular/
tissue differentiation in providing the necessary niche for the transformation [19,22,25,38].
Therefore, mapping these genomic and functional genomic alterations can lead to identifica-
tion of the cell of origin, improvements in prediction of clinical outcome, and discovery of
novel therapeutic targets. These prospects have led to numerous, independent investigations
using various approaches related to OMICs.

As a result, several novel findings and confirmations of earlier observations were collected.
For example, some secondary structural alterations can be detected in a subset of the tumors
that can identify a patient with unfavorable prognosis. Despite huge efforts to identify second-
ary mutations that provide a permissive background to transform cells with the pathogno-
monic EWSR1-ETS translocation, only a limited number of secondary point mutations were
detected in EWS. Of these, STAG2 and TP53 were the most frequently mutated genes and mu-
tations in these genes were associated with inferior prognosis. The value of these mutations
as prognostic markers has to be validated in a prospective study. Transcriptome sequencing
projects excluded the possibility of recurrent co-occurring fusion genes that would be respon-
sible for the transformation to endure the fusion protein. Based on these massive sequencing
efforts, it is likely that the EWSRI-ETS fusion can propagate transformation in cells with less
differentiated features and the epigenetic landscape of these primitive cells form a permis-
sive niche for oncogenic transformation. EWSR1-ETS is, both at the transcriptome and epi-
genome level, the most dominant actor both by activation and repression transcription and
needs cooperation of binding partner proteins like chromatin remodelers. The identified key
pathways in Ewing sarcoma and the EWSRI-ETS chromatin remodeling binding partners
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include promising candidate targets. This needs to be validated with in functional studies in
combination with the epigenome and transcriptome analyses.

The advantage of the genomic stability of EWS is that the endogenous pathways control-
ling DNA damage recognition and apoptosis are still intact and could potentially be acti-
vated when targeted specifically and especially together with agents acting on the basis of
the EWSR1-ETS network of epigenomic and transcriptomic changes. For example, blocking
the interaction with its binding proteins could be a very efficient combination therapy. By
deciphering this network for both targeted therapy as well as immunotherapy, novel key tar-
get candidates can be identified. In the future, hopefully these therapies could, together with
conventional chemotherapy, improve the outcome of these young patients.
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ABSTRACT

Ewing sarcoma is an aggressive neoplasm predominantly occurring in adolescents and
has a poor prognosis when metastasized. For patients with metastatic disease in particu-
lar, immunotherapy has been proposed as possible additive therapy with benefit. CCL21
activation-based immunotherapy was successful in preclinical studies in other tumor
types, therefore we investigated CCL21 expression in EWS as potential target for immu-
notherapy. The CCL21 RNA expression was determined in 21 Ewing sarcoma cell lines
and 18 primary therapy-naive Ewing sarcoma samples. In the tumor samples this was cor-
related to the number and CD4*/CD8" ratio of infiltrating T-cells and clinical parameters.
Higher RNA expression levels of CCL21 significantly correlated with a lower CD4*/CD8*
T-cell ratio (P=0.009), good chemotherapeutic response (P=0.01) and improved outcome
(P<0.001). In patients with metastases CCL21 expression was significantly lower than in
patients without (P<0.0005). CCL21 expression was significantly higher in Ewing sarcoma
tissue samples as compared to cell lines(P<0.01), implying the involvement of a stromal
factor. Protein expression analysis of CCL21 and its receptor CCR7 in 24 therapy-naive
tumor demonstrated overall no expression in Ewing sarcoma cells. In conclusion, CCL21
is expressed in clinical Ewing sarcoma samples by non-tumor infiltrating stroma cells.
The observed positive correlation with survival implies that CCL21 might be a potential
prognostic marker for EWS and marks the potential of CCL21 immunotherapy in EWS.

KEYWORDS
bone tumor; soft tissue tumor; immunotherapy; tumor microenvironment; immune re-
sponse

INTRODUCTION

Ewing sarcoma (EWS) is the third most common primary bone sarcoma predominantly
occurring in children and adolescents [1]. It is characterized by aggressive/destructive local
growth and has a high-grade malignant behavior, with (micro-) metastases at the time of
presentation being common. Patients with metastases or recurrent disease have a poor out-
come with 15-30% long-term survival [2,3].

To date, after the initial introduction of multimodal chemotherapy, no further improve-
ment in survival of these patients has been accomplished and besides the classical parameters
such as tumor site, resectability, response to chemotherapy and size no prognostic markers
are in clinical use for decision making. EWS contains very low number of mutations com-
pared to other tumors, which suggests that corrective apoptosis pathways are still functional,
like the TNF-related apoptosis-inducing ligand (TRAIL) pathway [4-6]. The death receptor
pathways and other apoptotic pathways are active in EWS and consequently the tumor is sen-
sitive for activation of these pathways by natural killer (NK)-cells and cytotoxic T-cells [7-9].
Immunotherapy in Ewing sarcoma has been shown to have a promising potential role in vitro
and is being tested in two clinical trials by administrating donor NK-cells (NCT01287104,
NCT02100891) [7,8,10].

We previously investigated the immune microenvironment in EWS and demonstrated a
relation between the number of infiltrating cytotoxic T-cells and patient outcome [11]. Ex-
pression levels of pro-inflammatory chemokines (particularly CXCL9, CXCL10 and CCL5)
correlated positively with the number of infiltrating CD8* T-cells [11]. Another potent T-cell
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chemoattractant is CCL21, which acts via its receptor CCR?7 as a single attractant or in com-
bination with CXCL9 and CXCL10 [12,13]. In addition, CCL21 may increase dendritic cell-
provoked T-cell responses, leading to more efficient anti-tumor immune responses [14,15].
As immunotherapy, the use of CCL21 has successfully been tested and a trial with dendritic
cells expressing CCL21 showed even better results than CCL21 alone in non-small lung can-
cer [16]. Because of the immunogenic role of CCL21 and its immunotherapeutic potential,
we studied the CCL21 expression in primary therapy-naive Ewing sarcoma samples and EWS
cell lines by analyzing the RNA expression levels of CCL21. The measured RNA expression
levels were correlated with the number of infiltrating T-cells and the CD4*/CD8* T-cell ratio
in Ewing sarcoma samples. A reversed CD4*/CD8* T-cell ratio has been reported as predic-
tor of improved outcome in other tumors [17,18]. In our study the CD4*/CD8'T-cell ratio
showed inverse correlation with the CCL21 expression level and increased CCL21 expression
levels were associated with better survival. This relation suggests that testing for CCL21 levels
in therapy-naive EWS tumor samples might be used as a prognostic marker and supports a
potential role for this cytokine in anti-tumor immunity.

MATERIALS AND METHODS

Clinical information on patient samples

18 cryopreserved primary therapy-naive samples from 18 EWS patients, all containing
more than 80% tumor cells as assessed by light microscopy, and a validation tissue micro-
array of formalin fixed paraffin embedded (FFPE) specimens of 16 tumors of 16 patients were
obtained from the Department of Pathology, Leiden University Medical Center and were
handled in a coded fashion, according the Dutch national ethical guidelines (‘Code for Proper
Secondary Use of Human Tissu€’). Ewing sarcoma diagnosis was established according to
WHO criteria, including immunohistochemistry (IHC) and EWSRI translocation detection
either by real-time quantitative-reverse transcriptase PCR (RT-Q-PCR) or interphase FISH.
Good chemotherapeutic response was defined by less than 10% morphologically viable tumor
cells upon histopathologic evaluation of the post-chemotherapy resection specimen [20,21].
Median patient age at diagnosis of the cohort was 17.5 years (range of 5-35 years) (Table S1).

Ewing sarcoma cell lines

Ewing sarcoma cell lines (n=21) were obtained from multiple sources: L-1062 and L-872
were established in-house [22]; CHP100, RM-82, IARC-EW7, TC32 and 6647, CHP100, RM-
82, IARC-EW-7, WE-68, IARC-EW-3, STA-ET-2.1, TTC-466, STA-ET-10, CADO-ESI, TC-
71, VH-64, COH and STA-ET-1 were obtained from the EuroBoNeT consortium collection
(Institute of Pathology, University Medical Center, Diisseldorf, Germany) [23] and SK-ES-1,
SK-NM-C, A-673 and R-D-ES from the American Type Culture Collection (ATCC). All cell
lines and primary culture L-4027 were cultured in a monolayer under equal conditions and
in Iscove’s Modified Dulbecco’s Medium containing GlutaMAX supplement, supplemented
with 1% streptomycin/penicillin and 10% heat-inactivated FCS (all from Life Technologies,
Bleiswijk, The Netherlands). Authentication of cell lines using Powerplex 1.2 and CellID STR
(Promega, Leiden, The Netherlands) and mycoplasma DNA Q-PCR screening were regularly
performed on all cell lines.

RNA isolation
Total RNA was isolated using TRIzol Reagent (Life Technologies, Bleiswijk, The Nether-
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lands) according to manufacturer’s instructions. RNA concentration was measured using
Nanodrop and quality of the RNA was determined using Bioanalyzer2000 RNA Nano chip
(Agilent Technology, Amstelveen, The Netherlands). Samples with a RNA integrity number
25 were included for RT-Q-PCR analysis.

RT-Q-PCR analysis and Fluidigm

c¢DNA generation and RT-Q-PCR using Fluidigm BioMark system was performed accord-
ing to the H format protocol of the manufacturer (QIAGEN, Venlo, The Netherlands). Sam-
ples were prepared for RT-Q-PCR using a 96x96 dynamic array chip and performed using
BioMark HD system (Fluidigm, San Francisco, CA, USA). All primers for this array chip were
obtained from QIAGEN (Venlo, The Netherlands) including nine control genes: RPL13A,
BTF3, YWHAZ, UBE2D2, ATP6V1G1, IPO8, HBS1L, AHSP and TBP. Samples were meas-
ured in duplicates and analyzed using BioMark software, delivered with the HD system.

Detection of infiltrating T-lymphocytes

Number of CD4 and CD8 positive T-cells were determined according to Berghuis et al.
[11]. In brief, FFPE tumor sections were stained for CD3 (Dako, Heverlee, Belgium), CD4
and CD8 (Novocastra, Newcastle upon Tyne, United Kingdom) and scanned with Zeiss LSM-
510 confocal microscope (Carl Zeiss AG, Géttingen, Germany). In each section 10 areas were
selected, digital photographed and lymphocytes were counted.

Immunohistochemistry

Tumor sections were stained with anti- CCL21 (Sigma-Aldrich, Steinheim, Germany) and
CCR7 (Abcam, Cambridge, United Kingdom) antibodies. Extensive validation data for anti-
CCL21 antibody (HPA051210) using IHC on various tissue microarray and western blot are
accessible at the Human Protein Atlas portal [23]. Sections were dewaxed, rehydrated and
were subjected to citrate pH6.0 (CCL21) or Tris-EDTA pH9 (CCR?7) antigen retrieval. Sec-
tions stained for CCL21 expression were incubated with 5% ELK milk for 30 min at room
temperature and incubated with anti-CCL21 (1:600) in 5% ELK overnight at 4°C. Sections
stained for CCR7 expression were incubated 1.5% BSA with anti-CCR?7 (1:2000) overnight at
4°C. Afterwards sections were incubated with Immunologic Poly-HRP-GAM/R/R IgG (Lei-
ca Biosystems, Eindhoven, The Netherlands) and Dako liquid DAB* Substrate Chromogen
System (Dako, Heverlee, Belgium). Scanning of the slides was performed by Philips Ultra
Fast Scanner (Philips Healthcare, Eindhoven, Netherlands). Tonsil tissues, both regular and

P=0.009

CD4/CD8 ratio
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Figure 1: Increased CCL21 RNA expression correlates with reversed CD4+/CD8+ ratio of infiltrating T-cells.
CCL21 RNA expression levels of samples with available high quality RNA and high quality FFPE material (n=8) were
natural log transformed and correlated to the ratio between the total counted CD3*CD4" and CD3*CD8" infiltrating
T-cells. P-value of the linwear regression analysis is demonstrated.
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decalcified FFPE processed, were used as a control. All slides were evaluated by at least two
experienced persons of which one was a reference pathologist (PCWH).

Statistical analysis

Survival curves were calculated using the Kaplan-Meier method and P-values were cal-
culated using the log-rank test using SPSS 20 (IBM Inc. Amsterdam, The Netherlands) and
Prism Graphpad 6 (Graphpad Software Inc. La Jolla, CA, USA). Multivariate analysis of the
parameters could not be performed do to the limited number of samples. Correlations were
calculated with SPSS 20 using Pearson or Spearman correlation. Linear correlations were cal-
culated with Prims Graphpad 6. High RNA expression was set as expression above the me-
dian. Student t-tests P-value was calculated using Prism Graphpad assuming non parametric
distribution due to limited numbers of samples and was corrected using Manley-Welch cor-
rection.

RESULTS

RNA expression of CCL21 was analyzed in 18 primary therapy-naive tumor samples and
the expression levels were correlated with the immunohistochemical staining of the CD4*
and CD8" infiltrating T-cells in eight tissue samples for which sufficient FFPE material was
still available (Table S2). In these samples, the CCL21 expression was inversely correlated to
CD4*/CD8" T-cell ratio (Figure 1). However, the absolute numbers of CD8* or CD4* T-cells
did not correlate with CCL21 expression and varied widely between the samples (data not
shown). Since a high CD8* T-cells infiltration was associated in Ewing sarcoma with a better
outcome, we correlated CCL21 RNA expression levels in therapy-naive tumor samples with
development of metastases, survival and chemotherapeutic response. Kaplan-Meier survival
analysis demonstrated that an increased CCL21 expression correlated significantly both with
improved EFS and OS (P=0.0001; P=0.0004) (Figure 2A-B). Moreover, natural logarithm
transformed CCL21 expression was significantly higher in patient samples who did not devel-
op a metastasis compared to patients who did (P<0.0005) (Figure 2C). However, no correla-
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e e e ekt EFS and OS. A-B) CCL21 RNA expression levels of the
2 primary therapy-naive tumors samples were correlated to
% EFS and OS using Kaplan-Meier survival analysis. Median
€ was set as threshold to determine high (dotted line) and
g low (straight line) CCL21 expression. C) Natural log trans-
o formed CCL21 expression levels were compared between
N P=0.0004 patients who developed a metastasis (with) and patients

0 50 100 150 200 250 who did not develop a metastasis (without).
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tion with metastasis at diagnosis was observed (data not shown). The improved survival may
be linked to a better chemotherapeutic response as correlation between good response and
increased CCL21 expression was observed (P=0.02). It should be noted that good response to
chemotherapy was correlated with improved outcome (P=0.008).

In addition, we investigated the CCL21 RNA expression in 21 cell lines and 1 primary cul-
ture. The CCL21 expression level in the cell lines was significantly lower than the in therapy-
naive tumor samples (Figure 3), with a large variation of expression levels between tumor
samples as compared to cell lines.

To show that the expression difference of CCL21 is derived from infiltrating immune cells
in the tumor tissues we studied CCL21 expression at protein level. The eight cases of which
sufficient FFPE material was available were stained for CCL21 using IHC. In addition, the
tumor samples were stained for CCR?7, the receptor of CCL21. In the tumor tissue Ewing
sarcoma cells were negative for CCL21 and CCR7 while infiltrating stromal cells did show
expression of both CCL21 and CCR7. An additional tissue micro array contacting 16 EWS
cases was included for validation of the CCR7 and CCL21 expression. Similarly to the other
cases, all but one of the cases included in the TMA block were all EWS cells were negative for

both CCR7 and CCL21 (Figure 4).
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Figure 3: RNA expression levels of CCL21 were significantly higher in tumors compared to cell lines. CCL21
expression levels of 21 cell lines and 1 primary culture were compared to expression levels of the primary therapy-
naive tumor samples.

54



CCL21 as potential immunotherapy target in Ewing sarcoma

DISCUSSION

Previously, we demonstrated that pro-inflammatory chemokines CXCL9 and CXCL10 were
associated with an increase in tumor infiltrating CD8" T-cells [11]. CCL21 is, like CXCL9 and
CXCL10, a CD8" T-cell chemoattractant and its potency is enhanced by the interaction with
CXCL9, CXCL10 and interferon gamma (IFNy) [13]. This prompted us to further investigate
the role of CCL21 in Ewing sarcoma. We observed that an increased CCL21 RNA expression
was correlated with an decreased CD4'/CD8* ratio. It is likely that these CD3*CD8" positive

Figure 4: Neither CCR7 nor CCL21 expression observed in Ewing sarcoma cells by immune-histochemical
detection. Eight tumor samples included in the RNA expression analysis and a TMA with 16 samples in duplicate
were stained for CCR7 and CCL21 (20 times magnification). A) Tumor cells showed no expression, while infiltrat-
ing stromal cells showed expression of CCR7 (left inset, 40 times magnification), positive control is in the right
inset from tonsil. B) Tumor cells showed no expression, while infiltrating stromal cells showed expression of CCL21
(left inset, 40 times magnification), positive control is in the right inset from tonsil. A scale bar of 50 um is included
in the images.

lymphocytes are T-cells but the presence of CD3*CD8* NK T-cells cannot be excluded [24]. In
addition, increased CCL21 expression correlated with both better EFS and OS and inversely
correlated with the development of metastasis. These observations may point to a role of
CCL21 in the anti-tumor immune response related to the proportion and type of immune
cells present in or around the tumor in EWS patients [25-27]. Even though the presence of
infiltrating immune cells in pediatric sarcomas, particularly in Ewing sarcoma, was found to
be limited [28], the effect of these cells with regards to therapy response is significant.

A second factor which might have had an influence on the observed correlation with pa-
tient survival is the chemotherapeutic response of the tumor, which is known to be a marker
for survival [29,20,30]. Patients with a good chemotherapeutic response had a higher CCL21
expression in the tumor sample compared to patients with a poor response. Although it is
generally believed that chemotherapy has an immunosuppressive effect by decreasing the
number of leukocytes, by now it has become clear that certain chemotherapeutic agents can
augment the tumor immunogenicity and stimulate dendritic cell maturation [31-33]. In mice
combining CCL21 immunotherapy with the chemotherapeutic agent paclitaxel had a syner-
gistic effect [34]. CCL21 attracts dendritic cells and is suggested to improve the T-cell activa-
tion of mature dendritic cells [35,14]. Increased expression of CCL21 might be associated
with increased number of dendritic cells or an improved immunologic response upon tumor
cell death. In patients with CCL21 producing cells present chemotherapy could enhance the
antitumor immunity and would lead to a better chemotherapeutic response. We note that our
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study based on a small patient cohort, therefore a larger study would be needed to validate the
observed correlations using therapy-naive samples.

The significantly higher CCL21 expression in primary therapy-naive tumors compared to
EWS cell lines suggests the involvement of a stromal factor in CCL21 expression. CCL21 ex-
pression can be enhanced by the interaction with CXCL9, CXCL10 and IFNy [13]. However,
we reported earlier the absence of CCL21 expression in cell lines even after IFNy stimulation
indicating that this might be regulated by the EWSR1-FLI1 transcription factor [11,3]. In this
study some cell lines had, although low, CCL21 expression. The difference in CCL21 expres-
sion between tumor samples and cell lines might be not only caused by a stromal factor but
could also be due to selective in vitro culture conditions. Therefore, the protein expression
levels and localization of CCL21 was determined in EWS patients samples using IHC and
demonstrated that CCL21 expression was restricted to tumor infiltrating cells and not present
in Ewing sarcoma cells. In addition, only in one sample CCR7 expression was detected in
EWS cells. EWSR1-ETS is known to downregulate many chemokines and chemokine recep-
tors, directly or indirectly, for example by altering regulatory miRNA expression levels and
pattern[3]. Of these the let-7 miRNA family is known to regulate expression of the CCL21-
CCR?7 [36]. The tumor suppressor let-7a is, for example, known to be directly downregulated
by EWSR1-ETS but this decrease of let-7a does not lead to increased CCR7 expression like
in breast cancer cells [37,38]. In several studies have investigated the role of the let-7 fam-
ily in EWS and demonstrated increase of some members, mainly let-7g, in tumor samples.
These studies also revealed various pathways in which these let-7 family members play a role,
however none of them have could establish a direct connection between CCL21 or CCR7 and
let-7 [39-41,37,38].

It is important to note that high CCL21 expression observed in the tumor cell reported in
other tumors, for example bladder cancer and breast cancer, were found to be associated with
an increased proliferation, number of metastases and a suppressive immune reaction. These
tumors expressed high levels of CCL21 and/or CCR7, which might have led to paracrine
or autocrine activation of a pro-tumorigenic CCL21/CCR?7 axis [42,25,27]. However, as no
CCL21 expression was detected in the EWS cells and CCR?7 expression only in one sample,
an active CCL21/CCR?7 axis in EWS cells is unlikely. In studies correlating CCL21 and CCR7
expression not only the expression level but also the source tumor derived versus infiltrating
stromal cells should be considered and recorded.

The potency of immunotherapy to treat EWS has been demonstrated by a number of stud-
ies [7,8,10,43]. CCL21 is an chemoattractant for dendritic cells, cytotoxic T-cells and natural
killer cells and can improve the immune response, therefore it has been tested as an immuno-
therapeutic in preclinical and clinical settings [15,34,16]. It has been tested as a single agent
and combining it with chemotherapy can have a synergistic effect [34]. This might be true for
EWS as well, considering the increased expression CCL21 in patients with a good chemother-
apeutic response. However, prior to administration of CCL21 immunotherapy determination
of CCRY7 expression of in EWS samples may be needed, as increased expression of CCL21 and
CCR?7 expression in tumor cells was found to have negative effect and, one out the 24 tested
EWS samples showed high CCR?7 expression. For this case CCL21 administration might have
resulted in an adverse effect, but further studies are needed to draw a firm conclusion on that.
In addition, the potential of CCL21 treatment in not CCL21 primed tumors, meaning no
CCL21 expression was present, should be further investigated.

In conclusion, in this study we showed that patients with increased CCL21 RNA expression
have a better EFS and OS. In addition, protein expression of CCL21 and its receptor CCR7
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were overall not detected in EWS cells, indicating the absence of pro-tumorigenic paracrine
and autocrine loops in most EWS samples. This tumor entity might therefore serve as a good
target for an immunotherapy approach based on the use of CCL21. Furthermore, expression
levels of CCL21 might be used as a potential prognostic marker for survival.
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ND: Not determined

EFS: Event free survival

OS: Overall survival

sode 1: Event reported or 0: No event reported

®1: < 10% tumor vitality or 0 > 10% tumor vitality

f1: Dead or 0: Alive.

*: a case with RT-Q-PCR negativity for EWSRI-FLI1, EWSRI-ERG in diagnostic settings, negativity for BCOR-
CCNB3 RT-Q-PCR and the lack of EWSRI, FUS and CIC split apart signals from FFPE sections. Clinical as well as
morphological and immunohistochemically consistent with Ewing Sarcoma.

Table S2: Counts of T-cells and CCL21 RNA expression levels

Tumor infiltrating T-cells (cells/mm?2)

Patient Normalized CCL21 CD3+CD4+ CD3+CD8+ CD4+/CD8+ ratio
RNA expression

L2162 0.000004 118 32 3.68
L1722 0.000006 96 38 2.53
L1220 0.00023 49 35 1.40
L1034 0.00063 61 49 1.24
L1570 0.0058 138 77 1.79
L2154 0.0093 155 115 1.35
L1098 0.020 26 25 1.04
L1489 0.22 91 95 0.96
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ABSTRACT

Ewing sarcoma (EWS) is the second most common sarcoma of bone in children and
young adults. Patients with disseminated disease at diagnosis or early relapse have a poor
prognosis. Our goal was to identify novel predictive biomarkers for these patients, focus-
ing on chemokines, specifically genes involved in the CXCR4-pathway because of their
established role in metastasis and tumor growth.

Total RNA isolated from therapy-naive tumor samples (n = 18; panel I) and cell lines
(n =21) was used to study expression of CXCR4-pathway related genes and CXCR4 splice
variants (CXCR4-2 and CXCR4-1) by RT-Q-PCR. CXCL12, CXCR4, CXCR7 and CXCL14,
and both splice variants were expressed in cell lines and tumor samples. CXCR4-1/CXCR4-
2 ratio was significantly higher in tumor samples compared to cell lines and showed a
positive correlation with overall survival (OS) and event free survival (EFS). In addition,
high CXCR7 and CXCL14 expression levels were correlated with improved EFS and OS
and negatively correlated with metastasis development. The results from the test panel
were validated in an independent sample panel. This identified set of genes which are in-
volved in CXCR4 signaling might be used as a marker to predict survival and metastasis
development in Ewing sarcoma.

KEYWORDS

Splice variant; Tumor microenvironment; Biomarker; Molecular targeted therapy

INTRODUCTION

Ewing sarcoma (EWS) is the second most common bone neoplasm in children and
young adolescents while soft tissue and organ related involvement is more often observed in
adults [1]. Genetically, EWS is characterized by a recurrent translocation of the EWSRI gene
to a member of the family of ETS transcription factors [1-2]. Rarely, tumors with Ewing
sarcoma-like features exist were EWSRI is fused to a non-ETS family member or between
BCOR-CCNB3 or CIC-DUX4 genes [1, 3-5].

The introduction of multi-agent chemotherapy in combination with advancements in sur-
gery and radiotherapy has improved the 5-year overall survival (OS) of EWS patients with
localized disease from less than 10-70% nowadays, irrespective of the type of classical Ewing
sarcoma specific translocation [6-7]. However, the OS drops to less than 30% when metasta-
ses are present at the time of diagnosis which is the case in 15-30% of new presentations- or
with tumor relapse [8-9]. For these high risk patients many markers have been suggested,
but at present only classical markers, such as tumor location, are used in clinic [10]. EWS is
recognized from the onset of its original description by James Ewing as a highly vascularized
tumor and amongst many other pathways, chemokine and the TGF-B pathway might play
a role for this excessive vascularization pattern [11-13]. Besides angiogenesis, these path-
ways are involved in migration that might be reflected by the high metastatic propensity of
EWS [1], 13, 14]. In several tumor types a positive correlation between increased expression
of CXCR4 and metastatic propensity was reported, but contradictory results were reported in
EWS [15], [16] and [17].

CXCR4 is a chemokine receptor from the G-protein coupled receptor family binding the
CXC chemokines. CXCR4 ligands are chemokine CXCL12, also known as stromal cell-de-
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rived factor 1 (SDF1) and CXCL14, also known as BRAK [18-19].

For CXCR4 two common splice variants have been described in humans by Gupta et al.
containing either two exons CXCR4-2 or one exon by utilizing another transcription initia-
tion code inside intron one CXCR4-1 [20]. At the protein level, the first five amino acids at the
N-terminus of CXCR4-2 are replaced with nine amino acids in the CXCR4-1 variant. Hence,
the N-terminal part of CXCR4 is crucial in CXCL12 binding therefore this change may inter-
fere with CXCR4 activation [20-21]. The expression levels of these two splice variants have
neither been studied in tumor samples nor associated with survival.

To study the role of different chemokines and their receptors in combination with the detec-
tion of different CXCR4 isoforms we performed whole transcriptome RNA sequencing and a
real-time quantitative-reverse transcriptase PCR (RT-Q-PCR) on EWS cell lines and two pan-
els of therapy-naive tumor samples (test and a validation set: panel I and panel II). Results of
the RT-Q-PCR were correlated to clinical parameters. Survival analysis of panel I showed that
high CXCR4-1 over CXCR4-2 ratio and high expression of CXCL14 and CXCR?7 positively
correlated with EFS and OS. These findings were overall confirmed by a validation set (panel
II). Thus, CXCL14, CXCR?7 and the ratio between CXCR4-2 and CXCR4-1 could predict EFS
and OS in Ewing sarcoma patients, which is probably related to their role in CXCR4 signaling
pathway.

MATERIAL AND METHODS

Clinical information patient samples

Ewing sarcoma diagnosis was established according to World Health Organization (WHO)
criteria, including immunohistochemistry and EWSRI translocation detection either by RT-
Q-PCR or interphase FISH. 18 cryopreserved therapy-naive samples from 18 patients con-
taining at least 80% tumor were collected at the Department of Pathology, Leiden University
Medical Center (Table 1A; panel I). Median patient age at diagnosis was 17.5 years (range
of 5-35 years). All patient samples were handled in a coded fashion, according to the Dutch
national ethical guidelines (‘Code for Proper Secondary Use of Human Tissue), Dutch Federa-
tion of Medical Scientific Societies). For validation a panel of 25 cryopreserved therapy-naive
samples from 25 patients were obtained from the Rizzoli Orthopedics Institute with a median
age at diagnosis of 16 years (range 3-45 years) (Table 1B; panel II).

Ewing sarcoma cell lines

21 Ewing sarcoma cell lines were obtained from multiple sources: L-1062 and L-872 were es-
tablished in-house; SK-ES-1, SK-NM-C, A-673 and R-D-ES from the American Type Culture
Collection and CHP100, RM-82, IARC-EW-7, WE-68, IARC-EW-3, STA-ET-2.1, TTC-466,
TC-32, STA-ET-10, CADO-ESI, STA-ET-1, TC-71, COH and VH-64 were obtained from the
EuroBoNET consortium collection located at the Institute of Pathology, University Medical
Center, Diisseldorf, Germany; 6647 was kindly was kindly provided by Dr. Timothy Triche
(CHLA, Los Angeles, CA, USA). All cell lines and primary culture L-4027 were cultured
in Iscove’s Modified Dulbecco’s Medium containing GlutaMAX supplement, supplemented
with 1% streptomycin/penicillin and 10% heat-inactivated FCS (all from Life Technologies,
Bleiswijk, The Netherlands). Regular Mycoplasma DNA Q-PCR screening [22] and authenti-
cation of cell lines using Powerplex 1.2 and CellID STR (Promega, Leiden, The Netherlands)
were performed on all cell lines.
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Table 1: Clinical details of the two study panels

Tablela: Clinical details of patients in study panel I

. Primary Ex- Starting I?Ieoad- Neoadju-
Patient Age . . Tumor juvant .
Sex tumor  tremi- Pelvic treatment vant Radio-
number (years) site rotocol volume*  chemo- thera
ks P therapy! Py’
1318 35  male P 1 0 CESS86 ND 1 0
radius
L463 24 male DU 0 CESS86 ND 0 0
wall
1469 19 female S 1 0 EICESS 1 1 0
fibula
L513 11 male pelvis 0 1 EICESS 1 ND 1
tibia + .
L629 5 male fibula 1 0 EuroEwing99 1 1 0
L683 17 male tibia 1 0 EICESS ND 1 0
1848 15 female humerus 1 0 EuroEwing99 0 1 0
L1034 18 male pelvis 0 1 EuroEwing99 1 1 0
L1098 10 male femur 1 0 EuroEwing99 0 1 0
L1220 19 male  os pubis 0 1 EuroEwing99 1 1 -
L1232 14 male  humerus 1 0 EuroEwing99 ND ND 0
L1379 13 male fibula 1 0 EuroEwing99 ND 1 0
L1489 25 male pelvis 0 1 EuroEwing99 1 1 1
L1570 12 male  humerus 1 0 EuroEwing99 ND 1 0
L1722 18 male  humerus 1 0 EuroEwing99 1 1 0
12154 11 female femur 1 0 EuroEwing99 0 1 -
L2161 19 male pelvis 0 1 EuroEwing99 1 1 0
L2162 19 male pelvis 0 1 EuroEwing99 1 1 0

ND: Not determined

EFS: Event free survival

OS: overall survival

abdebelki 1: event reported or 0: no event reported
€1 tumor volume > 200 ml or 0: < 200 ml

" 1: < 10% tumor vitality or 0: > 10% tumor vitality
b 1: Dead or 0: alive.
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Resectable  Response Metas- Metas-  Local re- EFS 0S Time
Surgery’  with free to chemo- tasis at tasis  currence/ Time  EFS' os™
. X . . ] . (month)
margins® therapy' diagnosis'  later’ Relapse (month)
1 1 1 0 0 0 183 0 233 0
1 1 ND 0 1 1 12 1 20 1
1 0 0 0 1 1 20 1 23 1
0 - ND 1 0 ND 18 1 18 1
1 1 1 1 0 0 135 0 135 0
1 0 0 0 1 0 10 1 16 1
1 1 1 1 0 0 142 0 142 0
1 0 0 1 1 0 11 1 18 1
1 0 1 0 0 0 129 0 129 0
0 ND 1 1 0 10 1 11 1
1 1 ND 0 0 ND 14 1 34 1
1 1 0 1 0 0 99 0 99 0
1 1 1 0 0 0 91 0 91 0
1 1 1 0 0 0 83 0 83 0
1 1 1 0 1 1 36 1 36 0
1 1 1 1 0 0 176 0 176 0
0 - 0 0 1 0 11 1 12 1
0 - ND 1 1 0 15 1 19 1
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Table 1b: Clinical details of patients in validation panel II

Patient Age Primary EX_. b Starting Tumor 1;1;\(7):1‘11{ Neoadj g
number  (years) Sex tusrirtl:r tremi- Pelvic treatment o chemo. YAt Radio-
ty* protocol therapy* therapy*
R040 24 male femur 1 0 IOR NEO3 1 1 0
R042 18 male femur 1 0 IOR NEO3 0 1 0
R046 7 female radius 1 0 IOR NEO3 0 1 0
RO60 12 male pelvis 0 1 IOR NEO3 0 1 1
R063 13 male pelvis 0 1 ISG-SSG3 0 1 1
R078 11 female pelvis 0 1 ISG-SSG4 1 1 1
R080 8 female femur 1 0 ISG-SSG3 0 1 0
R517 3 male  humerus 1 0 Ii?L(S)STG 0 1 0
R650 26 female femur 1 0 ISG-SSG3 0 1 0
R653 9 male tibia 1 0 ISG-SSG4 0 1 0
R658 17 female tibia 1 0 IOR NEO2 0 1 1
R673 15 female  humerus 1 0 ISG-SSG3 0 1 0
R680 17 male fibula 1 0 ISG-SSG3 0 1 0
R681 12 female femur 1 0 ISG-SSG3 0 1 0
R822 31 male tibia 1 0 ISG-SSG3 0 1 0
R833 17 female femur 1 0 ISG-SSG3 0 1 0
R835 26 male scapula 1 0 ISG-SSG3 0 1 0
R863 18 male tibia 1 0 ISG-SSG3 0 1 0
R880 10 male radius 1 0 ISG-AIEOP 0 1 0
R891 21 male femur 1 0 ISG-SSG3 0 1 0
R892 37 female femur 1 0 ISG-AIEOP 1 1 0
R906 10 male  humerus 1 0 ISG-AIEOP 1 1 0
R910 45 male scapula 1 0 ISG-AIEOP 1 1 0
R914 10 male femur 1 0 Elﬁ\}ggy 0 1 0
R917 14 male  metatarsus 1 0 ISG-AIEOP 1 1 0

ND: Not determined

EFS: Event free survival
OS: overall survival

abdefelki 1: event reported or 0: no event reported

¢ 1 tumor volume > 200 ml or 0: < 200 ml

b 1: < 10% tumor vitality or 0: > 10% tumor vitality
®1: Dead or 0: alive
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Resectable  Response Metas- Metas-  Local re- - .
Surgery’  withfree tochemo- tasisat tasis  currence/ EFS Time EFS' OS Time os~
margins®  therapy®  diagnosis'  later Relapse® (month) (month)
1 1 0 0 1 0 17 1 135 0
1 1 0 0 0 0 262 0 262 0
1 1 0 0 1 0 21 1 63 1
0 ND ND 0 0 0 226 0 226 0
0 ND ND 0 0 0 109 0 109 0
0 ND ND 1 0 0 183 0 183 0
1 0 0 0 1 0 57 1 72 1
1 0 0 0 0 0 161 0 161 0
1 0 0 0 1 0 28 1 141 0
1 1 1 1 1 0 30 1 52 1
0 ND ND 0 1 1 24 1 35 1
1 1 1 0 0 0 122 0 122 0
1 1 1 0 0 0 122 0 122 0
1 1 1 0 0 0 151 0 151 0
1 1 0 0 1 0 11 1 21 1
1 1 0 0 1 0 43 1 63 1
1 1 0 0 0 0 128 0 128 0
1 1 0 0 0 0 106 0 106 0
1 1 1 0 0 0 84 0 84 0
1 1 0 0 0 0 89 0 89 0
1 1 0 0 0 0 84 0 84 0
1 0 0 0 1 0 12 1 25 1
1 1 0 0 1 0 19 1 33 1
1 1 0 0 1 0 52 1 64 1
1 1 1 1 0 0 59 0 59 0
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RNA isolation

Total RNA was isolated using TRIzol Reagent (Life Technologies, Bleiswijk, The Nether-
lands) according to manufacturer’s instruction. RNA concentration was measured using Na-
nodrop and quality of the RNA was determined using Bioanalyzer2000 RNA Nano chip (Agi-
lent Technology, Amstelveen, The Netherlands). For whole transcriptome RNA sequencing
analysis a RNA Integrity Number (RIN) of 8 was set as threshold. For the RT-Q-PCR analysis
the inclusion criteria were at least a RIN of 5 and measurable expression levels.

CXCR4 splice variant specific primer design and detection

CXCR4 splice variant specific primers sets were designed for RT-Q-PCR based expression
analysis. CXCR4-2 primers CXCR4-2F SAGGTAGCAAAGTGACGCCGA 3’ and CXCR4-2R
5 TAGTCCCCTGAGCCCATTTCC 3’ were intron spanning by priming exon 1 and exon
2. CXCR4-1 primers were CXCR4-1F 5 GACTTTGAAACCCTCAGCGTC 3’ and CXCR4-
IR 5 TCCTACAACTCTCCTCCCCAT 3’ Products were detected by using 10ul RT-Q-PCR
mixture using iQ SYBR Green supermix (Biorad, Hercules, CA, USA).

RT-Q-PCR analysis and Fluidigm

c¢DNA generation and RT-Q-PCR using Fluidigm biomark system was performed accord-
ing to the H format instructions of the manufacturer (QIAGEN, Venlo, The Netherlands).
Samples were prepared for RT-Q-PCR using a 96 x 96 dynamic array chip and performed
using BioMark HD system (Fluidigm, San, CA, USA). All primers for this array chip were ob-
tained from QIAGEN (Venlo, The Netherlands) including nine control genes: RPL13A, BTF3,
YWHAZ, UBE2D2, ATP6V1G1, IPOS8, HBS1L, AHSP and TBP. Samples were measured in
duplicates and analyzed using BioMark software, delivered with the HD system.

Whole transcriptome RNA sequencing

RNA sequencing was performed at BGI genomics (Hong Kong, People’s Republic of China)
following standard protocol established by BGI genomics. In short, total isolated RNA was
enriched for mRNA using Oligo(dT) beads and generated fragments were size selected for
amplification. Amplified fragments were quality controlled and sequenced using Illumina
HiSeq 2000. Reads were aligned to a reference sequence using SOAPaligner/SOAP2. Gene
expression was calculated using Reads Per Kilobase per Million mapped reads (RPKM) meth-
od [23].

Statistical analysis

Survival curves were calculated using the Kaplan-Meier method and P-values were calcu-
lated using the log-rank and Gehan Breslow Wilcoxon test using SPSS 20 (IBM Inc. Amster-
dam, The Netherlands) and Prism Graphpad 6 (Graphpad Software Inc. La Jolla, CA, USA).
Correlations were calculated with SPSS 20 using Spearman or Pearson correlation. High RNA
expression was set as expression above the median. Student t-tests P-value was calculated us-
ing Prism Graphpad assuming non-parametric distribution due to limited numbers of sam-
ples and were corrected using Manley—Welch correction.
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RESULTS

EWS expresses all CXCR4-CXCR?7 axis genes and tumor samples have an increased
CXCR4-1/CXCR4-2 ratio

RNA expression levels of chemokines and their receptors in cell lines were analyzed us-
ing both Fluidigm RT-Q-PCR and whole transcriptome analysis. Both methods showed
comparable expression levels and that all genes involved in the CXCR4-CXCR7axis were
expressed (Figure 1). We performed an expression analysis of a CXCR4-CXCR7 axis
chemokine and their receptor gene set, from which expression differences were observed
for CXCR7 and CXCL12 between cell lines and tumor samples, using a panel of 18 therapy
naive tumor samples, 21 cell lines and 1 primary culture (Tables 1A and 2). The cell line RT-
Q-PCR expression levels of the CXCR4-CXCR?7 axis genes were compared with expression
levels in tumor samples and showed an increased expression of CXCL12 and CXCR?7 in tu-
mor samples. Furthermore, within the cell lines and among individual tumor samples a large
variation was observed (Figure 2A).

Both splice variants of CXCR4 were expressed in all tumor samples and cell lines except the
A673 cell line and no significant difference was observed between the groups (Figure 2B).
The ratio between splice variants has been shown to be functionally relevant, therefore
we further analyzed the ratio between expression levels of CXCR4-1 andCXCR4-2 in our
samples [24]. The CXCR4-1/CXCR4-2 ratio was uniformly distributed in the cell line pan-
el with two outliers; A673 cell line without CXCR4-1 expression and COH cell line with a
high CXCR4-1/CXCR4-2 ratio (Table S1). Tumor samples of panel I demonstrated a wide
distribution (range 0.06-0.003, SD = 0.015) and an overall significantly higher CXCR4-1/

CXCR4-2 ratio when it was compared to cell lines (median of 0.030 versus 0.012, P < 0.001)
(Figure 2C).

40-
3 El RNAseq
E 30+ B3 RT-OPCR
(=N
]
< 201
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£ 104
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Figure 1: RT-Q-PCR and transcriptome analysis resulted in com-
parable expression levels of CXCR4-CXCR?7 genes using all studied
samples. Housekeeping gene normalised RT-Q-PCR expression
levels were measured in duplicates (mean + SEM)

CXCR4-1 over CXCR4-2 ratio, CXCR7 and CXCLI14 expression associate with
development of metastases and survival

The large observed variation in CXCR4-CXCR?7 axis genes and in the CXCR4-1/CXCR4-
2 between individual tumor samples prompted us to perform a comparison between patient
samples. A survival analysis was performed using the CXCR4-CXCR?7 axis gene expressions
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and the CXCR4-1/CXCR4-2 ratio of the primary therapy-naive tumor samples. We observed
that a high CXCR4-1/CXCR4-2 ratio and high expression of CXCL14 and CXCR7 cor-
related with an improved event free survival (EFS) (P < 0.03,P < 0.01, P < 0.02) and OS
(P<0.03,P<0.02, P<0.01), respectively (Figure 3A-C, G-I). Consistent with the correlations
with improved survival were increased CXCL14(P < 0.02) and CXCR7 (P < 0.02) expression
negatively correlated with the development of metastasis. The results were validated with
an independent second panel of 25 therapy-naive tumor samples using the same methods
(Table 1B; panel II). The same pattern of survival associations with improved EFS was ob-
served for increased CXCR4-1/CXCR4-2 ratio (P < 0.05) and expression of CXCLI4 (P < 0.04)
(Figure 3D,I), while the expression of CXCLI4 (P < 0.02) and CXCR7 (P < 0.03) showed a
negative correlation with the development of metastasis. Expression of CXCR7 was associated
with improved EFS but did not reach a significant level (Figure 3F). No association to overall
survival was observed in panel II (Figure 3]J-K). Expression levels of CXCR4 orCXCLI12 did
not show significant correlation with survival in either panel. (Figure S1A-H). As control ex-
periment a survival analysis was performed using the classical prognostic parameters tumor
volume, metastasis at diagnosis, location and metastasis after diagnosis of both panels [25].
The development of metastasis after diagnosis was strongly associated with poor survival
(P < 0.01) consistent with panel I. A pelvic located tumor correlated with a significant poor
EFS and OS in panel I, while these were not significant in panel II. Intriguingly, metastasis at
diagnosis did not correlate significantly with survival in both panels (Figure S2).
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Figure 3: Overview of CXCR4-CXCR? axis genes and event free survival (EFS), overall survival (OS) in panel
1 and panel 2. CXCR4-1/-2 ratio and CXCL14 expression were associated with a significant better EFS in both pan-
els, CXCR7 in panel I with OS in panel I. RNA expressions of the CXCR4-CXCR? axis genes of the therapy-naive
tumor samples of panel I (n = 18) (A-C, G-I) and panel II (n = 25) (D-F, J-L) were correlated using Kaplan-Meier
survival analysis. Median was set as threshold between high (straight line, panel I n = 9, panel II n = 13) and low
expression (dotted line, panel I n = 9, panel II n = 12). A significant association between high CXCR4-1/CXCR4-2
ratio and improved EFS or OS was observed in both panels.

DISCUSSION

In earlier studies a crucial role of the CXCR4/CXCR?7 axis in solid tumor development and
prognosis has been reported [17, 19, 26]. Recent discoveries regarding the receptor-recep-
tor and novel ligand-receptor interaction between CXCR4, CXCR7, CXCL12 and CXCL14
have been reported. Contradictory results in Ewing sarcoma prompted us to study the role of
these chemokines in therapy-naive patient material and cell lines [15, 16, 18]. In addition, we
studied expression levels of the earlier reported CXCR4 isoforms in tumor samples as the ex-
pression of these isoforms in particular might partly be responsible for the contradictory re-
sults [15, 16, 20]. All chemokines and receptors of the CXCR4-CXCR? axis were expressed in
EWS but a large variation was observed between individual samples, consistent with previous
observations [16, 27]. The observed increased expression of CXCR7 and CXCLI12in tumor
samples compared to cell lines could be stromal derived since both endothelial and perivascu-
lar cells express CXCR7 and CXCL12 and EWS is highly vascularized[28, 29]. In our results,
increased expressions of CXCL14, CXCR7 and CXCR4-1/CXCR4-2 ratios were associated
with better EFS and OS in panel I. In panel II increased CXCL14 expression and CXCR4-1/
CXCR4-2 ratio were associated with better EFS. However, CXCL12 and CXCR4 mRNA ex-
pression levels did not correlate significantly with EFS or OS. In both panels there was an
inverse correlation of increased expression of CXCL14 and CXCR7 and development of me-
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tastases. This can be related to immune cell infiltration [30, 31]. Classical clinical parameters
were included to compare with the newly identified parameters. In panel II none of the classi-
cal parameters were significant predictors of survival. This cohort has been extensively treated
by different rescue protocols after failure of the initial treatment.

Contrary to our results, increased expression of CXCR4 or CXCR?7 has been reported to be
associated with poor survival in EWS and other tumors [16-17]. This might be attributed to
different methodologies and patient groups used in different studies or might be related to bi-
ological effects between different tumor types. For example, the effect of CXCR4 and CXCR7
is dependent on their spatial-temporal distribution. When they are expressed in the same
cell, heterodimers can be formed leading to an enhanced CXCR4 downstream signaling [26].
When CXCR? is expressed alone it can act as scavenging receptor for CXCL12 and subse-
quently reduces CXCR4 activation by CXCL12 [32]. By flow cytometry and immunobhisto-
chemistry a heterogeneous CXCR4 expression has been shown in EWS and this may hold for
CXCR? as well [27]. The local tumor microenvironment can be an influencing factor here as
well. CXCR7, CXCR4 and CXCLI12 are expressed by tumor-associated vessels and immune
cells, where CXCR?7 is detected largely intracellular in immune cells [31]. Furthermore, infil-
trating macrophages, for example, have been reported to predict a worse survival in classical
Hodgkin’s lymphoma and were associated with reduced metastasis and improved survival in
high-grade osteosarcoma [33-34].

Based on our data the following model can be proposed (Figure 4): The paracrine and au-
tocrine CXCR4 signaling present in EWS might be altered by CXCR4-1/-2 ratio, CXCL14 and
CXCR?7 expressions. High expression of CXCL14 antagonizes CXCL12 binding to CXCR4
and increased CXCR?7 sequesters CXCL12 co-operatively leading to a reduced CXCR4 signal-
ing [18, 32]. The investigated CXCR4 isoforms might be present in dimers or oligomers. The
presence of CXCR4-1 in these complexes could lead to down regulation of CXCR4 signaling
as it has been shown in rat basal leukemia 2H3 cells [20]. Moreover, the CXCR4-1 isoform
may have a higher affinity for CXCL14 than CXCR4-2, consequently further increasing the

antagonizing effect of CXCL14 [18].

Hence, CXCR4 signaling is a potential targetable pathway and inhibition of CXCR4 sign-
aling in EWS in vitro and in xenografts has already been shown to reduce tumor migration
growth and angiogenesis [15, 27, 35]. Potential drugs to treat EWS are; CXCL12 neutralizing
ligands, like chalcone 4, CXCR4 antagonists, like AMD3100 and CXCL14 analogues (Figure
4) [19, 36-37].

Here we document that the increased expression of genes involved in the down regulation
of CXCR4 signaling and the CXCR4 splice variant balance predict the prognosis of therapy-
naive Ewing sarcoma patients. In addition the CXCR4-1/-2 ratio, the level of CXCL14 and
level of CXCR7 may be used as markers for therapeutic inhibition of the CXCR4 pathway.
Based on our results, additional studies to further characterize the role of altered CXCL14,
CXCR7 and CXCR4-1/-2 ratio in CXCR4 signaling, could be performed in model systems,
such as well-established zebrafish models [38].
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Figure 4: Model for CXCR4 signaling in Ewing sarcoma: CXCL12 binds and activates CXCR4-2, which is inhib-
ited by CXCL14 and CXCR?7 by inhibiting receptor binding and scavenging of CXCL12. Dimerization of CXCR4-
1 and CXCR4-2 results in CXCR4 activation inhibition due to either change in CXCR4-2 signalling or by higher
CXCRA4-1 affinity for CXCL14. As available therapeutic options (boxed) are CXCL14 analogues, CXCL12 neutralizers
and CXCR4 inhibitors (see [19, 36-37]).
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Figure S1: EFS and OS analysis of CXCR4 and CXCL12 of panel I and panel II.
of panel I (A-D) and panel II (E-H) for OS and EFS association with CXCL12 and CXCR4 expression levels. None
of them were significantly associated with OS or EFS. A straight line corresponds to a high ratio or expression and a
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CXCL14, CXCR7 and CXCR4 isoform ratio predicts survival

Table S1: Normalized expression of CXCR4-2 and CXCR4-1 and ratio between CXCR4-1 and CXCR4-2

Cell lines Expression
CXCR4-2 CXCR4-1 CXCR4-1/-2
L-1062 3.877 0.052 0.013
6647 33.314 0.284 0.009
CHP-100 48.492 0.406 0.008
RM-82 0.426 0.004 0.008
A-673 0.015 0.000 0.000
TARC-EW-7 1.074 0.007 0.007
SK-ES-1 0.180 0.002 0.011
L-4027 3.009 0.039 0.013
WE-68 17.255 0.213 0.012
L-872 1.057 0.010 0.010
TARC-EW-3 120.196 1.493 0.012
STA-ET-2.1 0.421 0.006 0.014
TTC-466 1.858 0.024 0.013
TC-32 56.346 0.937 0.017
STA-ET-10 6.658 0.059 0.009
SK-NM-C 1.077 0.015 0.014
CADO-ES1 52.325 0.962 0.018
STA-ET-1 10.085 0.101 0.010
TC-71 0.130 0.001 0.008
RD-ES 5.449 0.079 0.014
COH 0.219 0.012 0.056
VH-64 2.536 0.022 0.009
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ABSTRACT

Chemokine receptor CXCR4 is involved in tumor growth, angiogenesis and metastasis.
Its function is regulated in many ways and one of them is alternative splicing. We identi-
fied two novel coding splice variants (CXCR4-3 and CXCR4-4) of CXCR4 in Ewing sarco-
ma (EWS) cell lines by whole transcriptome sequencing and validated these with reverse
transcriptase- PCR and Sanger sequencing. The novel splice variants were expressed at
RNA level in Ewing sarcoma samples and in other tumor cell lines and placenta, but not
in lung. Due to inclusion of an additional exon the new isoforms have a 70 and 33 amino
acid elongation of the N-terminal end of CXCR4. For validation at protein and functional
level, the identified isoforms and normal CXCR4 were cloned into an EYFP tagged vec-
tor and ectopically expressed in HEK293T cell line and EWS cell line A673. Of the novel
isoforms CXCR4-3 showed cell membrane localization and a functional response after
addition of CXCR4 ligand CXCL12a. CXCR4-4 showed strong cytoplasmic accumulation
and no response to ligand treatment. The role of the newly discovered isoforms in CXCR4
signaling is likely to be limited. Our data stresses the importance of functional validation
of newly identified isoforms.

KEYWORDS
CXCR4; Splicing; Next generation sequencing; Ewing sarcoma; Bone tumors; Soft tissue
tumor

INTRODUCTION

Chemokines are low molecular weight signaling proteins and characterized by a cys-
teine motif. The primary function of chemokines is related to inflammatory response and
immune-surveillance. In addition, chemokines play a key role in tumor development and
progression. The tumor microenvironment has a key role in growth, angiogenesis and metas-
tasis [1-3]. Hence, chemokines show enhanced tumorigenic functions as they are involved in
angiogenesis, tumor growth, immune suppression and metastasis[2]. The presence and acti-
vation of the chemokine receptor CXCR4 has been shown to be associated with metastasis and
consequently decreased survival [4-6]. The function of CXCR4 is regulated at multiple levels
both with regard to inter- and intracellular interactions through transcriptional processing
via alternative splicing, posttranslational modifications and receptor dimerizations [7-10].

Ewing sarcoma (EWS), a highly malignant bone and soft tissue tumor, is characterized by
a pathognomonic translocation between the EWSRI gene and a member of the ETS family
of transcription factor genes [11-12]. The fusion protein influences, transcription, alterna-
tive splicing and protein—protein interactions [12]. The fusion protein is partly responsible
for the aggressive growth, high vascularization and metastatic properties in EWS and in all
these processes CXCR4 is involved. As the prognosis for EWS patients with established me-
tastases at diagnosis or relapse remains dismal, investigation of the CXCR4 involvement in
tumor progression and metastasis could be of clinical relevance [13-14]. RNA and protein
studies have associated CXCR4 expression with various properties, like metastasis, tumor
growth and survival [5,15]. Recently, we found that increased expression levels of CXCR7
and CXCL14, factors inhibiting CXCR4 signaling were associated with improved survival
and, vice versa, the absence of these factors correlated with metastasis development [16]. Fur-
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thermore, an improved survival was associated with the ratio between the known splice vari-
ants of CXCR4, CXCR4-1 and CXCR4-2. These variants consist of either two exons dubbed
as CXCR4-2 or one exon by utilizing an alternative start codon inside intron one dubbed
as CXCR4-1 [22]. At the protein level, in the CXCR4-1 variant, compared to the CXCR4-2
variant, the first five amino acids at the N-terminus are replaced with nine other amino acids
(Figure 1). As the N-terminus of CXCR4 is crucial in CXCL12 binding, the differences be-
tween the two splice variants may lead to an altered CXCR4 activation efficacy [10]. We per-
formed transcriptome analysis using a next generation sequencing approach to identify new
splice variants in Ewing sarcoma cell lines and tumor samples. Next to the earlier described
splice variants of CXCR4, we identified two novel splice variantsCXCR4-3 and CXCR4-4,
which resulted in a 70 and 33 amino acid extension of the receptor at the N-terminus domain,
respectively. Although the novel isoforms were expressed, it is likely that function of these
splice variants is limited. In addition, our work demonstrates that functional validation of
novel isoforms identified by transcriptome analysis is necessary.
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Figure 1: Identification of new CXCR4 isoforms. IGV plot of transcriptome sequencing data showing the poten-
tial alternative spliced exon in intron 1 of CXCR4. A) Read coverage of IGV plot at 0-100 read range and B) single
alignments of whole transcriptome sequences of CXCR4 from EWS cell line EW3 (black connected blocks are paired
end reads over a large distance of the genome, marking exons). C) Overview of allCXCR4 isoforms with the genomic
position of the exons and number of amino acids when translated.

MATERIAL & METHODS

Ewing sarcoma cell lines

Twenty-three EWS cell lines and one primary culture were cultured as described by Sand
et al. [16]. Human embryonic kidney cell line HEK293T was cultured in DMEM with 10%
FCS without antibiotics; human T cell leukemia cell line Jurkat, colon carcinoma cell lines
SW480, HT29 and HCT116; cervical carcinoma cell lines Hela, Siha and Caski; breast carci-
noma cell lines MDA-MB-231 and MCF7 were obtained from ATCC?and cultured in RPMI
with 10% heat inactivated FCS without antibiotics. All cell lines were regularly tested on my-
coplasma and authentication with DNA Q-PCR screening and CellID STR, respectively (Pro-

mega, Leiden, The Netherlands).
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Patient samples

Twenty-five frozen tumor samples from twenty EWS patients and two samples of lung and
placenta were obtained from the Department of Pathology, Leiden University Medical Center.
Eighteen tumor samples were therapy-naive samples and seven were obtained post-chemo-
therapy samples, including three lung metastases and four local relapses. All tumor samples
contained at least 80% tumor cells estimated by histological examination. All patient samples
were handled in a coded fashion, according to the Dutch national ethical guidelines (‘Code
for Proper Secondary Use of Human Tissue’).

RNA isolation

Total RNA was isolated from cell lines and tumor samples using TRIzol Reagent (Life Tech-
nologies). The RNA concentration and quality was established by using Nanodrop and Bio-
analyzer2000 RNA Nano chip (Agilent Technology, Amstelveen, The Netherlands).

Whole transcriptome sequencing

RNA with a quality RIN value of eight of EWS cell lines EW3, CADO-ESI and 6647 was
sequenced by BGI genomics (Hong Kong, People’s Republic of China) following their stand-
ard protocol as mentioned by Sand et al. [16]. Mapped reads were sorted and result files were
visualized with Integrative Genomics Viewer (IGV) using UCSC Human genome built 19 as
a reference [17-18].

Reverse transcriptase PCR, sequencing and reverse transcriptase-quantitative-
PCR

For validation of transcriptome sequencing data, a sequencing primer pair was designed
(Table 1). Amplified products generated with High Fidelity FAST-TAQ polymerase were ana-
lyzed by agarose gel (Life Technologies) and cloned into pCR2.1 TOPO cloning vectors. Iso-
lated plasmids were Sanger sequenced by Macrogen (Macrogen, Amsterdam, Netherlands)
using M13 tailed primers and sequences were aligned by blasting (NCBI). RNA expression
of CXCR4-3 and CXCR4-4 together were obtained using in-house designed RT-Q-PCR prim-
ers (Table 1) and performed as described by Sand et al. [16].

Table 1: Primer sequences used for cloning and RT-Q-PCR

Name Sequence
CXCR4seqF 5 GATCGGTACCATGGAGGGGATCAGTGAAAATG
CXCR4seqR 5 AAGGCCAGGATGAGGACACT
CXCR4rtpcrF 5 AGGTAGCAAAGTGACGCCGA
CXCR4rtpcrR 5 ATTTTCTGACACTCCCGCCC

CXCR4-3 and CXCR4-4 cloning, transfection and imaging

PCR2.1 TOPO cloning vectors containing CXCR4-3 and CXCR4-4 were cloned into ap-
EYFP-NI plasmid containing CXCR4-2. The resulting plasmids were quality controlled by
BstelI-EcoRI digestion and sequencing using CMV-Fw and CXCR4-R primers.pEYFP-N1
CXCR4-2, CXCR4-3 and CXCR4-4 were transiently transfected into HEK239T and A673 cells
using FuGENE HD (Promega, Leiden, The Netherlands). Imaging was performed next day in
serum-free medium while kept at culture conditions using the INUBG2E-ZILCS (TokaiHit,
Japan).
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Calcium mobilization assay

Intracellular calcium level was determined using cell permeant Fluo4-AM (Life Technolo-
gies, The Netherlands). Cells were pre-incubated with 1 uM Fluo4-AM for 30 min. The Fluo4-
AM fluorescence was detected using time-lapse confocal microscopy with a 488 nm excitation
laser beam. After 30 s 100 nM of CXCL12a was added. Intensity change calculations were
done using in-house developed scripts in MatLab (Mathworks Inc., Massachusetts, USA).

Western blot

Transfected HEK293T and A673 cells were lysed 48 h after transfection and were treated
6 h before lysis with 10 yM MG132 proteasome inhibitor (Sigma-Aldrich). Cell lysates were
prepared using Giordano buffer (50 mM Tris-HCI, pH 7.4, 0.1% Triton X-100, 250 mM NaCl,
5 mM EDTA) containing phosphatase and protease inhibitors (Sigma-Aldrich). After blot-
ting and blocking with 10% low fat skimmed milk, membranes were stained with anti-GFP
(Rabbit, 1:1000,GeneTex, Alton, US).

In silico prediction software

Splice sites were predicted by ASSP software using as input complete sequence of CXCR4
gene according to UCSC hgl9 genome reference, using the standard settings [19]. With this
software tool, predicted splice sites considered to be positive above threshold value of four
and above seven the false positive discovery rate considered to be minimal.

RESULTS

Identification of splice variant of CXCR4

mRNA from EW3, CADO-ES and 6647 EWS cell lines were analyzed by transcriptome
sequencing using deep sequencing approach with paired-end reads. Sequence read files were
mapped to coding regions of the genome and visualized with IGV application (Figure 1A,B).
A tiling coverage of paired-end reads in intron 1 were observed. These read pairs were con-
nected to exon 1 and to exon 2 of CXCR4, indicating the presence of additional transcribed
splice variants (Figure 1B).

Putative splice sites were in silico searched in the entire CXCR4 DNA sequence. At the 5’
end of the newly identified exon one splice donor site and multiple acceptor splice sites were
predicted (Table 2). The probability scores varied between 5 and 9, out of the maximal score
of 16 indicating a strong likelihood of true splice sites. For experimental verification a se-
quencing primer pair covering the complete new exon, including an exon 1 and new exon
overlapping forward primer were designed (Table 1). Amplification of the putative exon
resulted in a PCR product with two different lengths after gel electrophoresis size separa-
tion. The amplified products were cloned and sequenced using Sanger sequencing. With the
sequencing we identified two novel splice variants as a result of splicing of a novel exon in
the CXCR4 gene. Splicing-in at the predicted splice acceptor site and the splice donor sites
#3 and #2 resulted in two in-frame splice variants CXCR4-3 with an addition of 210 bp of the
new exon and CXCR4-4with an addition 99 bp of the new exon (Figure 1C). Translation of
these new isoforms resulted in elongation of N-terminus of CXR4 with 70 (CXCR4-3) or 33
(CXCR4-4) amino acids compared to CXCR4-2.
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Table 2: Predicted splice sites in the CXCR4 intron

Position Sequence Score®

Splice site donor

potential Start new exon ctccaccagGAAAATGCCC 8.9
Splice site acceptor

potential End new Exon#1 AACGCGCCAAgtgataaaca 4.9

potential End new Exon#2 GGGGGAGGAGgtgccgtttg 6.3

potential End new Exon#3 GCCCAGAATGgtttgtattt 7.6

* Composed score reflecting strength of splice site by using ASSP tool, a threshold
of 4 was used to limit false positive [19]. Capital letter represent coding sequence

Analysis of new CRCR4 isoform expression in clinical samples

RNA expression of the separate new splice variants could not be obtained since exon over-
lapping RT-Q-PCR primers could not be designed, while primers for obtaining expression of
both splice variants could be established (Table 1). RNA expression was analyzed in Ewing
sarcoma cell lines and tumor samples, in a panel of cancer cell lines and HEK293T cell line
together with normal lung and placenta tissues. In fourteen of the twenty five EWS sam-
ples expression was detected, consisting of eleven primary therapy-naive tumors and three
metastatic or recurrent tumor samples. Sixteen of the twenty-three EWS cell lines showed
expression of the new splice variants (Table 3). Of the analyzed normal tissues samples only
placenta, but not lung tissue showed expression (Figure 2A). When the expression of CXCR4-
2 was used as a reference, the measured expression was found to be much higher than the
novel variant ( Figure 2B).

Table 3: Expression of CXCR4-3 and CXCR4-4 together in Ewing sarcoma tumor samples and cell
lines (% of total)

EWS tumor samples EWS cell lines/primary cultures
Primary Metastasis/relapse
RNA expression 11/18 (61%) 3/7 (43%) 16/23 (70%)

Protein analysis and cellular distribution of novel CXCR4 isoforms

The expression and cellular distribution of the novel CXCR4 protein isoforms, CXCR4-3
and CXCR4-4, were studied using pEYFP-N1 tagged plasmid vectors in the HEK293T cell
line and A673 EWS cell lines. As control the CXCR4-2-pEYFP-N1 plasmid transfection was
used. The ectopically expressed CXCR4-2 protein was localized at the cell membrane, while
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Figure 2: Expression of the novel splice variants in cell line and tissue panel. Housekeeping gene normalized

expression of (A) new CXCR4 exon and of (B) CXCR4-2 in tissue and cell lines (mean + SEM, n = 3). The highest
expression of the novel splice variants was detected in Jurkat and SW480 cell lines.
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CXCR4-4 showed a sole cytoplasmic distribution. For CXCR4-3 differences were observed
between A673 and HEK293T, with only a cytoplasmic localization detected in A673 and
both a membrane and cytoplasmic localization detected in HEK293T (Figure 3A). To fur-
ther compare the expression levels and molecular weight of the different isoforms all three
isoforms were analyzed by western blot using anti-GFP antibody (Figure 3B). Despite using
an identical vector construct in HEK293T cell line, the expression levels of CXCR4-3 and
CXCR4-4 were remarkably lower compared to the expression level of CXCR4-2. Intriguingly,
the expression of CXCR4-3 and CXCR4-4 protein isoforms was below the detection limit in
A673 cell line. Transfected cell lines were then treated with MG132 proteasome inhibitor that
resulted in an increased expression of the CXCR4-3 and CXCR4-4 in both cell lines indicating
that the isoforms were unstable and the majority of expressed protein was degraded. The cal-
culated molecular weights without any possible post-translational modification for CXCR4-
2, CXCR4-3 and CXCR4-4, including the YFP tag, are 66.6, 70.3 and 74.6 kDa, respectively.
Western blot analysis showed multiple bands with two dominant ones at ~65 and 70 kDa of
the CXCR4-2 protein (Figure 3B). When comparing the lanes from CXCR4-3 and CXCR4-4
we observed that CXCR4-3 has an increased molecular weight, corresponding to the calcu-
lated molecular weight. However, for CXCR4-4 transfected samples, bands lower than the
calculated molecular weight with size comparable to CXCR4-2 were observed indicating the
possibility of protein cleavage for this splice variant. As even after proteasome inhibitor treat-

A CXCR4-2 CXCR4-3 CXCR4-4 Figure 3: CXCR4 iso-

forms subcellular lo-
calization and protein
expression. A) Repre-
sentative images from
transient  transfection
experiment with the
three different CXCR4
isoforms expressed in
A673 and HEK293T cell
line. Life cells were im-
aged with a spinning-
disc  confocal micro-
scope. CXCR4-2 was
dominantly localized at
the cell membrane in

A-673

HEK293T

A673 both cell lines. CXCR4-

176 kDa —— t 23 4 5 6 7 8 3 ghowed cytoplasmic

' ) * localization in A673 cells

80kDa — . | and partial membrane

\ localization in HEK293T

Fian cells. CXCR4-4 exhib-

56 kDa _* . - ited only cytoplasmic

46 kDa _. g localization in both cell

M lines. B) Western blots

- - of transiently transfected

1 CXCR4-2 HEK293T and A673 cells

2 CXCR4-2, 6 hour treated with 10pM MG132 with CXCR4 isoforms CXCR4-3 (lane 4,5), CXCR4-4 (lane

3 empty pEGFP-n1 plasmid 7,8). As controls CXCR4-2 (lane 1,2), empty pEYFP-N1

4 CXCR4-3 plasmid and mock-transfected samples were used. Isoform

5 CXCR4-3, 6 hour treated with 10uM MG132 transfected cells were incubated for 6 h with or without pro-
6 mock teasome inhibitor MG13 prior to lysis.

7 CXCR4-4
8 CXCR4-4, 6 hour treated with 10uM MG132
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ment the expression levels of CXCR-3 and CXCR-4 were relatively low the RNA expression
levels of the CXCR4-EYFP isoforms were analyzed. For this we designed primers annealing
on CXCR4 and EYFP parts, to amplify transfected CXCR4 variant only and a primer pair
that neo selection gene expression that was present in the transfection vector to analyze rela-
tive transfection efficiency (Figure 4A,B). Transfection efficiency was estimated by compar-
ing CXCR4-3 and CXCR4-4 expression levels to CXCR4-2 and were found to be 3 and 10 fold
lower, respectively (Figure 4C).

,S 1.5 @B Neomycin .5 1.5 @8 Neomycin
g CXCR4-EGFP 2 CXCR4-EGFP
s s
x x
8 10 o 10
o [
N N
[ £
5 0.5 5 0.5
c c
o [
2 >
5 0.0- 5 0.0-
= & o . > > = ) & & > >
§ & ¥ » W g & W ¥ W
& Q¥ Q@ o o ¥ QX
c ¢ & & & M- - S S
i
8 4 W HEK293T Figure 4: RNA expression validation of transfections. RNA
35 AB73 expression levels of CXCR4-EYFP and neo resistance gene were
g @ . T determined in A673 cells (A) and HEK293T cells (B) ectopical-
° é’_ ly expressing CXCR4-2, -3 or —4, whereby neo expression was
£ 3 2 used as transfection efficiency control. (C) By dividing the CX-
28 CR4-EYFP by the neo expression the transfection efficiency
8§ 14 corrected CXCR4-EYFP expression was obtained. The trans-
§§ . - _ fection efficiency corrected expression levels of the CXCR4-
E o T T - 3 and CXCR4-4 isoforms was 3-10 fold lower compared to
g i il e the CXCR4-2 expression levels.
<l il &
F F F

Calcium mobilization assay

The activity of the receptor isoforms after CXCLI12 stimulation was determined by a
Ca*mobilization assay [20]. Upon binding of CXCL12 to CXCR4 receptor a downstream
signaling gets activated that include calcium ions influx response. In A673 and HEK293T
cells transfected with CXCR4-2, CXCR4-3 or CXCR4-4 plasmid the Ca* influx was measured
over time before and after CXCL12a administration (Figure 5). For A673, only the CXCR4-
2 transfected cells demonstrated a clear effect. All HEK293T cells, including non-transfected
cells, demonstrated an effect, indicating activation of some of the endogenous CXCR4 recep-
tors. However, HEK293T cells transfected with CXCR4-2 orCXCR4-3 exhibited an elevated
Ca*influx compared to non-transfected cells, suggesting that these receptors were activated
by CXCL12a.

DISCUSSION

Two splice variants of CXCR4 have been identified earlier, CXCR4-1 consisting of one exon
only and the most dominantly expressed CXCR4-2 existing of two exons. Using whole tran-
scriptome analysis in EWS cell lines we discovered two novel CXCR4 splice variants CXCR4-
3 and CXCR4-4. The new splice variants were expressed in EWS tumor and cell line samples
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Figure 4: CXCR4 isoform activity indirectly measured by calcium influx. Cell lines A673 (A) and HEK293T (B)
transfected with CXCR4-2, CXCR4-3 or CXCR4-4 constructs were pre-incubated with Fluo4-AM for 30 min. Time-
lapse life cell confocal imaging prior to and after administration of 100 nM CXCL12a was performed. A representa-
tive graph of the relative fluorescence intensity change of Fluo4-AM over time is shown (n = 3).

and other tumor cell lines and in placenta indicating that its expression is not a Ewing sarcoma
specific event. The expression of both splice variants together was more than ten-fold lower
than expression of the canonical CXCR4-2 isoform. Notably, none of the samples showed
expression of the splice variants without the expression of CXCR4-2. This implies that the ex-
pression of the new isoforms is depended on the upstream promoter used for CXCR4-2. With
the use transcriptome sequencing the number of novel splice variants detected has increased
largely. A substantial part of these variants are coding. However, the function of these novel
isoforms mostly is unknown. The identified novel CXCR4 isoforms were mainly localized
in the cytoplasm and largely degraded by the proteasome. Similarly, a difference in protein
stability in cells has been observed for two protein isoforms encoded by the HDMX gene. The
HDMX-S isoform was reported to be more potent p53 inhibitor than HDMX and its mRNA
was detected to be expressed in various tumors. However, functional test showed that this
protein was unstable [21-23]. These results stress the importance to examine novel identified
RNA splice variants for functionality at the protein level.

CXCL12 is the main ligand to activate CXCR4. The importance of the CXCR4 N-terminus
in CXCL12 binding has been demonstrated by various models [24-28]. Changes in the N-
terminus, like the CXCR4-1 isoform led to reduced CXCLI12 affinity [10]. Interestingly, all
reported CXCR4 isoforms, including the novel isoforms reported here, vary only at the N-
terminus, suggesting that splicing might be a method to regulate CXCR4 ligand binding [10].
Our functional activity test of the novel CXCR4 isoforms revealed a minor increase in Ca* in-
flux in CXCR4-3 transfected HEK293T cells upon CXCL12a stimulation, implying function-
ality of CXCR4-3 (Figure 5).

Western blot analysis of CXCR4 protein with various antibodies regularly results in mul-
tiple bands as reported in the literature, for which post-translational protein modifications
are thought to be the main reason [9, 29-30]. In HEK293T lysates multiple bands were ob-
served for the ectopically expressed CXCR4 isoforms (Figure 3B). In A673 less bands were
observed, implying variations in post-translational modifications of CXCR4, which has been
reported in other cell lines [9]. Directed mutagenesis of post-translation modification sites in
CXCR4-2 influenced the cellular localization of CXCR4-2 [30]. Lack of these modifications
might explain the lack of additional bands in observed in CXCR4-3 transfected A673 cells
and might be connected to the lack of membrane localization (Figure 3A). For CXCR4-4, the
detected band in both cell lines exhibited lower molecular weight (~65 kDa) than expected
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(270.3 kDa) (Figure 3B). This could be the result of a splice site introduced during cloning
or cleavage of the protein. We tested the first possibility by PCR but no splice site was intro-
duced. The presence of a C-terminal protein cleavage is unlikely as the detection was done by
using an EYFP antibody and EYFP is localized at C-terminal end. We could not prove the N-
terminal cleavage of CXCR4-4. However, N-terminal cleavage has been reported for ectopi-
cally expressed CXCR4-2 variant that led to reduced membranous expression [29-30]. Thus,
N-terminal cleavage might also explain the cytoplasmic localization observed for CXCR4-4
in HEK293T and A673 cells.

In conclusion, we have identified and validated novel CXCR4 isoforms CXCR4-3 andCX-
CR4-4, which contained a novel spliced-in exon, leading to a N-terminal protein elongation
of 70 and 33 amino acids, respectively. These novel isoforms are low expressed compared to
the dominantly expressed canonical CXCR4-2 isoform in all cells tested and are expressed in
cell lines, tumor samples and placenta. Ectopically expressed CXCR4-3 and CXCR4-4 pro-
teins appear to be unstable, possibly caused by the unfolded-protein response. Localization
slightly varied between the tested cell lines. Cell membrane and cytoplasmic localization of
the CXCR4-3 protein was observed only in HEK293T cells. Functionality of the ectopically
expressed receptors was tested upon CXCL12a stimulation and we observed in both CXCR4-
2 transfected cell lines receptor activation. Out of the two novel isoforms only CXCR4-3 was
functional. Taken together the data, we show that CXCR4-3 isoform, despite the observed
instability and partial cell membrane localization, is functional upon CXCL12a stimulation,
while any activity of CXCR4-4 is absent. In addition, our data shows the importance of func-
tional validation of novel identified isoforms.
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ABSTRACT

Ewing sarcoma is an aggressive, highly metastatic primary bone and soft tissue tumor
most frequently occurring in the bone of young adolescents. Patients, especially those
diagnosed with a metastatic disease, have a poor overall survival. Chemokine receptor
CXCR4 has a key pro-tumorigenic role in the tumor microenvironment of Ewing sarcoma
and has been suggested to be involved in the increased metastatic propensity. Earlier stud-
ies on CXCR4 protein expression in Ewing sarcoma yielded contradictory results when
compared to CXCR4 RNA expression studies. Previously, we demonstrated that CXCR4
expression could be detected in vivo using the fluorescently tagged CXCR4-specific pep-
tide MSAP-Ac-TZ14011. Therefore, we studied the membranous CXCR4 expression in
Ewing sarcoma cell lines using MSAP-Ac-TZ14011. This enabled us to study both CXCR4
cell membrane expression levels and its dynamics using live cell imaging and flow cytom-
etry. CXCR4 cell membrane expression levels detected by the fluorescent peptide, in con-
trast to the levels by detected the ab2074 -anti-CXCR4- antibody demonstrated a linear
correlation with the CXCR4 RNA expression levels in Ewing sarcoma cell lines. Hence the
fluorescently labeled CXCR4 targeting peptide-based method provides a reliable alterna-
tive to antibody staining to study the CXCR4 membrane expression in life cells by flow
cytometry and microscopy. Furthermore, this method might enable the ability to detect
the in vivo expression of CXCR4 in Ewing sarcoma which would help to stratify cases for
anti-CXCR4 therapy.

KEYWORDS
chemokines, bone tumor, sarcoma, molecular imaging, flow cytometry, peptides, live cell
imaging

INTRODUCTION

The tumor microenvironment has a key role in metastasis, angiogenesis and tumor growth
[1-3]. Chemokines are important signaling molecules in the tumor microenvironment [4].
The chemokine signaling axis that is involved in all main processes of the tumor microenvi-
ronment is CXCL12, also known as stromal derived factor 1, -CXCR4 axis [5,6]. CXCR4 ex-
pression has been associated with metastasis and tumor progression in various tumor types,
including Ewing sarcoma (EWS) [7-10]. EWS is an aggressive primary malignant neoplasm
occurring dominantly in bone in children and young adolescents [11]. Primary extraskeletal
soft tissue presentation is more frequent in adults [12]. The five year overall survival in pa-
tients with a localized disease at diagnosis is 70% but drops to 10-30% when patients have a
metastatic disease at diagnosis or a recurrence [13,14]. The fact that approximately 25% of the
patients present metastases at the time of diagnosis potentially implies an important role for
CXCR4, which is the highest expressed chemokine receptor in EWS [8]. Expression studies
at RNA and protein level revealed that high CXCR4 expression levels were associated with a
decreased survival in EWS patients [8,9]. However, when the expression of CXCR4 in me-
tastases was analyzed controversial results were obtained with “high” RNA expression levels
and “low” or absent protein expression. A plausible explanation for this discrepancy could be
related to the used anti-CXCR4 antibody used in this study which recognizes an N-terminal
epitope. Furthermore, immunohistochemistry staining patterns of CXCR4, which is a mem-
brane receptor, were also reported in other studies in the nucleus and cytoplasm [15-17].
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Reliable detection of CXCR4 could help to clarify the role of CXCR4 in tumors. CXCR4 has
been the target for the development of a variety of imaging agents [18]. Of these agents, for
fluorescence imaging, in particular derivatives of the antagonistic peptide (T140) -binding at
the fourth transmembrane domain of CXCR4- proved to be of value [19-23]. Moreover, in a
more recent study such a T140-analogue has been successfully applied to longitudinally mon-
itor the CXCR4 expression in a ductal carcinoma in situ breast cancer model [24]. Therefore,
we reasoned that the same peptide analogue could also help clarify the CXCR4 expression
levels at the cell membrane in EWS. To investigate this, we used the T140 analogue MSAP-Ac-
TZ14011 to discriminate between CXCR4 “high” and CXCR4 “low” EWS cell lines using live
cell imaging and flow cytometry. In addition, we evaluated the effect of variation in the flow
cytometry preparation protocol on the detected fluorescence. The flow cytometry measure-
ments were compared to the CXCR4 RNA expression levels of the used cell lines.

METHODS

Cell culture

EWS cell lines were obtained from multiple sources: L1062 was established in-house [25];
A673 was obtained from the American Type Culture Collection; 6647 was kindly provided
by Dr. Timothy Triche (CHLA, Los Angeles, CA, USA) and TC32 and IARC-EW?7 were ob-
tained from the EuroBoNET consortium collection (Institute of Pathology, University Medi-
cal Center, Diisseldorf, Germany) [26]. All EWS cell lines were cultured in Iscove’s Modified
Dulbeccos Medium (IMDM) with GlutaMAX supplement, supplemented with 10% heat-
inactivated fetal calf serum (FCS) (all from Life Technologies). The B-lineage acute lympho-
blastic leukemia (B-ALL) cell line “Leiden-ALL-HP” was kindly provided by the Department
of Hematology, Leiden University Medical Center, Leiden, Netherlands and was cultured as
described earlier [27]. MDA-MB-231 X4, a human breast cancer cell line which stably over-
expresses a GFP-tagged version of the human CXCR4 receptor [28], was kindly provided by
Gary Luker (University of Michigan Medical School, MI, USA) and cultured in DMEM sup-
plemented with 10% heat-inactivated FCS (all Life Technologies, Bleiswijk, The Netherlands).
This cell line was used a control during the whole study. Regular Mycoplasma DNA Q-PCR
screening [29] and Cell-ID STR typing using PowerPlex 1.2 (Promega, Leiden, The Nether-
lands) were conducted as quality control.

Fluorescent peptide

This study made use of the previously reported hybrid peptide MSAP-Ac-TZ14011, con-
sists of the CXCR4 targeting peptide Ac-TZ14011, a DTPA chelate capable to bind a radioac-
tive Indium and a Cy5.5 fluorophore [30]. This enables detection by single-photon emission
computed tomography (SPECT) and fluorescence imaging. Kd and specificity of the peptide
are described in this previous report.

Confocal imaging

Cells were plated on a glass bottom culture dish (MatTek Corporation, Ashland, Ma, USA)
24 hours before imaging. Imaging of cells was performed upon incubation with MSAP-Ac-
TZ14011 (0.27 uM) at standard culture conditions. Binding and internalization was assessed
in real-time in MDA-MB-231 X4; images were collected every 2 minutes for 3 hours. EWS
cell lines TC32 and IARC-EW7 were imaged prior to, directly after addition of MSAP-Ac-
TZ14011 to the culture medium (T=0) and 3 hours after incubation with MSAP-Ac-TZ14011
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(T=3). Prior to imaging at T=3 cells were washed, lysosomes were stained using lysotracker
DND-26 (0.5uM) and the nucleus was stained with Hoechst (1:2500 1mg/ml) (both Life Tech-
nologies) to discriminate between cytoplasm and nucleus. Imaging was performed on a SP5
microscope with a HCX PL APO 63.0x1.40 OIL lens (Leica, Eindhoven, The Netherlands) at
the microscope facility of the Department of Molecular Cell Biology, Leiden University Medi-
cal Center. Used excitation lasers and emission detection ranges are in Table 1. Images were
collected and evaluated using the LASAF software (Leica).

Table 1: Live cell imaging excitation and emission settings Table 2: Flow cytometry laser and

Signal Laser Excitation Detection filters
filter emission Signal Laser Filter
DND-26 lysotracker ~ Argon 496 510-530 Cy5.5 Red 710-40
Cy5.5 Argon 633 650-700 Alexa647 Red 660-20
Hoechst Diode 405 415-505 PI Blue 695-40
GFP Argon 488 500-550 GFP Blue 530-30
Flow cytometry

Cells were dissociated with trypsin (Life Technologies) and resuspended in 10% fetal calf
serum (FCS), IMDM media. Subsequently, cells were washed and incubated in a blocking
buffer PBS 5% BSA (PBA) for 30 minutes at 4°C. Afterwards cells were incubated with MSAP-
Ac-TZ14011 (0.27 uM) for 1h in PBA at 4°C and washed 3 times with PBA at 4°C. Propidium
iodide (1uM, Sigma-Aldrich GmbH, Steinheim am Albuch, Germany) was added 30 minutes
prior to flow cytometry measurement to separate dead cells from vital cells. For the com-
parison with ab2074 (1:50, Abcam, Cambridge, United Kingdom), the antibody used in the
EWS study [9], live cells were prepared for flow cytometry analysis as described by Pelekanos
et al. [31] using the secondary antibody Goat anti Rabbit Alexa 647 (1:200, ThermoFisher
Scientific, Breda, Netherlands). This specific protocol was used since it did not fix the cells
and would therefore be comparable to the other used protocols. The used filters and lasers to
measure the fluorescent signals are listed in Table 2.

To investigate the effect of cell dissociation procedure on the intactness of the receptor and
binding of the ligand, cells were handled using three methods: either Trypsin (0.025% without
EDTA) or TripLE (all from Life Technologies) or 10 mM EDTA (Sigma-Aldrich GmbH) dis-
solved in PBS, pH 7.4.

To investigate the effect of fixation on the flow cytometric measurements, methanol fixa-
tion was performed. The MSAP-Ac-TZ14011 staining was followed by washing with PBS at
4°C and fixation with 100% methanol (-20°C) by adding the fixative drop-wise. Cells were
then stored in 95% methanol for 20 minutes at -20°C, followed by washing with ice cold
PBS. All measurements were performed on a LSRII flow cytometer (BD Biosciences, San Jose,
CA, USA). Data files containing information from at least 10.000 live (propidium iodide (PI)
negative) single cell events were analyzed using WinList 8.0 based (Verity software House,
Topsham, ME, USA). The geometric means of the measured central flow cytometry fluores-
cence units (CFU) were baseline corrected. Cells stained with PI and the secondary antibody
Alexa647 were used as baseline.

RNA isolation, RT-Q-PCR analysis and Fluidigm
RNA expression of CXCR4 was determined as previously described [10]. In brief, total RNA
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was isolated using TRIzol Reagent for cDNA generation. RT-Q-PCR was performed using the
Fluidigm BioMark HD system (Fluidigm, San Francisco, CA, USA). Samples were measured
in duplicates and analyzed using BioMark software, delivered with the HD system.

Statistical analysis
Linear regression analysis was performed by using Graphpad Prism 6 (Graphpad Software
Inc. La Jolla, CA, USA).

RESULTS

Flow cytometry using MSAP-Ac-TZ14011 on live EWS cells

CXCR4 cell membrane expression levels detected by MSAP-Ac-TZ14011 of five EWS cell
lines with varying CXCR4 RNA expression levels (IARC-EW7, A673, L1062, 6647 and TC32)
[10] were quantified by flow cytometry. Within the previously tested panel of 20 EWS cell
lines, A673 and IARC-EW?7 demonstrated very low CXCR4 RNA expression levels, L1062
demonstrated a moderate CXCR4 RNA expression level, and 6647 and TC32 demonstrated
high CXCR4 RNA expression levels. In IARC-EW7 and A673 almost no CXCR4 cell mem-
brane expression was detected (>10%). In TC32 and 6647 CXCR4 cell membrane expression
was observed in almost all cells (>90%) (Figure 1A). Within the population, varying detec-
tion levels were observed with standard deviations ranging from 160.4-873.36 CFU, although

A AG73- 211 IARC-EW7- -1 L1062- £ 7 6647- °1
: 01% 3 01% & 0.3% ] 0.3% =,

CFU
843 IARC-EWT+ 1
5.8%

- 6647+
2 97.5%

500 1000 1500 2000 2500

e 0w 0w W o 10 10 10 L ) 108
CFU CFU Cfu CFU

w1

B Figure 1B Figure 1: Semi-quantitative detection of MSAP-Ac-
TZ14011 in EWS cell lines correlated significantly
with previous measured CXCR4 RNA expression lev-

5 200+ els. A) Cells of the EWS cell lines A673, IARC-EW?7,
6 - ° L1062, 6647 and TC32 were harvested and stained
T 150+ without (upper graphs) or with (lower graphs) MSAP-
e o Ac-TZ14011. Fluorescence was afterwards detected at
5 100+ . 710-40 nm. The calculated percentage of positive cells
° .t Lt is indicated in each panel. B) The baseline corrected
% 504, Bt geometric mean cytometry fluorescence units (CFU)
& . ' P=0.0009 detected after MSAP-Ac-TZ14011 staining of the in A
N described EWS cell lines were correlated to the previ-
0.0 05 10 15 ous determined CXCR4 RNA expression levels (x-axis).
normalized CXCR4 RNA expression Linear regression analysis demonstrated a significant

correlation between the by MSAP-Ac-TZ14011 detected CXCR4 levels and RNA expression levels (P-value and 95%
certainty borders are displaced). Both figures are representatives (n=3).
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Figure 2: Fluorescence comparison between ab2074 and MSAP-Ac-TZ14011 staining. A) EWS cell lines TC32
(white), 6647 (light gray) (high CXCR4 RNA expression), L1062 (dark gray) and A673 (black) (low CXCR4 RNA ex-
pression) were similar prepared for the ab2074 and MSAP-Ac-TZ14011 staining following the protocol described by
Pelekanos et al.[31]. The ab2074 did not demonstrate a difference in CXCR4 detection between high and low CXCR4
RNA expressing cell lines where MSAP-Ac-TZ14011 did. Representative figures (n=3) are demonstrated. B) MDA-
MB-231X4 and C) “Leiden-ALL-HP” cells were prepared and stained similar to the EWS cell lines. In MDA-MB-231
X4 the same difference between ab2074 (green) and MSAP-Ac-TZ14011 (red) staining was demonstrated but in
“Leiden-ALL-HP” a higher expression was detected by ab2074 than MSAP-Ac-TZ14011 (both n=1). The normalized
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Figure 3: Live cell validation of MSAP-Ac-TZ14011
staining in EWS cells. A,B) MDA-MB-231 X4 contain-
ing transfected CXCR4-GFP (green) and EWS cell lines
(C,D) TC32 and (E,F) IARC-EW7 were imaged by live
cell confocal microscopy directly after incubation with
MSAP-Ac-TZ14011 (red) (T=0) and after 3 hour incuba-
tion (T=3). At T=0 MDA-MB-231 X4 and TC32 demon-
strated a membrane staining where no staining was ob-
served in IARC-EW7. JARC-EW7 and TC32 were half an
hour prior to imaging incubated with lysotracker DND-
26 (green). Hoechst staining (blue) was used to stain the
nucleus. All images were taken using a 63x objective. At
T=3 intracellular MSAP-Ac-TZ14011 was observed and
overlapped with CXCR4-GFP. In addition, the DND-26
signal and MSAP-Ac-TZ14011 signal overlapped in TC32
(arrow). In the top corner, if present, is a part of the image
enlarged.
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no clear separate populations were identified (Figure 1A). The variation in fluorescence with-
in the cell lines were consistent to earlier observations [32]. The baseline corrected geomet-
ric means of the measured MSAP-Ac-TZ14011 levels were correlated to the earlier obtained
CXCR4 RNA expression levels [10]. A significant linear correlation (P=0.0009) was obtained
between these two conditions in various cell lines (Figure 1B).

Flow cytometric comparison of MSAP-Ac-TZ14011 with ab2074 and validation
of the cell-preparation effects on these staining

The MSAP-Ac-TZ14011 fluorescence levels were compared to the levels obtained with the
anti-CXCR4 antibody ab2074. In contrast to the findings with MSAP-Ac-TZ14011 peptide,
ab2074 antibody staining did not demonstrate any difference between the studied EWS cell
lines (Figure 2A). In addition, in the MDA-MB-231 X4 cells a lower signal was detected when
using ab2074 compared to MSAP-Ac-TZ14011 (Figure 2B). As a positive control cell line of
different origin growing in suspension the “Leiden-ALL-HP” cell line was used. In this cell
line the detected ab2074 antibody signals were higher than the MSAP-Ac-TZ14011 levels
(Figure 2C).

As “Leiden-ALL-HP” demonstrated a higher signal intensity level with ab2074 antibody
and is growing in suspension, the influence of cell dissociation was studied on the ab2074
and MSAP-Ac-TZ14011 detected levels. Different cell dissociations methods were compared
using regular trypsin (enzyme digestion) TrpLE (recombinant enzyme used in stem cell re-
search to treat trypsin sensitive cells) and EDTA alone (non-enzymatic treatment). None of
the harvesting methods (EDTA, Trypsin and TrpLE) influenced any of the staining methods
(Figure S1). In addition, we observed that fixation with methanol after MSAP-Ac-TZ14011
incubation increased the detected fluorescence, both in high and low CXCR4 expressing cell
lines (Figure S2).

Live cell imaging of CXCR4 by MSAP-Ac-TZ14011 in EWS cells

EWS cell lines TC32 and IARC-EW7 were further investigated by live cell imaging. TC32
and JARC-EW7 had, respectively, “high” and “low” CXCR4 RNA expression levels [10] and
“high” and “low” CXCR4 levels detected by MSAP-Ac-TZ14011. As control for estimation of
the MSAP-Ac-TZ14011 incubation period MDA-MB-231 X4, in which overexpressed CX-
CR4-GFP is located at the membrane and cytoplasm, was imaged over time (Figure 3A-B).
Directly after addition of MSAP-Ac-TZ14011 (T=0) all membrane expressed CXCR4-GFP
overlapped with MSAP-Ac-TZ14011 as shown in Figure 3A in orange. The intracellularly
located CXCR4-GFP signal is not overlapping with MSAP-Ac-TZ14011 signal. Over time
MSAP-Ac-TZ14011 was internalized with CXCR4-GFP and after 3 hours almost all CXCR4-
GFP present was bound by MSAP-Ac-TZ14011 (T'=3) (Figure 3B). This includes the CXCR4-
GFP located intracellularly. TC32, a high CXCR4 mRNA expressing EWS cell line, demon-
strated at T=0 a membranous MSAP-Ac-TZ14011 staining similar to that demonstrated by
MDA-MB-231 X4 (Figure 3C). After 3 hours incubation internalized MSAP-Ac-TZ14011,
like in MDA-MB-231 X4, was observed in TC32 (Figure 3D). The signal partly overlapped
with the lysotracker DND-26 signal, indicating that a part CXCR4-MSAP-Ac-TZ14011 com-
plex was directed towards the lysosomes. The low CXCR4 expressing EWS cell line IARC-
EW?7 cells showed neither cell membrane staining at T=0 nor cytoplasmic staining at T=3
of MSAP-Ac-TZ14011, suggesting no binding and internalization of CXCR4 was observed
(Figure 2E-F).
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DISCUSSION

In this study we have illustrated that a CXCR4 targeting fluorescent T140 analogue, MSAP-
Ac-TZ14011 tracer peptide, can be used as alternative for antibodies to determine the CXCR4
cell membrane expression levels in EWS cell lines and that the binding of MSAP-Ac-TZ14011
is not significantly influenced by the used cell dissociation method. The measured levels of cell
bound MSAP-Ac-TZ14011, and thereby indirectly the measured CXCR4 levels, were corre-
lated to CXCR4 mRNA expression and to CXCR4 cell membrane levels detected by antibody
staining. As the CXCR4 signaling pathway have a stimulating role in the main processes of
the tumor microenvironment in many tumor types, CXCR4 could be a candidate biomarker
and a potential therapeutic target. [5,7]. Moreover, treatment with CXCR4 antagonist T140
and analogues like Ac-TZ14011 inhibited tumor growth [33]. In EWS, however, although
RNA expression has been reported, protein expression in metastases was absent in paraffin
embedded material using immunohistochemistry [8,9]. CXCR4 consists of multiple isoforms
with varying N-terminal ends of which one, CXCR4-2, is dominantly expressed [34]. Both
the N- and C-terminal ends of CXCR4 contain many potential post-translational modifica-
tion sites and changes at these sites may influence antibody recognition potentially explaining
the various staining patterns observed in earlier studies [35-37]. As the T140 binding site
does not contain any reported post-translational modifications and in situ modeling suggests
MSAP-Ac-TZ14011 binds at the same site this detection could be a better alternative to detect
all forms of the receptor [18,23,35,38]. The detected MSAP-Ac-TZ14011 signals correlated
linearly with the earlier obtained RNA expression levels in EWS cell lines and co-localize
with CXCR4-GFP expressed in MDA-MB-231 X4 (Figure 1B and 2A-B). In addition, the
detected MSAP-Ac-TZ14011 levels using flow cytometry corresponded to the observations
during live cell imaging of the cells (Figure 1A and 2C,E). Limitations of this method are that
cells should be stained alive with MSAP-Ac-TZ14011 and not fixed with methanol prior to
staining.

The observed internalization of the MSAP-Ac-TZ14011 in TC32 and MDA-MB-231 X4
confirms previously reported internalization of Ac-TZ14011-FITC [22]. The CXCR4-GFP
overlap with MSAP-Ac-TZ14011 during CXCR4 internalization in MDA-MB-231 X4 and the
overlap of MSAP-Ac-TZ14011 with the lysotracker DND-26 in TC32 support the suggestion
that upon CXCR4 binding the peptide-CXCR4 complex is internalized. This peptide there-
fore can be used to detect intracellular located CXCR4 in cells when incubated over a longer
period at standard culture conditions. Moreover, as in vivo detection of CXCR4 membrane
expression was demonstrated in a mouse ductal carcinoma in situ model [24], it might possi-
ble to detect CXCR4 expression in vivo in EWS patients using MSAP-Ac-TZ14011, especially
since it contains both a SPECT/CT and fluorescence imaging agent.

CXCR4 is involved in metastasis and increased CXCR4 RNA expression levels were meas-
ured in both metastasis derived cell lines compared to non-metastasis derived cell lines and
metastases compared to localized tumors [8]. In addition, factors inhibiting CXCR4 activa-
tion can be used to identify high risk patients [10]. The detected MSAP-Ac-TZ14011 levels in
EWS cell lines positively correlated with the CXCR4 RNA expression levels and the MSAP-
Ac-TZ14011 signal overlapped with the CXCR4-GFP membrane signal. When assuming the
MSAP-Ac-TZ14011 fluorescence level is correlated to the CXCR4 cell membrane level, me-
tastasis might have a higher CXCR4 cell membrane expression than localized tumors. Such
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a positive correlation between the migration/invasiveness of a cell line and the CXCR4 cell
membrane expression has been observed both in EWS and breast cancer cell lines [24,32].
However, clinical data on the cell membrane expression of CXCR4 and its relation with tumor
invasiveness is still lacking. Using this method might enable determination of CXCR4 cell
membrane expression in patients. This would help to stratify patients for alternative thera-
pies, like anti-CXCR4 therapy and might serve as prognostic marker for EWS patients [9]. In
conclusion, staining with MSAP-Ac-TZ14011, by using live cell imaging and flow cytometry,
resulted in fluorescence levels that corresponded to the CXCR4 RNA expression levels of the
used EWS cell lines. This peptide-based method was appropriate for studying qualitatively
and semi-quantitatively CXCR4 cell membrane expression in live cells in EWS and other cell
types and might be well suited for future in vitro and in vivo CXCR4 studies.
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ABSTRACT

For many tumors the membrane-bound chemokine receptor CXCR4 is an impor-
tant factor in tumor progression and metastasis. Upon binding of its dominant ligand
CXCL12/stromal derived factor 1 (SDF-1), CXCR4 is internalized via endocytosis and
degraded or recycled. To specifically study the endocytosis process, we have synthesized
the receptor specific and redox sensitive/thiol-activatable Cy5-S-S-Cy3-Ac-TZ14011 pep-
tide. In vitro analysis demonstrated that Foster Resonance Energy Transfer (FRET) with
Cy5 quenched the Cy3 emission in the disulfide-containing label, while cleavage of this
disulfide bond resulted in a fluorescently active Cy3-Ac-TZ14011 peptide. Real-time eval-
uation of receptor internalization in Ewing sarcoma cell lines demonstrated both a quali-
tative and quantitative increase in Cy3 intensity when CXCR4 was expressed at “high”
levels. This method enables studying of CXCR4 dynamics at the live cell level and can
discriminate between internalized and non-internalized receptors. This principle might
be transferred to other receptor endocytosis studies.

KEYWORDS

FRET, internalization, fluorescence, sarcoma, chemokines, Ewing sarcoma

INTRODUCTION

CXCR4 is of major importance for a number of processes in the tumor microenvironment
[1-3], for example in Ewing sarcoma (EWS), an aggressive, highly metastatic and well vas-
cularized bone tumor [4]. It is has been associated with the level of angiogenesis, metastasis
and survival [5-9]. A complex network of regulation processes allows CXCR4 to perform its
tumorigenic functions. One of these processes is the CXCR4 traflicking to and from the mem-
brane and the availability on the membrane [10,11]. This process is cell/tissue-type dependent
[10,12]. The general view is that newly synthesized CXCR4 receptors are directed towards the
cell surface. Upon extracellular binding of its dominant ligand CXCL12 also known as stromal
derived factor 1, the receptor then internalizes and is subsequently degraded by lysosomes or
is recycled to the cell membrane [13]. The endocytosis process of CXCR4 is influenced by dif-
ferent tracks, including dynamin-dependent and clathrin-dependent endocytosis, lipid rafts
or macropinocytosis [12,14,15].

To image CXCR4 in vitro and in vivo a variety of agents have been developed [16]. Es-
pecially fluorescent and hybrid (both fluorescent and radioactive) analogues of the antago-
nistic CXCR4 targeting peptide T140 showed great potential in flow cytometry, microscopy
and non-invasive SPECT imaging [17-19]. However, these agents can only image and track
CXCR4 and cannot on its one be used to discriminate between intracellular and extracellular
CXCR4.

General the principle of an activatable peptide, a peptide active upon cleavage, has domi-
nantly been used for enzymatic activity [20]. As an imaging agent this principle opens the
possibility to use two tissue characteristics. For example, by combining a pH sensitive bond
with an receptor targeting peptide, only in an acidic environment with the present receptor
the signal after cleavage would appear [21]. This principle with an Iridium-Cy5 FRET pair for
long luminescence lifetime has recently been reported [22].

When coupled to a receptor targeting agent, the activatable peptide principle can be also
used to study the endocytosis dynamics and intracellular trafficking of receptors in live cells
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when the receptor is internalized upon binding of the activatable peptide which is intracel-
lularly cleaved [23]. Thereby, it can distinguish the internalized fraction of the studied re-
ceptor from the rest. To study the CXCR4 endocytosis dynamics we coupled an activatable
Cy5-S-§-Cy3 label, to the CXCR4 binding and internalizing peptide Ac-TZ14011 [16,18,19].
Cy3 and Cy5 are a well-known Forster Resonance Energy Transfer (FRET) pair [24,25]. We
reasoned that upon binding and cellular internalization of Cy5-S-S-Cy3-Ac-TZ14011, the di-
sulfide bond between the two dyes will be reduced in the reducing intracellular environment.
This will result in a change in fluorescence emitted by the peptide from 680 nm to 580 nm
when excited at the 550 nm (Figure 1). This effect was studied in high and low CXCR4 RNA
expressing EWS cell lines to validate the activatable CXCR4 targeting compound as receptor
specific endocytosis tracer.

Incubation Binding

excitation FRET

550 nm

0 Ui
e 3 e
D = o &=
= D . e

Internalization

emission
680 nm

excitation
550 nm

emission
580 nm

Figure 1: Principle of receptor targeted activatable imaging agents. The Cy3-Cy5 FRET label, with a disulfide
bond between the dyes (depicted in orange), coupled to the CXCR4 targeting peptide Ac-TZ14011 is administrated
to live cells. When the peptide (Cy5-S-S-Cy3-Ac-TZ14011) is excited at 550 nm the Cy3 transfers the energy to Cy5
which emits light of 680 nm. Upon binding, the Cy5-S-S-Cy3-Ac-TZ14011-CXCR4 complex is internalized and the
disulfide bond between Cy3 and Cy5 is reduced in a reducing intracellular environment. When the reduced peptide
is excited at 550 nm, Cy3 cannot transfer the energy to Cy5 and emits light at a wavelength of 580 nm.
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MATERIAL & METHODS

Chemical synthesis, purification and characterization

All chemicals were obtained from commercial sources and used without further purifi-
cation. Semi-preparative HPLC was performed on a Waters HPLC system using a 1525EF
pump, a 2489 dual wavelength absorbance detector (Waters Chromatography, Etten-Leur, the
Netherlands) and a flow rate of 6mL/min using a gradient of 5 % to 95 % acetonitrile in water
with 0.1 % TFA of 100min (Dr. Maisch Reprosil-Pur C18-AQ, 10 um (250 x 10 mm) column)
(Dr. Maisch High Performance LC, Ammerbuch-Entringen, Germany). Analytical HPLC was
performed using a flow rate of 1 mL/min using a gradient of 5 % to 95 % acetonitrile in water
with 0.1 % TFA of 40 min (Dr. Maisch Reprosil-Pur C18-AQ 5 pm, (250 x 4.60 mm ) col-
umn) (Dr. Maisch High Performance LC). A Waters Acquity UPLC-ESI-MS system using a
Acquity UPLC photodiode array detector, an SQ Detector mass spectrometer and a flow rate
of 0.5 mL/min (Waters BEH C18 130 A 1.7 um (100 x 2.1 mm) column) (all from Waters
Chromatography) was used for ESI-MS analysis. MALDI-TOF analysis was performed on a
Bruker Microflex (Bruker Daltonics, MA, US) using a matrix of a-cyano-4-hydroxycinnamic
acid and a reference of Granuliberin R ([M+H]* = 1423.7 Da). Freeze-drying was performed
by dissolution or dilution of the compound in tert-butanol/H,O (1:1 v/v) and freeze-drying
in a Christ Alpha RVC equipped with a Mitsubishi VaCo 2 condensor (Christ, Osterode am
Harz, Germany).

Synthesis of Boc-Cys(S-CH,CH,-NH,)-OH (1)

Boc-Cys(Npys)-OH (187 mg, 0.5 mmol) (Sigma-Aldrich GmbH, Steinheim am Albuch,
Germany), and cysteamine hydrochloride (45 mg, 0.4 mmol) were dissolved in THF/H,O
(1:1 v/v, 5 mL). N-methyl morpholine (NMM, 20 pL, 0.2 mmol) was subsequently added and
the reaction mixture was stirred overnight. Disappearance of the cysteamine starting material
from the now orange reaction mixture was confirmed by TLC (10% MeOH/CH Cl, staining
with ninhydrin) and ESI-MS indicated a mass of 297.1 Da, corresponding to the [M+H]"* of
the product (calculated mass 297.1 Da). In addition, two other masses corresponding to 3-ni-
tro-2-pyridine thiol (156.8 Da) and excess Boc-Cys(Npys)-OH (375.9 Da) were also found.
This crude material was used directly in the next synthesis.

Synthesis of Boc-Cys(S-CH,CH,-NH-Cy5)-OH (2)

To 0.5ml of the reaction mixture of compound 1 (40 umol), NMM (10 pl, 100 umol) was
added to adjust to pH to ~8. Cy5-OSu [26] (5 mg, 5.4 pmol) was added and stirred for 2.5
h. Hereafter the mixture was diluted with 4 mL H,O and purified by semi-preparative HPLC
(elution time: ¢, = 33 min). The fraction containing the product was freeze-dried to yield a
blue flufty solid (0.8 mg, 0.7 pmol). MALDI-TOF: [M]* found 1043.96 Da, calculated 1043.29
Da. The Boc group was found to be partially removed during storage in the TFA buffer: mass
[M]* found was 943.83 Da, calculated mass was 943.24Da.

Synthesis of Cy3-Cys(S-CH,-CH,-NH-Cy5)-OH (Cy5-$-S-Cy3, 3)

The Boc-group was completely removed from compound 2 (0.4 mg, 0.35 pmol) by ad-
dition of trifluoroacetic acid (TFA, 1 mL) and stirring for 1 h. The TFA was removed by
concentration in vacuo and the residue was co-evaporated with chloroform twice, after
which it was lyophilized. The dry compound was dissolved in phosphate buffer (1 mL, 100
mM, pH 8.3), followed by the addition of Cy3-TFP ester [27] (3 mg, 3 pmol) in DMF (200
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pL). The reaction mixture was allowed to stir for 3 h and was diluted with 4 mL H,O. After
acidification with 10 uL AcOH. The product was purified by semi-preparative HPLC (¢, = 26
min). This fraction was freeze-dried to yield a purplish blue flufty solid (0.4 mg, 0.21 pumol)
with an analytical HPLC ¢,=23.9 min. Mass [M-H]* found was 1664.46 Da, calculated mass
was 1663.43 Da (Figure S1). Mass [M-2H+Na]* found was 1686.45 Da, calculated mass was
1685.41 Da. Some disulfide cleavage induced by the ionization process was also observed

generating ions of 824.67 Da and 842.66 Da [28].

Synthesis of Cy3-Cys(S-CH,-CH,-NH-Cy5)-[Ac-TZ14011] (Cy-S-S-Cy3-Ac-TZ14011, 4)

Compound 3 (0.2 mg, 0.1 umol), PyBOP (2 mg, 4 pmol), Ac-TZ14011 [29] (2 mg, 0.3
pumol) and NMM (10 pL, 100 pmol) were dissolved in DMF (400 pL) and stirred for 2 h, af-
ter which water was added and the reaction was allowed to continue for another 30 min. The
reaction mixture was diluted with 4 ml water, acidified with AcOH (10 pL) and purified by
semi-preparative HPLC (¢, = 32 min). The fraction containing the product was freeze-dried
to yield a purplish blue fluffy solid that was dissolved in 1 mL water. The concentration was
determined by spectroscopy using a molar extinction coeflicient of 2.4 10° [30] and was found
to be 2.4 uM. The resulting stock solution was used for all further experiments. MALDI-TOF
Mass [M]* found a mass of 3752.36 Da, calculated mass was 3751.49 Da (¢, = 26.1 min on
analytical HPLC) (Figure S2).

Photophysical properties of the Cy3-Cy5 FRET labelling

Compound 3 was dissolved in PBS (3 mL, 3p M final volume and concentration) and ab-
sorbance was measured in a quartz cuvette on a Ultraspec 3000 (Amersham Pharmacia Bio-
tech, Munich, Germany) subtracting a PBS blank. Fluorescence properties were analyzed on a
Perkin-Elmer LS-55 spectrofluorometer (Perkim-Elmer, Waltham, MA, US). After excitation
at 520 nm, the emission spectrum was obtained between 530-750 nm. A 2D excitation/emis-
sion scan was obtained while exciting between 450-750 nm with 5 nm increments with emis-
sion recorded at 450-750 nm for each scan. Results were incorporated into 2D and 3D repre-
sentations using MatLab (Mathworks Inc., Massachusetts, USA) software using the surf(x,y,z)
command. A DTT solution was subsequently added (50 mM stock, 60 uL) to the cuvette
for a final concentration of 1 mM. After mixing, the cuvette was allowed to incubate for 140
min, after which fluorescence was measured every 5min after excitation at 520 nm. When the
compound was completely reduced, a 2D and 3D representation was recorded similar to the
one described above.

Cell culture

EWS cell line TC32, having a high CXCR4 RNA expression, was obtained from the Eu-
roBoNeT consortium collection (Institute of Pathology, University Medical Center, Diissel-
dorf, Germany) [31]; A673, having a low CXCR4 RNA expression, was obtained from the
ATCC. TC32 and A673 were cultured in Iscove’s modified Dulbecco’s medium (IMDM) con-
taining GlutaM AX supplement under standard culture conditions. Both media were supple-
mented with 1% streptomycin/penicillin and 10% heat-inactivated FCS (all were obtained
from Life Technologies, Bleiswijk, The Netherlands).

Confocal imaging
Cells were plated on a glass bottom culture dish (MatTek corporation, Ashland, Ma, USA)
24 h before imaging to let the cells attach to the bottom. Hoechst 33258 and lysotracker DND-
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26 (Life Technologies) were added at a final concentration of 1 ug/mL for 1 h and excess was
washed away prior to imaging. Cy-S-S-Cy3-Ac-TZ14011 was sonicated (1 min) and added
to the dish at a final concentration of 4 uM and present in media during first 3 h of imaging.
Live cell imaging was performed on SP8 with a white light laser and a UV laser by sequential
imaging at the dye its optimal excitation wavelength and measured in their specific emission
range at a 63 times magnification under standard culture conditions with a HC PL APO CS2
63x/1.40 OIL lens (Leica, Eindhoven, The Netherlands) (Table 1). Imaging was performed
during 3 h. After 3 h imaging cells were washed incubated standard culture conditions to be
measured at 24 h and 72 h.

Table 1: Excitation and emission wavelength ranges of the different fluoro-
phores used during imaging

Fluorophore Excitation Emission detection range
Hoechst 405 nm (UV diode) 415-509 nm
DND-26 504 nm 510-530 nm

Cy3 552 nm 558-593 nm
Cy5 631 nm 652-709 nm
FRET 552 nm 652-709 nm

Image analysis

Quantitative fluorescence intensity levels of multiple images (minimal 3 per measurement)
were obtained using LASX software by calculating the mean intensity of the cell covered area
(Leica) and each image was background-corrected by the analyzed the fluorescence intensity
levels of the nuclei present in the analyzed area (observed by Hoechst 33528 staining). As
controls, images were made before adding Cy-S-S-Cy3-Ac-TZ14011 and after adding Ac-
TZ14011-MSAP [17],which contains a Cy5 but no Cy3 fluorophore, was used as control for
FRET fluorescence when exciting at 552 nm and measuring at 652-709 nm. All fluorescence
images collected at different wavelengths are shown separately in Figure S3and S4.

RESULTS

Synthesis and in vitro validation of activatable Cy-S-S-Cy3-Ac-TZ14011

As presented in Figure 2, the CXCR4 endocytosis tracer is generated by linking the synthe-
sized Cy5-S-S-Cy3 FRET label to Ac-TZ14011 by using its carboxylic acid. FRET-label syn-
thesis was started using Boc-Cys(Npys)-OH as a straightforward platform for a asymmetric
disulfide bond (Figure 2, compound 1). Crude material 1 was used for conjugation with an
activated ester of sulfonated Cy5 to afford compound 2. After purification of compound 2,
the Boc protecting group was removed and the activated ester of sulfonated Cy3 was added
under aqueous conditions yielding Cy5-S-S-Cy3 (3). Ultimately, conjugation of Cy5-S-S-Cy3
(3) with the targeting peptide Ac-TZ14011 yielded the activatable CXCR4 tracer Cy5-S-S-
Cy3-Ac-TZ14011 (4).

The photophysical properties of compound 3 were analyzed in vitro by measuring the ab-
sorbance and FRET efficiency (Figure 3 and S3A). The absorbance demonstrated a pattern
matching the Cy3 and Cy5 absorbance peaks. As a result of a difference in their extinction co-
efficients, the Cy5 signal intensity was higher than that of the Cy3 signal. The FRET efficiency
was assayed in PBS and showed low Cy3 fluorescence upon excitation at 520 nm but a high

110



Activatable hybrid FRET peptide dimer for imaging CXCR4 endocytosis

A Absorbance and Fluorescence of cpd 3

0.8+

_C’
[=2]
1

Absorbance (AU)
(=] (=]
R

ta
o) ) o5 o
a0 o
gs]
' g o
c{f_l og"/J
o° &0
=] 3, (=] o
NH- H 1. TFA [==] H
J 2, Cy3-TFP 50 ng\_-
; g 5 Phosphate buffer 5
Nmgarmine 7100 CYWG”-””;(GO £ (pH B.3)¢ DMF o &
- H ye H o H
THEID g TR0 NI]'D WHL&E
[+}
1 2 @ 3
05
3 []
Ae-TZ14011
PyBOP, DIFEA
P DMF
oo
° v
@
Hat Oz Hiog
o HO, e
0.0 o
° o 14 GN H,}N Ha Aot

ou)

[

o

o
1

v 400

-

@

(=]
1

300

- 200

1
L
]
i
L}
L}
L]
|
'
'

(Nv) @32uaasalon|d
b

Fluorescence (AU)
8

Y 100

e
o

— e 0

Figure 2: Synthesis

of Cy-S-S-Cy3-Ac-
TZ14011.

Synthesis was started
with  Boc-Cys(Npys)-
OH which contains a
disulfide bond. This is
transformed to com-
pound 1 with an asym-
metrical disulfide bond
as result and compound
1 is subsequently cou-
pled to sulfonated Cys5,
resulting in compound
2. By adding Cy3-TFP,
Cy3 can be linked to
generate compound
3, the Cy3-Cy5 FRET
dimer. Ac-TZ14011 is
coupled to compound
3 at the carboxylic acid
group to generate com-
pound 4, the CXCR4 en-
docytosis peptide (Cy5-
§-S-Cy3-Ac-TZ14011).
The scissors appoint the
cleavage site.
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Figure 3: Photophysical properties of the Cy3-Cy5 FRET labelling. A) Absorbance of compound 3 (3uM in PBS)
in solid line, with the fluorescence spectrum upon excitation of Cy3 at 520 nm depicted in dotted line. B) Fluores-
cence spectrum of the time-dependent disulfide reduction of 3 with DTT at various time points upon excitation at
520 nm. Increase in Cy3 fluorescence at 570 nm was found to be 20-fold, demonstrating in vitro functionality of
compound 3.

Cy5 fluorescence (Figure 3A and S3A).

To test the cleavage of the FRET-pair and thereby the reactivation of the Cy3 signal, the
strong disulfide reducing agent dithiothreitol (DTT) was used. Fluorescence spectrometric
analysis during 140min (Figure 3B) revealed a gradual reduction in Cy5 fluorescence and in-
crease in Cy3 fluorescence; after 140 min a 20-fold increase in Cy3-fluorescence was obtained.
This suggests a ~95% FRET efliciency of compound 3 (Figure S5). Cy-S-S-Cy3-Ac-TZ14011
(4) was also examined by fluorescence spectroscopy prior to- and after DTT reduction. Here-
in a threefold increase in Cy3 fluorescence was observed between non-reduced and reduced
state (data not shown).
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In vitro validation of Cy-S-S-Cy3-Ac-TZ14011 by measuring CXCR4 endocytosis
in EWS cell lines

Further in vitro validation of Cy-S-S-Cy3-Ac-TZ14011 was performed using EWS cell lines
TC32 and A673. Directly after Cy-S-S-Cy3-Ac-TZ14011 administration, a staining was ob-
served which was consistent with previous observations; a strong cell membrane staining in
TC32 and some membrane staining in A673 (Figure S3A and S4A). After 1 h, in both cell
lines, a clustered staining which partly overlapped with the lysosome tracker DND-26 stain-
ing. Over time the Cy5 and FRET fluorescence signal decreased in both cell lines and only
TC32 demonstrated an overall increase in Cy3 fluorescence signal (Figure S3 and $4). No
clear membrane staining of the Cy3 signal like the Cy5 signal has been observed in both cell
lines.

Quantitative analysis of the mean fluorescence intensity demonstrated similar trends; in
both cell lines a decreasing trend in Cy5 and FRET signal was observed and in TC32 an in-
creasing trend of Cy3 signal was observed which was significant after 72 h (P<0.03) (Figure
4). In A673 no trend in Cy3 signal was observed.
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Figure 4: Mean fluorescence intensities over time in EWS cell lines TC32 and A673. After addition of Cy5-S-S-
Cy3-Ac-TZ14011 confocal images of EWS cell line TC32, high CXCR4 RNA expression, and EWS cell line A673, low
CXCR4 RNA expression, taken at five time points were analyzed with LASX software by calculating the mean fluo-
rescence intensity. Mean with SEM of at least n=3 is demonstrated. A decreasing trend in Cy5 fluorescence and FRET
fluorescence was observed in both cell lines. Only in TC32 an increase in Cy3 fluorescence was observed which was
significant 72 h after Cy5-S-S-Cy3-Ac-TZ14011 addition compared to the Cy3 fluorescence 1 h after addition. This
quantitatively validates the functionality of Cy5-S-S-Cy3-Ac-TZ14011 in a cellular environment.
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DISCUSSION

Previously we demonstrated that the CXCR4 targeting peptide Ac-TZ14011-FITCH was
internalized over time [18]. These data, however, did not allow us to differentiate between
CXCR4 that was originally residing on the surface during the labeling process and labeled-
CXCR4 that might have recycled back to the surface [32,33]. This prompted us to study the
live cell dynamics of CXCR4 internalization with an activatable CXCR4 endocytosis tracer
(Cy5-S-S-Cy3-Ac-TZ14011) based on a disulfide-based Cy3-Cy5 FRET label linked to Ac-
TZ14011. Upon cellular internalization the disulfide bond in the FRET-label was disrupted by
reduction, leading to an increase in Cy3 fluorescence (Figure 1). Synthesis of Cy5-S-S-Cy3-
Ac-TZ14011 was relatively straightforward, however solubility issues due to the charges on
the dyes resulted in a low yield of the end product (Figure 2). The use of alternative (cyanine)
dyes may improve the yield. Photophysical analyses of the unconjugated label (compound 3)
demonstrated a ~95% FRET efliciency. This is consistent with expectations of FRET based on
the close proximity of the two dyes (<< 6 nm) compared with a R distance of 6 nm reported
for the Cy3-Cy5 FRET pair at which FRET efliciency is 50% [34]. The diminished increase
in Cy3 signal observed when the complete tracer Cy5-S-S-Cy3-Ac-TZ14011 was reduced
compared to the FRET label alone could stem from a higher initial Cy3 signal. This could
be caused by minor reduction of the Cy5-S-S-Cy3-Ac-TZ14011 during coupling conditions
which could not be fully removed by preparative HPLC or could be caused by leakage of the
Cy3 fluorescence. The higher initial Cy3 signal was observed as well during live cell imaging at
the start when a high Cy5 and FRET fluorescence of the Cy5-S-S-Cy3-Ac-TZ14011 were de-
tected, suggesting leakage might partially be a cause (Figure 4). Moreover, similar FRETs ear-
lier reported by us and others had comparable FRET efficiencies despite high purity [22,23].
During live cell evaluation of Cy5-S-S-Cy3-Ac-TZ14011, like during the synthesis, aggregates
were observed but could partially be reduced by sonication of Cy5-S-S-Cy3-Ac-TZ14011 be-
fore addition to the cells. The internalization-dependent Cy3 fluorescence of Cy5-S-S-Cy3-
Ac-TZ14011 shortly after internalization implies Cy5-S-S-Cy3-Ac-TZ14011 is functional and
potentially suited to detect recycling of internalized CXCR4 to the cell membrane (Figure 4,
$3 and S4). This is strengthened by the increasing trend of Cy3 signal observed in het high
CXCR4 expressing EWS cell line TC32 which reached significance after 72 h compared to the
Cy3 signal after 1 h. No trend in Cy3 signal was observed in the low CXCR4 expressing EWS
cell line A673 [6]. This is consistent with earlier reported observation of CXCR4 expression in
A673 [8]. The absence of clear membrane staining after internalization of CXCR4 and domi-
nantly overlap of Cy3 signal with the lysotracker signal suggest that in these EWS cell lines
majority of the receptor is not recycled back to the membrane after internalization. However,
that some receptors do relocate to the cell membrane after internalization cannot be excluded.

The principle of live cell imaging of receptor dynamics is especially for GPCRs an interesting
method to study the dynamics per cell/tissue-type as without any further labeling needed and
one is able to distinguish the internalized part of the studied receptor from the others. CXCR4
and other GPCRs were reported to be recycled back to the cell membrane after internaliza-
tion [32,33,35]. By using Cy5-S-S-Cy3-Ac-TZ14011 it is possible to study this process. The
observed absence of toxicity of Cy5-S-S-Cy3-Ac-TZ14011 might open new routes to study
compound-receptor complex endocytosis. The gained insight in the CXCR4 endocytosis can
be used for optimization of targeting CXCR4 in Ewing sarcoma by inhibitors which are based
on Ac-TZ14011. In addition, the principle could be used to target both the CXCR4 receptor
and to internalize chemotherapeutic agent carriers which can release their chemotherapeutics
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in an reducing environment inside the cell which would increase their effect [36].

In conclusion, we present here a method to study live cell CXCR4 endocytosis by an ac-
tivatable receptor targeting peptide Cy5-S-S-Cy3-Ac-TZ14011. Live cell evaluation in EWS
cell lines confirmed the functionality of the peptide with a significant increase in Cy3 signal
in a high CXCR4 expressing EWS cell line and not in a low expressing CXCR4 EWS cell line
and provided insight in the cell biology of these cell lines which might lead to improved anti-
CXCR4 therapy in EWS patients. The same concept may also proof to be of value for coming
studies regarding (CXCR4) receptor dynamics.
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Figure S1: HPLC trace with inset MALDI-TOF of compound 3 injected in PBS with 220 nm absorbance in black
and 650 nm absorbance in grey. A mass of 1664.46 Da was measured for compound 3 which is corresponding to

the calculated mass of 1685.41 Da.
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Figure S2: HPLC trace with inset MALDI-TOF of compound 4 (Cy-S-S-Cy3-Ac-TZ14011) injected in PBS. The
measured mass of Cy-S-S-Cy3-Ac-TZ14011 was 3752.36 Da which was corresponding to the calculated mass of

3751.49 Da
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Figure S5: 2D and 3D representation of the excitation/emission spectrum of compound 3 (3uM in PBS) prior
to (A) and after DTT incubation (B) 140min. The photophysical properties of compound 3 (Cy5-S-S-Cy3) were
determined by spectrofluorometry. A) Prior to reduction of the disulfide bond, compound 3 showed high FRET fluo-
rescence (excitation between 500-570 nm and emission between 650-700 nm) and some Cy3 fluorescence (excitation
between 500-570 nm and emission between 550-600 nm). B) After reduction of the disulfide bond by DTT the FRET
fluorescence was almost completely reduced and the Cy3 fluorescence was highly increased. This demonstrates the
in vitro functionality of compound 3 and its emission specificity. The gain of the spectrometer was reduced in the
spectrum B to avoid oversaturation.
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Figure S4 TC32 Figure S5 A673
A: from start A: from start
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D: after 24 h D: after 24 h
Cy5 (red) Cy3 (green) FRET (blue) Cy5 (red) Cy3 (green) FRET (blue)

Hoechst overlay DND26 (red) + Cy3 Hoechst overlay DND26 (red) + Cy3
/
s
E: after 72 h E: after 72 h
Cy5 (red) Cy3 (green) FRET (blue) Cy5 (red) Cy3 (green) FRET (blue)

Hoechst overlay DND26 (red) + Cy3 Hoechst overlay DND26 (red) + Cy3

Supplementary description Figure S$3 and S4: Representative images (n>3) were collected during live cell imaging of
high CXCR4 expressing EWS cell line TC32 (S4) and low CXCR4 expressing EWS cell line A673 (S5). Hoechst, lysotracker
DND-26 and the Cy5, FRET, Cy3 signals emitted by Cy-S-S-Cy3-Ac-TZ14011 were excited, and emission was detected at
the wavelengths described in Table 1. Color labels of the signals in the overlay are stated brackets. After addition of Cy-
§-S-Cy3-Ac-TZ14011 a cell membrane staining pattern was shown in TC32 by the Cy5 and FRET signals (S4a). In A673
this was less pronounced (S5a). No Cy3 signal was observed in TC32 and only at a few sites in A673 (arrow). After 1 h,
especially in TC32, the Cy5 signal was more clustered (S4b and S5b). Internalized peptide is observed in both cell lines,
indicated by the overlap with the DND26 signal (arrow at DND26 + Cy3). This overlap is present throughout the rest of the
imaging process and was most present after 72 h in TC32. Overlap of all three the peptide emitted signals is demonstrated
at some sites (arrows in overlays). This overlap suggests a combination of reduced and non-reduced of Cy-S-S-Cy3-Ac-
TZ14011 at the same position. Overall decrease of Cy5 and the FRET signals over time was observed in both TC32 and
A673 and was almost absent at 72 h. Increase of Cy3 signal over time could only be observed in TC32. This implies that
Cy-$-8-Cy3-Ac-TZ14011 is functional in an cellular environment and that the CXCR4 bound by Cy-S-S-Cy3-Ac-TZ14011
is directed to the lysosomes in TC32 upon internalization over a time course of at least 72 h.
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SUMMARY AND FUTURE PROSPECTIVE

Ewing sarcoma (EWS) is an aggressive primary malignant bone tumor with high degree
of tumor vascularization, to the exert that it was originally supposed to be of vascular origin
[1]. High vascularization is often a result of an intensive interaction between the tumor and
its microenvironment. For the understanding of its interactions within the microenviron-
ment detailed characterization of EWS at the molecular level is needed. This thesis focusses
on chemokine signaling. In addition, characterization of EWS at the genome, epigenome and
transcriptome levels may potentially help to identify new druggable targets and prognostic
markers. In Chapter 2 results of so far published large sequencing studies were combined to
provide a comprehensive overview that can facilitate the use of large datasets generated from
EWS. At genome level, besides the characteristic EWSRI-ETS translocation, no frequently re-
curring structural rearrangements were identified to be present in EWS. The number of gene
mutations detected in EWS was very low and only two gene mutations, TP53 and STAG2, were
frequently observed in multiple studies with frequencies of 5.2-7% and 9-21.5%, respectively
[2-4]. The distribution of these mutations across the gene sequence showed an interesting
pattern. The most frequent TP53 mutation in EWS -¢.527G>T (p. C176F)- was not listed as
hot spot mutation in the TP53 mutation database of the IARC, which collects mutations from
many types of cancer [5]. It may be speculated that these TP53 mutations are appearing due
to or are related to the EWS-ETS fusion protein [6]. One clear hot spot mutation ¢.646C>T
(p-R216X) was identified in STAG2, which was present in 25% of the analyzed cases. These
mutations together with structural alterations including 1q gain, are clinically relevant as they
can be used as prognostic markers for survival [2,7-9]. In addition, CDKN2A/CDKN2B locus
deletion, observed in 12% of the analyzed cases was not associated with survival which is con-
flicting with the results of earlier studies [2,3,7]. The overall low number of mutations in EWS
suggests that the cell death pathways, in contrast to most other tumors, are not genetically but
rather functionally defective. Intracellular or extracellular reactivation of these pathways by
the DNA damage recognition system or immune cells, respectively, might be feasible, creating
additional opportunities for chemo- and immunotherapy (Chapter 2) [10].

The impact of the EWSR1-ETS fusion protein on cellular processes was observed both at
epigenome and transcriptome level. EWS specific epigenetic patterns were observed at distant
enhancer and super-enhancers sites [11]. In addition, EWSR1-ETS binds at specific GGAA
satellites and requires interactions with various epigenetic modifiers to be able to bind and
act as oncogenic driver [12]. These epigenetic modifiers would be therefore be ideal thera-
peutic targets for EWSR1-ETS specific treatment [13]. The blocking of the interaction sites of
EWSRI-ETS or of the epigenetic modifiers which are involved epigenetic regulation are both
plausible therapies that have been investigated; YK-4-279 as blocking agent for EWSRI-ETS,
and HCI2509 as reversible blocking agent for lysine-specific histone demethylase 1 (LSD1)
[13,14].

At transcriptome level -besides a specific Ewing sarcoma gene expression pattern- a spe-
cific non-coding RNA expression pattern and alternative splicing events were identified, all
influenced by the EWSR1-ETS fusion protein. The fusion protein up- and downregulates sev-
eral cellular processes. For the studies presented in this thesis, downregulation of extracellular
signaling, including chemokines and chemokine receptors signaling was highly relevant and
investigated in more detail.

The downregulation of specific chemokines and their receptors might be used as a treat-
ment option for EWS. In Chapter 3 the lack of chemokine CCL21 and CCR?7 expression in
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EWS cells makes this tumor a prime candidate for CCL21 activation-based immunotherapy.
The CCL21-CCRY7 axis is often activated by the immune system that improves the anti-tumor
immune response. However, it has been reported that when tumor cells express CCL21 and/
or its receptor CCR7, a pro-tumorigenic response can occur upon CCL21 immunotherapy
with an adverse effect. CCL21, in addition, might be used as a prognostic marker in EWS
since increased RNA expression of CCL21 was associated with decreased event free survival
and overall survival in therapy-naive primary EWS samples and inversely correlated with
CD4*/CD8" T-cell ratio (Chapter 3).

Although most chemokines and chemokine receptors are downregulated in EWS, upregu-
lation of CXCR4 has been described in EWS [15]. CXCR4 is involved in all the major pro-
cesses of the tumor microenvironment: angiogenesis, tumor growth, metastasis and immune
surveillance [16]. In EWS its expression has been examined at RNA and protein level with
conflicting results [17,18]. At the RNA level high CXCR4 expression was associated with me-
tastasis, but at the protein level no expression in metastasis was observed. By studying the CX-
CR4-CXCR? axis in two patient cohorts we investigated the role of CXCR4 in EWS in broader
perspective and demonstrated a role for the chemokine factors that inhibit CXCR4 activation,
namely chemokine receptor CXCR7 and chemokine CXCL14 (Chapter 4). Increased expres-
sion of these factors showed a negative correlation/association with the development of me-
tastases and with improved overall survival in one cohort (Chapter 4). These data confirmed
the importance of CXCR4 activity in EWS and in its microenvironment.

CXCR4 expression and activity are regulated at various levels, including alternative splic-
ing, post-translational modifications, dimerization and cellular localization. Previously, two
CXCRA4 splice variants had been reported (CXCR4-1 and CXCR4-2) but their role in the tu-
mor microenvironment was undetermined. The balance between splice variants is known to
be important in protein function [19,20]. In Chapter 4 we demonstrated that the CXCR4-1/
CXCR4-2 ratio is increased in tumor samples compared to cell lines and this increased ratio
was associated with an improved patient survival. CXCR4 can form dimers or even oligomers.
We propose that a heterodimer formed by CXCR4-2 and CXCR4-1 isoforms might influence
activation of CXCR4-2 [21]. Besides these two known splice variants, we have identified two
novel splice variants (annotated as CXCR4-3, CXCR4-4) in EWS cell lines by using whole tran-
scriptome sequencing (Chapter 5). Interestingly, all identified CXCR4 splice variants showed
variations only at the N-terminal end of CXCR4 implying an important role for this N-termi-
nal region in signaling. For the CXCR4-2 variant, this role has been confirmed by modeling
experiments [22].The expression of these, novel splice variants were detected in both other
tumor and normal tissue samples, indicating that their expression is not EWS specific but
they are regular splice variants. Further validation at protein and functional level revealed
that ectopic expression resulted in a dominantly unstable intracellular protein. However, the
CXCR4-3 isoform in the T7 transformed human embryonic kidney cell line HEK293T dem-
onstrated some cell membrane localization and activity upon CXCL12a stimulation.

CXCR4 receptor activation by CXCL12 ligand binding is dependent on the subcellular lo-
calization of the receptor and its highly regulated cellular trafficking. Only cell membrane
located CXCR4 receptor is accessible for ligand binding and the cell membrane expression
levels have been associated with a degree of metastasis [23]. As in EWS conflicting CXCR4
protein and RNA expression levels are reported, a peptide-based staining method was applied
and compared with antibody-based staining method (Chapter 6). The peptide-based method
could qualitatively and quantitatively detect the CXCR4 cell membrane expression and was
linearly correlated to the CXCR4 RNA expression levels where the antibody-based method de-
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tected the same cell membrane expression levels in EWS cell lines with varying RNA expres-
sion levels. In addition, the CXCR4 receptor internalized upon binding of the used peptide
Ac-TZ14011-Cy5. Upon CXCLI12 binding the intracellular domains of the transmembrane
receptor are modified by ubiquitination and phosphorylation leading to CXCR4 internaliza-
tion [24]. Receptor internalization and intracellular trafficking is a complex process achieved
via multiple pathways and has been shown to be a cell/tissue specific process [25,26]. Since
binding of the previous used peptide Ac-TZ14011-Cy5 to CXCR4 resulted internalization of
the receptor-peptide complex, this peptide was used as chemical backbone for the synthesis
of an activatable CXCR4 endocytosis tracer to study the intracellular trafficking. The tracer
contained, besides the Ac-TZ14011 peptide, a double fluorescence labeling that is appropri-
ate for Forster resonance energy transfer (FRET) analysis. The disulfide bond between the
two fluorophores enabled to measure the endocytosis process as function of the reducing
environment (Chapter 7). In vivo validation of the tracer revealed that the peptide internal-
ized with the receptor and could be used to measure the internalized CXCR4 qualitatively
and quantitatively. The development of such novel tracers will allow to further study the role
and regulation of CXCR4 in different tumor types.

In conclusion, this thesis illustrates the importance of chemokines in EWS tumor cells
and its tumor microenvironment. CCL21 CXCL14, CXCR7 and the ratio between CXCR4-1
and CXCR4-2 have been identified as candidate prognostic markers, CCL21 immunotherapy
as potential therapy and CXCR4 as potential therapeutic target in EWS. In addition, the
presented peptide-based life cell imaging methods improve the ability to study CXCR4 cell
membrane expression and dynamics qualitatively and quantitatively. This approach might
be helpful for the measurement of anti-CXCR4 therapy efficacy. This work identified specific
the chemokine signaling pathways that can be used to target Ewing sarcoma and its tumor
microenvironment.

The present EWS treatment regimen with surgery and intense chemotherapy has led to a
survival of around 70% when EWS is localized but worse for patients with a metastatic dis-
ease at diagnosis or relapse. In addition, the regimen results in severe long-term effects on the
health of these patients [27]. To stratify patients in the clinic only classic prognostic markers
are used. The inclusion of targeted - and immunotherapy in the EWS treatment regime, such
as YK-4-279 and CCL21 dendritic cell therapy, and inclusion of genetics and tumor-micro-
environment related markers, such as TP53 and CXCL14 could lead to an increase the overall
survival. . Especially the combined analysis of these different kinds of markers could further
help to improve the patient stratification and survival prediction. To measure the expression
and spatial-temporal activity of these markers new methods are needed. Examples of these
methods are described in this thesis. Further development for successful application of these
techniques will require a multi-disciplinary approach involving multiple fields of expertise
such as radiology, (molecular) pathology and molecular biology.

EWS is a EWSRI1-ETS driven tumor with low number of additional mutations and in
which almost all pro-inflammatory chemokines are downregulated. Due to these character-
istics, activation-immunotherapy may have great potential as additional treatment for EWS
and could have a long lasting effect. Earlier lymphocyte recovery, high number of infiltrating
CD8+ T-cells and high expression of CCL21 are all associated favorable overall survival
in EWS patients (Chapter 3)[28,29]. The ideal target would be the EWSR1-ETS protein.
However, its native peptides are poor immunogenic, MHC class I cell membrane expression
is lacking in advanced-stage EWS and reactive cytotoxic T-cells which are present in EWS
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tumors are exhausted [30-32]. For the optimal response a active immune microenvironment
in combination with a high MHC class I expression and immunogenic EWSR1-ETS peptides
to prime the T-cells would be required.

The tumor microenvironment is of key importance for understanding the behavior of the
tumor, predicting its reaction on therapeutics and for predicting patients’ survival. This thesis
has shown that not only the targeted receptor but the complete interaction network should
be considered. Although, next generation sequencing and proteomics have identified several
new DNA, RNA and protein variants, like the novel CXCR4 RNA splice variants presented
in this thesis, tools to study their biological relevance in the complex tumor microenviron-
ment are lacking. Ex vivo model systems that allow recapitulation of the tumor microenvi-
ronmental conditions in patients might improve our knowledge of the interaction network
between the tumor and its microenvironment. Next generation sequencing and proteomics
could be used to monitor changes in these ex vivo models if certain conditions were changed,
for example altering pH, metabolic products or bringing in additional cell types or (novel)
therapeutics. At last, these ex vivo systems could provide a platform to validate molecular
markers which were obtained by retrospective research, like the novel markers presented in
this thesis, at a cell biological level to understand their predictive value.

Research on the tumor microenvironment of EWS has been performed in a multicenter
approach (NWO TOP GO 854.10.012) and presented in this thesis hopefully leading to a
stronger scientific basis for development of immunotherapy based strategies for the high-risk
and relapsed patient groups.
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Het Ewing-sarcoom is een agressieve primair maligne bottumor met een hoge graad van
tumor vascularisatie. Zelfs in zon hoge mate dat het oorspronkelijk was verondersteld dat
het een vasculaire oorsprong had. Voor dit soort uitgebreide vascularisatie is een intensieve
interactie en samenspel tussen de tumor en zijn micro-omgeving nodig. Om die interacties
binnen de tumormicro-omgeving te begrijpen is gedetailleerde karakterisering op molecu-
lair niveau van het Ewing-sarcoom geboden. In dit proefschrift is binnen de tumormicro-
omgeving gefocusseerd op de chemokine signalering. Een gedetailleerde karakterisering van
het Ewing-sarcoom op genomisch, epigenomisch en transcriptomisch niveau kan daarnaast
mogelijk helpen om nieuwe behandelbare doelwitten en voorspellende factor te identificeren.
In Hoofdstuk 2 zijn de resultaten van de tot nu toe gepubliceerde grote sequentie analyse
studies samengevoegd tot een overkoepelend overzicht die het gebruik van deze grote, Ewing-
sarcoom specifieke, datasets kan vergemakkelijken. Op genomisch niveau zijn in het Ewing-
sarcoom, naast de karakteristieke EWSRI-ETS translocatie, geen andere meermaals terugker-
ende structurele herschikkingen geidentificeerd. Het totaal aantal genmutaties gedetecteerd
in het Ewing-sarcoom was erg laag en slechts twee genmutaties, TP53 en STAG2, zijn meer-
dere keren waargenomen in verschillende studies met frequenties van respectievelijk 5.2-7%
en 9-21,5%. De verdeling van deze mutaties over de twee genen resulteerde een interessant
patroon in beide gevallen. De meest voorkomende TP53 mutatie in Ewing-sarcoom -¢.527G
> T (p. C176F)- is niet vermeld als hotspotmutatie in de TP53 mutatie databank van het in-
ternationaal agentschap voor onderzoek naar kanker, het IARC, waarin de TP53 mutaties van
vele soorten kanker zijn opgenomen. Deze resultaten zouden te maken kunnen hebben met
het EWSRI1-ETS fusie-eiwit en zijn effect op de functie van het TP53 eiwit. In STAG2, was een
duidelijke hotspotmutatie - ¢.646C > T (p.R216X)- geidentificeerd en was goed voor 25% van
de STAG2 mutaties. De STAG2 en TP53 mutaties zijn beiden klinisch relevant en kunnen di-
enen als voorstellende factoren voor de prognose van de patiént. Het algeheel lage aantal mu-
taties in het Ewing-sarcoom suggereert dat de celdood signaleringscascades, in tegenstelling
tot in de meeste andere tumoren, niet genetisch defect zijn. Intracellulaire of extracellulaire
activatie van deze signaleringscascades door respectievelijk het DNA beschadiging herken-
ningssysteem en immune cellen zou hierdoor mogelijk zijn. Dit biedt grote kansen voor ef-
fectiviteit van chemo- en immunotherapie (Hoofdstuk 2).

Het effect van het EWSR1-ETS fusie-eiwit op de cellulaire processen is zowel op epige-
noom als transcriptoom gebied duidelijk zichtbaar. Het Ewing-sarcoom heeft zijn eigen epi-
genetische patronen bij sommige ver gelegen versterker en superversterker gebieden. Daar-
naast bindt EWSR1-ETS op specifieke GGAA satelliet sequenties wat belangrijke factor is in
het functioneren als oncogen ®. Om te kunnen binden is het athankelijk van interacties met
verschillende epigenetische modificerende eiwitten en deze eiwitten en het interactiegebied
zijn daarom ideale therapeutische doelen voor een specifiecke EWSRI-ETS behandeling.

Op transcriptoom gebied -naast een Ewing-sarcoom specifiek gen expressie patroon- zijn
er Ewing-sarcoom specifieke niet-coderende RNA expressie patronen en alternatieve splicing
gebeurtenis geidentificeerd. Dit alles komt grotendeels door het EWSRI-ETS fusie-eiwit. Het
verhoogt en verlaagt de activiteit verscheidene cellulaire processen. Voor de studies gepres-
enteerd in dit proefschrift was de verlaging van de extracellulaire signalering -met name de
chemokines en chemokinereceptoren signalering- relevant en in meer detail onderzocht.

De gereguleerde expressieverlaging van chemokines en hun receptoren kan ook juist in het
voordeel zijn voor de behandeling van de EWS. Het in Hoofdstuk 3 besproken ontbreken van
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chemokine CCL21 en CCR7 expressie in Ewing-sarcoom cellen maakt deze tumor een uit-
stekende kandidaat voor actieve immunotherapie met CCL21. De CCL21-CCR? signalering-
sas wordt namelijk vaak geactiveerd door het immuunsysteem en dat verbetert de anti-tumor
immuunrespons. Echter, wanneer tumorcellen CCL21 en/of CCR?7 tot expressie brengen kan
er een pro-tumor respons optreden bij een CCL21 immunotherapie met een ongunstig effect
van dien. CCL21 RNA expressie kan tevens mogelijk gebruikt worden als een prognostische
marker in het Ewing-sarcoom omdat verhoogde RNA expressie van CCL21 in therapie-naieve
primaire tumormonsters retrospectief geassocieerd was aan een langere levensduur en omge-
keerd gecorreleerd met verhouding tussen CD4* en CD8* T-cellen (Hoofdstuk 3).

In tegenstelling tot de meeste chemokines en chemokinereceptoren receptoren, is verhog-
ing van expressie van CXCR4 in het Ewing-sarcoom beschreven. CXCR4 is betrokken bjj alle
belangrijke processen van de tumormicro-omgeving: angiogenese, tumorgroei, uitzaaiing op
afstand en immuunsurveillance. Op het gebied van associatie van CXCR4 expressie met deze
processen zijn er in het Ewing-sarcoom tegenstrijdige resultaten gevonden op RNA en eiwit
niveau. Hoge RNA expressie was geassocieerd met uitzaaiingen, hoge eiwit was geassocieerd
met groei en geen aanwezigheid van metastase was waargenomen. Door het bestuderen van
de CXCR4-CXCRY7 -as op RNA niveau in twee patiént cohorten hebben we de rol van CXCR4
in het Ewing-sarcoom in een breder perspectief onderzocht. In deze studie hebben we een rol
aangetoond voor de chemokine receptor CXCR7 en chemokine CXL14 die beiden een rem-
mende werking hebben op CXCR4 activering (Hoofdstuk 4). Verhoogde genexpressie van
deze factoren bleek een negatieve correlatie/associatie met de ontwikkeling van uitzaaiingen
in beide cohorten en met verbeterde overleving in één cohort en bekrachtigt het belang van
CXCR4 activiteit in de tumormicro-omgeving van het Ewing-sarcoom (Hoofdstuk 4).

CXCR4 wordt op vele niveaus gereguleerd, inclusief alternatieve splicing, post-transla-
tionele modificaties, dimerisatie en cellulaire lokalisatie. In het verleden zijn er twee CXCR4
splice varianten gerapporteerd (CXCR4-1 en CXCR4-2), maar hun rol in de tumormicro-
omgeving was onbekend. Het is bekend dat het evenwicht tussen splice varianten van belang
zijn voor functie van een eiwit. In Hoofdstuk 4 is gedemonstreerd dat de CXCR4-1/CXCR4-2
verhouding verhoogd was in weefselmonsters van de tumor ten opzichte van cellijnen en deze
verhoogde ratio was geassocieerd met een betere overleving. Wanneer CXCR4 kan dimeris-
eren of zelfs oligomeriseren stellen wij voor dat er een CXCR4-2 en CXCR4-1 heterodimer
gevormd kan worden deze de activering van CXCR4-2 kan beinvloeden. Naast deze twee
bekende splice varianten, we hebben met behulp van transcriptoom sequentieanalyse twee
nieuwe splice varianten (geannoteerd als CXCR4-3, CXCR4-4) in Ewing-sarcoomcellijnen
(Hoofdstuk 5) gevonden. Deze varianten kwamen ook tot expressie in andere tumor en nor-
male weefselmonsters en hieruit blijkt dat hun expressie niet Ewing-sarcoom specifiek is. Val-
idatie op eiwit en functioneel niveau openbaarde dat ectopische expressie in een overwegend
onstabiel intracellulaire eiwit resulteerde. De CXCR4-3 isovorm in HEK293T-cellijn bleek
echter gedeeltelijk gelokaliseerd te zijn op het celmembraan en actief wanneer gestimuleerd
werd met CXCLI12a. Interessant is dat alle geidentificeerde CXCR4 splice varianten alleen
variéren in het N-terminale eind van CXCR4 en dit impliceert een belangrijke rol voor dit
N-terminale gebied in de CXCR4 signaaltransductie. Voor de CXCR4-2 variant is deze rol al
bevestigd door model-experimenten.

CXCR4 activatie door zijn ligand CXCL12 is athankelijk van de subcellulaire lokalisatie van
de receptor en zijn sterk gereguleerde cellulaire transportatie. Alleen celmembraan gelokali-
seerd CXCR4 is toegankelijk voor ligand binding en de celmembraanexpressie niveaus zijn
geassocieerd met de vorming van metastases. Sinds in het Ewing-sarcoom conflicterende
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CXCR4 RNA en eiwit expressie is gerapporteerd is een op peptide-gebaseerde kleuring ge-
bruikt en vergeleken met een antilichaam-gebaseerde kleuring (Hoofdstuk 6). De peptide-
gebaseerde kleuring kon zowel kwalitatief als kwantitatief CXCR4 celmembraanexpressie
detecteren en deze was in Ewing-sarcoomcellijnen lineair gecorreleerd met de CXCR4 RNA
expressie niveaus. Bij de antilichaam-gebaseerde kleuring werd daarentegen geen verschil
in celmembraanexpressie gedetecteerd in dezelfde Ewing-sarcoomcellijnen. Daarbij werd
CXCR4 als gevolg van binding het gebruikte peptide Ac-TZ14011-Cy5 geinternaliseerd. Na
CXCL12 binding worden de intracellulaire domeinen van CXCR4 gemodificeerd door ubiq-
uitinatie en fosforylering wat leidt tot internalisering van CXCR4. Receptor internalisering
en intracellulair transport is een complex proces waarbij meerdere signaaltransductiepaden
betrokken zijn en het is aangetoond cel/weefsel specifiek te zijn. Binding van het peptide Ac-
TZ14011-Cy5 leidde tot internalisatie van het CXCR4-peptide complex en was daarom ge-
bruikt as chemische basis voor de synthese van een CXCR4 endocytose tracer dat als techniek
kan helpen bij de bestudering van CXCR4 intracellulair transportatie. De tracer bestond naast
het Ac-TZ14011 peptide uit twee fluorophores verbonden door middel van een zwavelbrug
en deze dimeer was geschikt voor Forster resonance energie transfer (FRET) (Hoofdstuk
7). Deze zwavelbrug maakte het mogelijk om de endocytose te meten op gebied van fluores-
centie omdat deze zwavelbrug verbroken wordt in een reducerend milieu. Internalisatie van
de tracer was in vivo geobserveerd in Ewing-sarcoomcellijnen. Dit kon zowel kwalitatief als
kwantitatief bepaald worden. Deze methode zou kunnen helpen bij de verdere studies naar de
rol en de regulering van CXCR4 in andere tumortypes.

Concluderend, illustreert dit proefschrift het belang van chemokines in het Ewing-sarcoom
en haar tumormicro-omgeving. CCL21 CXCL14, CXCR7 en de verhouding tussen CXCR4-1
en CXCR4-2 zijn retrospectief geidentificeerd als prognostische markers, CCL21 immuno-
therapie als potentiéle therapie en CXCR4 als potentieel therapeutisch doel in het Ewing-sar-
coom. De twee gepresenteerde methodes, peptide-gebaseerde CXCR4 celmembraankleuring
en CXCR4 endocytose tracer, kunnen helpen bij de experimentele validatie van de anti-CX-
CR4 therapie in het Ewing-sarcoom en andere tumoren. Dit proefschrift biedt een perspectief
voor aanpakken van de tumormicro-omgeving van het Ewing-sarcoom en handvaten voor
verbeterde stratificatie van Ewing-sarcoom patiénten wat misschien kan resulteren in betere
prognose voor de patiénten op korte en lange termijn.
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ABBREVIATIONS:

EWS

PNET

RMS

MSC
EWRSI1-ETS

miRNA
IncRNA
NGS
SNP
SNV
LOH
DSB
GPCR
NK

(ON

EFS
MHC
WGBS
ChIP-seq
MeDIP-seq
ChIP-exo
UTR
RT-Q-PCR
FISH
FRET
FFPE
IHC
CFU
PBA
SPECT

Ewing sarcoma

peripheral primitive neuroectodermal tumor
Rhabdomyosarcoma

Mesenchymal stem cell

Fusion gene/protein consisting of Ewing sarcoma breakpoint region-1 and a
member of the erythroblast transformation-specific family of transcription
factors

micro-RNA

Long non-coding RNA

Next generation sequencing

Single nucleotide polymorphism

Single Nucleotide Variant

Loss of heterozygosity

double-strand break

G-protein coupled receptor

Natural killer

Opverall survival

Event free survival

major histocompatibility complex
whole-genome bisulfite sequencing

chromatin immunoprecipitation sequencing
methylated DNA immunoprecipitation sequencing
chromatin immunoprecipitation-exonuclease
Untranslated region

real-time quantitative-reverse transcriptase PCR
Fluorescence in situ hybridization

Forster resonance energy transfer

Formalin fixed paraffin embedded
Immunohistochemistry

Central flow cytometry fluorescence units

PBS 5% BSA

Single-photon emission computed tomography
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