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SUMMARY

1. SUMMARY

1.1. English

Obtaining insights into mechanisms underlying inter-individual tumor heterogeneity is necessary in order
to optimize diagnostic and therapeutic approaches in the context of precision oncology. As compared
to adulthood cancers, pediatric malignancies, such as Ewing sarcoma, harbor a low frequency of
recurrent somatic alterations with the exception of pathognomonic driver-mutations that cannot
sufficiently explain the wide range of observed clinical outcomes. This may render current approaches
of precision oncology as applied for adulthood cancers, mainly focusing on identification of somatic
mutations in the protein-coding genome, to be less effective in pediatric malignancies.

The data presented in this thesis exemplify in the Ewing sarcoma model how an ‘oncogenic cooperation’
between somatic mutations (here EWSR1-FLI1) and regulatory germline variants (here a polymorphic
enhancer-like GGAA-microsatellite) determines inter-individual heterogeneity regarding tumor growth,
patient survival, and drug response. The present results show that binding of the pathognomonic fusion
transcription factor EWSR1-FLI1 to a polymorphic enhancer-like GGAA-microsatellite regulates the
expression of the oncogenic transcription factor MYBL2 and that high intra-tumoral MYBL2 expression
is associated with shorter overall survival of Ewing sarcoma patients. Consistently, Clustered Regularly
Interspaced Short Palindromic Repeats interference (CRISPRI) with this polymorphic regulatory GGAA-
microsatellite strongly reduces MYBL2 expression in Ewing sarcoma cells, and furthermore, inter-
individual genetic variability at this locus, which is inherited via the germline, is associated with inter-
individual differences of intra-tumoral MYBL2 expression in primary Ewing sarcoma. Functional
experiments in vitro and in vivo demonstrate that knockdown of MYBL2 in Ewing sarcoma cells impairs
cell proliferation, cell survival, as well as growth of cell line-derived xenografts. Integrative analysis of
RNA sequencing (RNA-seq) data, chromatin immunoprecipitation and DNA sequencing (ChIP-seq)
data, microarray gene expression data with matched clinical data, as well as further functional
experiments reveals CCNF, BIRC5, and AURKB as the most functionally and clinically relevant MYBL2
target genes that predominantly mediate the phenotypic effects of MYBL2 in Ewing sarcoma. Moreover,
the results show that high MYBL2 levels sensitize Ewing sarcoma cells for targeted inhibition of its
upstream activating Cyclin-dependent kinase CDK2 in vitro and in vivo, suggesting MYBL2 as a putative

predictive biomarker for targeted anti-CDK2 therapy.
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In conclusion, the present data exemplify in the Ewing sarcoma model how the interaction between
somatic mutations and regulatory germline variants determines inter-individual heterogeneity regarding
tumor growth, patient survival, and drug response, and thus indicate the importance of integrating the
non-protein-coding regulatory genome, next to the protein-coding genome, into future approaches of

precision oncology.

Essential parts of this thesis have been published in the following articles:

Original article:

Musa, J., Cidre-Aranaz, F., Aynaud, M.-M., Orth, M.F., Knott, M.M.L., Mirabeau, O., Mazor, G., Varon,
M., Holting, T.L.B., Grossetéte, S., Gartlgruber, M., Surdez, D., Gerke, J.S., Ohmura, S., Marchetto, A.,
Dallmayer, M., Baldauf, M.C., Stein, S., Sannino, G., Li, J., Romero-Pérez, L., Westermann, F.,
Hartmann, W., Dirksen, U., Gymrek, M., Anderson, N.D., Shlien, A., Rotblat, B., Kirchner, T., Delattre,
0., Grunewald, T.G.P. Cooperation of cancer drivers with regulatory germline variants shapes clinical
outcomes. Nature Communications 2019; 10, 4128.

Commentary and review articles:

Musa, J., and Grinewald, T.G.P. Interaction between somatic mutations and germline variants
contributes to clinical heterogeneity in cancer. Molecular & Cellular Oncology 2019; 7, 1682924,

Musa, J., Aynaud, M.-M., Mirabeau, O., Delattre, O., Grinewald, T.G. MYBL2 (B-Myb): a central
regulator of cell proliferation, cell survival and differentiation involved in tumorigenesis. Cell Death &
Disease 2017; 8, €2895.

The original article was published as a preprint ahead of journal publication (DOI 10.1101/506659).
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1.2. German

Um diagnostische und therapeutische Strategien im Rahmen der Prazisionsonkologie zu optimieren, ist
es notwendig die der inter-individuellen Tumorheterogenitat zugrundeliegenden Mechanismen
aufzuklaren. Verglichen mit malignen Tumoren des Erwachsenenalters sind maligne padiatrische
Tumore, wie etwa das Ewing Sarkom, mit Ausnahme von wenigen pathognomonischen
Treibermutationen durch eine geringe Anzahl rekurrierender somatischer Alterationen charakterisiert,
welche das breite Spektrum der beobachteten klinischen Verlaufe nicht hinreichend erklaren kénnen.
Aktuelle Ansatze der Prazisionsonkologie, wie sie bei malignen Tumoren des Erwachsenenalters
Anwendung finden und welche sich im Wesentlichen auf die Identifikation von somatischen Mutationen
innerhalb des proteinkodierenden Genoms fokussieren, erscheinen daher bei malignen padiatrischen
Tumoren weniger effektiv.

Die hier prasentierten Daten zeigen anhand des Ewing Sarkom Modells, wie eine ,onkogene
Kooperation“ zwischen somatischen Mutationen (hier EWSR1-FLI1) und regulatorischen Keimbahn-
varianten (hier ein polymorpher Enhancer-artiger GGAA-Mikrosatellit) inter-individuelle Heterogenitat
hinsichtlich Tumorwachstum, Patiententiberleben und Therapieansprechen bedingen kann. Die
vorliegenden Ergebnisse zeigen, dass die Bindung des pathognomonischen Fusions-
Transkriptionsfaktors EWSR1-FLI1 an einen polymorphen Enhancer-artigen GGAA-Mikrosatelliten die
Expression des onkogenen Transkriptionsfaktors MYBL2 reguliert und dass hohe intra-tumorale MYBL2
Expression mit kiirzerem Gesamtiiberleben von Ewing Sarkom Patienten assoziiert ist. Entsprechend
fuhrt die Clustered Regularly Interspaced Short Palindromic Repeats Interferenz (CRISPRi) mit diesem
polymorphen GGAA-Mikrosatelliten zu einer starken Reduktion der MYBL2 Expression in Ewing
Sarkom Zellen und darliber hinaus ist die Uber die Keimbahn vererbte inter-individuelle genetische
Variabilitdt an diesem Locus mit inter-individuellen Unterschieden der intra-tumoralen MYBL2
Expression von primaren Ewing Sarkomen assoziiert. Funktionelle Experimente in vitro und in vivo
zeigen, dass der Knockdown von MYBL2 in Ewing Sarkom Zellen die Zellproliferation, das Zelliberleben
sowie das Wachstum von Zelllinien-Xenografts reduziert. Die integrative Analyse von RNA-
Sequenzierungsdaten (RNA-seq), Chromatin Immunoprazipitation und DNA-Sequenzierungsdaten
(ChIP-seq), Microarray-Genexpressionsdaten mit korrespondierenden klinischen Daten sowie weiteren
funktionellen Experimenten zeigt CCNF, BIRC5 und AURKB als funktionell und klinisch relevanteste

MYBL2 Zielgene auf, welche den phanotypischen Effekt von MYBL2 im Ewing Sarkom insbesondere
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vermitteln. Ferner belegen die Ergebnisse, dass hohe MYBL2-Spiegel Ewing Sarkom Zellen flr die
zielgerichtete Hemmung der MYBL2-aktivierenden Cyclin-abhangigen Kinase CDK2 in vitro und in vivo
sensitivieren, was die Nutzbarkeit von MYBL2 als mdglichen pradiktiven Biomarker fiir eine gezielt
gegen CDK2 gerichtete Therapie nahelegt.

Zusammenfassend zeigen die prasentierten Daten beispielhaft wie die Interaktion zwischen
somatischen Mutationen und regulatorischen Keimbahnvarianten inter-individuelle Heterogenitat
hinsichtlich Tumorwachstum, Patiententberleben und Therapieansprechen bedingt und verdeutlichen
die Wichtigkeit das nicht-proteinkodierende regulatorische Genom, neben dem proteinkodierenden

Genom, in zukiinftige Ansatze der Prazisionsonkologie miteinzubeziehen.

Essenzielle Teile dieser Dissertation wurden in folgenden Publikationen veroffentlicht:

Originalartikel:

Musa, J., Cidre-Aranaz, F., Aynaud, M.-M., Orth, M.F., Knott, M.M.L., Mirabeau, O., Mazor, G., Varon,
M., Holting, T.L.B., Grossetéte, S., Gartlgruber, M., Surdez, D., Gerke, J.S., Ohmura, S., Marchetto, A.,
Dallmayer, M., Baldauf, M.C., Stein, S., Sannino, G., Li, J., Romero-Pérez, L., Westermann, F.,
Hartmann, W., Dirksen, U., Gymrek, M., Anderson, N.D., Shlien, A., Rotblat, B., Kirchner, T., Delattre,
0., Grunewald, T.G.P. Cooperation of cancer drivers with regulatory germline variants shapes clinical
outcomes. Nature Communications 2019; 10, 4128.

Kommentar- und Ubersichtsartikel:

Musa, J., and Grinewald, T.G.P. Interaction between somatic mutations and germline variants
contributes to clinical heterogeneity in cancer. Molecular & Cellular Oncology 2019; 7, 1682924,

Musa, J., Aynaud, M.-M., Mirabeau, O., Delattre, O., Grinewald, T.G. MYBL2 (B-Myb): a central
regulator of cell proliferation, cell survival and differentiation involved in tumorigenesis. Cell Death &
Disease 2017; 8, €2895.

Der Originalartikel wurde vorab der Journalpublikation als Preprint verdffentlicht (DOI 10.1101/506659).
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INTRODUCTION AND BACKGROUND

2. INTRODUCTION AND BACKGROUND

2.1. Precision oncology in the age of ‘omics‘-data

Over the recent years, development and accessibility of technologies generating high-throughput
‘omics‘-data led to the possibility of individual diagnosis and potential stratification of patients to certain
therapeutic strategies (Garraway et al., 2013; Senft et al., 2017). This approach is ofter referred to as
‘personalized medicine‘ or ‘precision medicine‘, within which oncology holds a pioneer position
(Garraway et al., 2013; Senft et al., 2017). The initial idea behind precision oncology was to sequence
protein-coding genes of an individual tumor genome and to characterize the tumor molecularly by its
variety of mutations in oncogenes and tumor suppressors that may functionally cooperate in
tumorigenesis, tumor maintenance, and tumor progression (Garraway et al., 2013). However, as in
addition to the tumor genome, multiple additional functional regulatory levels such as the epigenome,
the trancriptome, the proteome, and the metabolome define important parameters impacting on cancer
phenotypes, the most coprehensive way to identify individual cancer vulnerabilities would be to include
multi-‘omics’ data regarding these regulatory levels, but such comprehensive strategies appear to not
be feasable yet in clinical routine algorithms (Senft et al., 2017). Up until now, predominantly, inclusion
of genomic data focusing on identification of mutations in protein-coding genomic regions has entered
clinical routine (Garraway et al., 2013; Hyman et al., 2017; Senft et al., 2017). However, pediatric
malignancies are, compared to adulthood cancers, characterized by a low frequency of recurrent
somatic mutations/alterations, which alone cannot explain the highly variable clinical courses and
outcomes being observed (Brohl et al., 2014; Crompton et al., 2014; Grébner et al., 2018; Griinewald
et al., 2018; Musa and Grinewald, 2019; Musa et al., 2019; Tirode et al., 2014; Vogelstein et al., 2013).
Therefore, the current concept of precision oncology mainly based on identification of mutations in
protein-coding genomic regions, that may be comparatively successful in adulthood cancers, may not
be applied as successfully in pediatric oncology (Garraway et al., 2013; Hyman et al., 2017; Musa and
Grinewald, 2019; Senft et al., 2017). The data presented in this thesis exemplifies in the EwS model,
how the interaction between a somatic mutation (here EWSR1-FLI1) and a regulatory genetic variant
which is inherited via the germline (here a polymorphic enhancer-like GGAA-mSat) may determine the
expression of a functionally and clinically relevant druggable downstream target (here MYBL2), or in
other words, exemplifies on a molecular level why patients harboring the same somatic driver mutations

may show strong variations in tumor growth and clinical outcomes depending on the polymorphic
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regulatory genetic background of the individual (Musa and Griinewald, 2019; Musa et al., 2019). These
results indicate that, espacially in pediatric cancers in which the success of current approaches of
precision oncology may be limited, it is important to not only include mutations of the protein-coding
genome, but also variations in the regulatory germline-inherited genomic background into such
approaches, in order to more specifically exploit the potential of precision oncology (Garraway et al.,

2013; Hyman et al., 2017; Musa and Griinewald, 2019; Musa et al., 2019; Senft et al., 2017).

2.2. Ewing sarcoma (EwS)

2.2.1. Definition

Ewing sarcoma (EwS) is a malignant bone and soft-tissue tumor mainly affecting children, adolescents,
and young adults (Gaspar et al., 2015; Griinewald et al., 2018). It has firstly been described by James
Ewing as ‘diffuse endothelioma of bone® in 1921 (Ewing, 1921, 1972). It is typically occurring in the
pelvis, femur, tibia, and ribs when bone-related, or in the thoracic wall, pleural cavities and gluteal as
well as cervical muscles when soft-tissue-related (Griinewald et al., 2018). Histomorphologically, it
belongs to the group of small round blue cell tumors (Griinewald et al., 2018; Watson et al., 2018), but
genetically harbors pathognomonic balanced chromosomal translocations leading to fusions between
members of the FET and ETS gene families, whereby EWSR1-FLI1 is by far the most common fusion
(85%) (Griinewald et al., 2018; Sankar and Lessnick, 2011; Watson et al., 2018). Several different
former tumor entities were historically subsumed under the term ‘Ewing family of tumors’, including EwS
of the bone, extraosseous EwS, peripheral primitive neuroectodermal tumors (pPNET) and Askin tumors
(PNET of the chest wall), according to their histomorphological similarities. However, as chromosomal
translocations leading to fusions between members of the FET and ETS gene families occur in more
than 95% of these former entities (Griinewald et al., 2018; Iwamoto, 2007), the term ‘Ewing family of
tumors* was left in the current World Health Organization (WHO) classification of soft-tissue and bone
tumors published in 2013 and these former entities were summarized under the term ‘Ewing sarcoma’
(Fletcher et al., 2013; Griinewald et al., 2018). The WHO classification furthermore describes a group
of tumors called ‘Ewing-like sarcomas’, which are histomorphologically and clinically almost not
distinguishable from EwS, but do not exhibit pathognomonic FET-ETS fusions, rather different recurrent
gene fusions or genetic rearrangements, such as CIC-, BCOR-, or NAFTC-fusions/rearrangements

(Fletcher et al., 2013; Griinewald et al., 2018). Despite its extensive genetic characterization, the cellular
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INTRODUCTION AND BACKGROUND

origin of EwS is still under discussion and remains to be unclear (Griinewald et al., 2018). Mesenchymal
stem cells (MSC) as well as neural crest-originated stem cells and osteochondrogenic progenitor cells
can be immortalized by EWSR1-FLI1 and were proposed to be potential cells of EwS origin (Griinewald
et al., 2018; von Levetzow et al., 2011; Riggi et al., 2005; Tanaka et al., 2014; Tirode et al., 2007).
However, as fully conclusive data regarding the cell of EwS origin is lacking yet, future studies are

required to clarify this matter of debate (Griinewald et al., 2018).

2.2.2. Epidemiology

EwS mainly affects children as well as adolescents and young adults (AYA), showing a peak of
incidence at the age of 15 years, whereby males are more frequently affected than females (ratio 3:2)
(Griinewald et al., 2018; Jawad et al., 2009). The age-adjusted annual incidence rate is ~1.4 cases per
million individuals (Griinewald et al., 2018; Worch et al., 2011). Demographically, the incidence of EwS
is inconsistently distributed throughout different human populations: in Caucasians, EwS occurs more
frequently as compared to Asian/Native American or African-American populations (age-adjusted
annual incidence rate ~1.6, 0.9, and 0.2 cases per million individuals, respectively) (Griinewald et al.,
2018; Jawad et al., 2009; Worch et al., 2011). As the incidence of EwS in African-American populations
is lower as compared to European-Americans, the variation of EwS occurrence is probably underlying
inherited genetic factors rather than environmental factors (Griinewald et al., 2018). These observations
are supported by rare reports of accumulated EwS occurrence in siblings of EwS patients (Griinewald

et al., 2018; Hutter et al., 1964; Ji and Hemminki, 2006; Joyce et al., 1984).

2.2.3. Etiology and pathophysiology

2.2.3.1. Risk factors

Genetic risk factors / predispositions

In ~13% of EwS patients, mutations in the germline genome enriched for genes associated with DNA
repair and tumor predisposition syndromes, such as BRCA1, can be detected (Brohl et al., 2017; Chang
et al., 2016; Grinewald et al., 2018). However, as EwS is very rarely occurring in the context of any
known cancer predisposition syndrome, the pathophysiological role of these aberrations as well as

implications for genetic testing of patients and their relatives remains unclear (Garber and Offit, 2005;
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Grunewald et al., 2018). In genome-wide association studies (GWAS) several risk loci were identified in
which common variants are associated with EwS susceptibility and expression levels of nearby genes:
1p36.22 (TARDBP), 10921 (ADO and EGRZ2), 15915, 6p25.1 (RREBT), 20p11.22 (NKX2-2), and
20p11.23 (KIZ) (Grinewald et al., 2018; Lin et al., 2020; Machiela et al., 2018; Postel-Vinay et al., 2012).
A mechanistic link between EwS susceptibility and a common single nucleotide polymorphism (SNP) in
the respective risk locus has been described for the EGR2-associated locus (10g21): variations in the
rs79965208 SNP modify the structure of an EGR2-associated EWSR1-FLI1-responsive enhancer-like
GGAA-microsatellite (mSat) (see section ‘Genetics® for details), leading to differential EWSR1-FLI1
binding at this locus and thereby to differential EGR2 expression (Grinewald et al., 2015, 2018).
Interestingly, the major risk haplotypes identified in the first EwS GWAS were less prevalent in Africans
than in Europeans, which may account for differences of EwS incidences across populations of different
descent (see section ‘Epidemiology‘ for details) (Griinewald et al., 2018; Postel-Vinay et al., 2012).
Furthermore, genetic polymorphisms in CD99, encoding for a surface protein usually stained
immunohistochemically during the (differential-)diagnostic work-up of suspected EwS and playing a role
in EwS tumor formation and metastatic spread in vivo, has been shown to be associated with EwS

susceptibility (Grinewald et al., 2018; Martinelli et al., 2016; Rocchi et al., 2010).

Environmental risk factors
In an Australian case-control study of 106 EwS cases and 344 control cases an association between

EwS occurrence and farm exposure was described (Griinewald et al., 2018; Valery et al., 2002).

2.2.3.2. Genetics

Pathognomonic chromosomal translocations

EwS harbor pathognomonic balanced chromosomal translocations leading to fusions between members
of the FET and ETS gene families (Delattre et al., 1992; Griinewald et al., 2018; Zucman et al., 1993).
The most commonly found translocation is t(11;22)(q12;924), leading to fusion of EWSR1 (FET gene
family) to FLI1 (ETS gene family), which is detected in 85% of EwS cases (Delattre et al., 1992;
Grunewald et al., 2018). Different subtypes of EWSR1-FLI1 fusions are described, depending on the
localization of the breakpoint (Griinewald et al., 2018; Zucman et al., 1993). However, alternative fusions

may occur in the remaining 15% of cases (Griinewald et al., 2018; Zucman et al., 1993): the second
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most common translocation 1(21;22)(q22;912), leading to the EWSR1-ERG fusion, can be detected in
about 10% of EwS cases (Griinewald et al., 2018; Sorensen et al., 1994), and 5% of cases consist of
several other fusions between FET and ETS family members (Grinewald et al., 2018; Jeon et al., 1995;
Ng et al., 2007; Peter et al., 1997; Urano et al., 1998). An overview on chromosomal translocations
described in EwS is given in Figure 1. All of these gene fusions result in chimeric fusion proteins which
are steadily expressed as they are under control of the constantly active FET family gene promoters
(Griinewald et al., 2018). EWSR1-FLI1 and EWSR1-ERG fusion proteins act as aberrant transcription
factors regulating the expression of genes impacting on various cellular properties (Cidre-Aranaz and
Alonso, 2015; Grinewald et al., 2018; Shi et al., 2020). Functionally, EWSR1-FLI1 and EWSR1-ERG
are comparable as the DNA binding domain of FLI1 and ERG binds the same DNA motifs, and
consistently, occurrence of the different fusions does not translate into differential clinical phenotypes
(Ginsberg et al., 1999; Grinewald et al., 2018; Sorensen et al., 1994). Both bind to either polymorphic
ETS binding motifs containing a core GGAA motif, less frequently a GGAT motif, which are not fusion
oncoprotein-specific, or polymorphic GGAA-mSats harboring variable numbers of consecutive GGAA-
repeats, which are specific binding motifs for these fusion oncoproteins (Gangwal et al., 2008;
Grinewald et al., 2018; Guillon et al., 2009). However, EWSR1-FLI1 is able to activate or to repress the
expression of genes (Griinewald et al., 2018), and in this regard, a model for binding motif-specific
function of EWSR1-FLI1 has been proposed: in case of EWSR1-FLI1 polymer binding at GGAA-mSats,
these repetitive former ‘junk DNA‘ elements are converted into de novo enhancers by inducing an open
chromatin state, and thereby steering the expression of nearby genes (Riggi et al., 2014), whereby in
case of EWSR1-FLI1 binding to ETS binding motifs, dislocation of wild-type ETS transcription factors
leads to a reduction of wild-type ETS target gene expression (Riggi et al., 2014). These results are
supported by previous data showing that GGAA-mSats are enriched nearby EWSR1-FLI1 upregulated,
but not downregulated genes (Gangwal et al., 2008). Interestingly, GGAA-mSats appear to be
evolutionary non-conserved and to lack functional relevance in other cellular contexts than EwS (that is
without occurrence of a FET-ETS fusion oncoprotein), while evolutionary conserved enhancers
containing ETS binding sites are, among other cell types, functionally relevant in cells of mesenchymal
origin (such as MSC, which are discussed to constitute potential cells of EwS origin), suggesting that
EWSR1-FLI1 may hijack oncogenes via converting GGAA-mSats into active enhancers and repress

tumor suppressor genes and genes involved in cell differentiation by functionally inactivating ETS
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FET part ETS part Fusion gene Chromosomal translocation  Frequency
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Figure 1: Chromosomal translocations in EwS fusing different members of the FET and ETS gene
families. Figure from Griinewald et al., 2018.

binding site-containing enhancers via dislocation of wild-type ETS transcription factors (Riggi et al.,
2014) (Figure 2). When converting GGAA-mSats into de novo enhancers, EWSR1-FLI1 was shown to
act as a pioneer transcription factor: depending on the prion-like domain of EWSR1, EWSR1-FLI1 is
able to recruit the BRG1- or HBRM-associated factors (BAF) chromatin remodeling complex to these
enhancer sites and thereby locally modulate chromatin state (Boulay et al., 2017; Grinewald et al.,
2018; Selvanathan et al., 2019; Sheffield et al., 2017). Interestingly, the number of consecutive GGAA-
repeats at these loci determines the activity of the enhancer: peaks of activity have been described at
around 20 and 50 consecutive GGAA-repeats, whereby the activity decreases in between 20 and 50
repeats and above 50 repeats (Monument et al., 2014). In case of transcriptional repression at ETS
binding site containing enhancers, an additional potentially supportive mechanism next to dislocation of
wild-type ETS ftranscription factor has been proposed: EWSR1-FLI1 can recruit the nucleosome
remodeling and deacetylase (NuRD) repressor complex that promotes an inactive epigenetic state at
these loci, and thereby further promotes repression of respective genes (Sankar et al., 2013). Moreover,
EWSR1-FLI1 can indirectly repress genes by upregulating the expression of transcriptional repressors

(Sankar et al., 2013).

Recurrent protein-coding mutations and copy-number alterations

As it is the case for most pediatric cancers, EwS show a low frequency of protein-coding mutations
except for pathognomonic chromosomal translocations (Brohl et al., 2014; Crompton et al., 2014;
Grobner et al., 2018; Grinewald et al., 2018; Musa and Griinewald, 2019; Musa et al., 2019; Tirode et

al.,, 2014; Vogelstein et al., 2013). Most frequently found recurrent protein-coding mutations are
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mutations of STAG2 (~15-22% of cases), which is a subunit of the cohesin complex involved in proper
chromosome segregation during mitosis favoring aneuploidy when mutated (Brohl et al., 2014;
Crompton et al., 2014; Grinewald et al., 2018; Romero-Pérez et al., 2019; Tirode et al., 2014), and
TP53 (~5-13% of cases), a central tumor suppressor regarded as ‘the guardian of the genome* (Brohl
et al., 2014; Brown et al., 2009; Crompton et al., 2014; Griinewald et al., 2018; Huang et al., 2005; Kovar
et al., 1993; Tirode et al.,, 2014). STAG2 and TP53 mutations are both associated with adverse
prognostic parameters (Brohl et al., 2014; Crompton et al., 2014; Griinewald et al., 2018; Huang et al.,
2005; Tirode et al., 2014). Several other genes harboring recurrent somatic mutations have been
identified in a lower frequency (such as EZH2, BCOR, and ZMYMS3 in each 2.7% of cases), but their
clinical significance remains unclear (Griinewald et al., 2018; Tirode et al., 2014). The most common
copy-number alterations (CNAs) in EwS are gains of chromosome 8 (~35-48% of cases), 12 (~11-38%
of cases), 1q (~15-31% of cases), 20 (~13-18% of cases), and losses of chromosome 16q (~10-21% of
cases) and 9p21(~13% of cases) (Crompton et al., 2014; Huang et al., 2005; Shukla et al., 2013; Tirode
et al., 2014). Of these most frequent CNAs, gains of chromosome 12, 1q, and 20, as well as losses of
chromosome 169 and 9p21 are associated with adverse prognosis (Hattinger et al., 2002; Huang et al.,
2005; Shukla et al., 2013; Tirode et al., 2014). In case of chromosome 9p21 loss, the adverse prognostic
effect may be explainable by loss of the tumor suppressor gene CDKNZ2A, encoding for a Cyclin-
dependent kinase (CDK) inhibiting protein (Huang et al., 2005), and in case of chromosome 1q gain,
amplification of CDT2, a gene involved in regulation of protein ubiquitinylation, was supposed to mediate
the adverse prognostic effect (Mackintosh et al., 2012). For other loci, distinct relevant candidate genes

mediating such effect remain to be elucidated (Crompton et al., 2014).

2.2.3.3. Epigenetics

EWSR1-FLI1 occurrence leads to a genome-wide rewiring of the cellular epigenomic landscape
(Sheffield et al., 2017; Tomazou et al., 2015). This epigenetic remodeling affects promoters as well as
enhancers and super-enhancers, and is associated with corresponding changes of the transcriptome
(Tomazou et al., 2015). When comparing the DNA methylation signature of EwS to numerous different
cell types, it appears to be highly specific (Sheffield et al., 2017). However, despite the fact that EwS
are genetically homogeneous, assessment of inter-tumoral and intra-tumoral variations in methylation

signatures revealed substantial epigenetic heterogeneity (Sheffield et al., 2017). Interestingly, inter-
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Figure 2: Model for a binding site-specific regulatory role of EWSR1-FLI1. EWSR1-FLI1 may either
convert evolutionary non-conserved GGAA-microsatellites (mSats) into active enhancers steering the
expression of oncogenes or functionally inactivate evolutionary conserved ETS binding site-containing
enhancers of tumor suppressor genes and differentiation-associated genes by dislocation of wild-type
ETS transcription factors. MSCs: Mesenchymal stem cells. Figure from Riggi et al., 2014.

individual heterogeneity reflects a continuous spectrum between two dimensions: one dimension
reflecting the strongness of the regulatory EWSR1-FLI1 signature that defines the so-called ‘Ewing-
ness‘ of the tumor and a second dimension reflecting the differentiation of the tumor on a spectrum
between ‘stem-cell like' and ‘mesenchymally differentiated’ (Sheffield et al., 2017). It was proposed that
the first dimension may represent the degree of EwS-specific enhancer reprogramming, and that the
second dimension may represent the degree of differentiation of the respective EwS cell of origin
(Sheffield et al., 2017). Additionally, higher epigenetic intra-tumoral heterogeneity has been observed in
primary EwS from patients with metastatic disease at diagnosis as compared to EwS from patients with
localized disease (Sheffield et al., 2017), which is consistent with the idea of intra-tumoral heterogeneity
and clonal cancer evolution being a driving force for metastatic spread (Li et al., 2018; Sheffield et al.,

2017), but whether this reflects a causality in EwS remains to be elucidated (Sheffield et al., 2017).

2.2.4. Diagnosis
Every patient with a radiologically suspected malignant bone tumor should be assigned to an
interdisciplinary reference center for bone tumors or to an institute which is part of a specialized sarcoma

network for further diagnostic work-up (Casali et al., 2018).
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2.2.4.1. Signs and symptoms

In localized disease stage, the vast majority of patients present with local pain, which mostly occurs
intermittently, can be related to strain, may also occur during the night, and worsens over the time
(Grinewald et al., 2018; Widhe and Widhe, 2000). This pain is often misinterpreted by patients for ‘bone
growth’ or is thought to relate to minor traumata that happened at the time symptoms firstly appeared
(Griinewald et al., 2018; Widhe and Widhe, 2000). Following pain, a locoregional swelling with a
palpable tumor mass may occur, whereby the timepoint of manifestation largely depends on the
localization of the tumor (Griinewald et al., 2018; Widhe and Widhe, 2000). The intermittent character
of the pain can easily mislead physicians to attribute symptoms to a temporary cause, such as a minor
trauma, and may delay diagnosis (Griinewald et al., 2018; Widhe and Widhe, 2000). Therefore, pain
lasting more than one month and pain without adequate trauma should be subjected to fast diagnostic
work-up (Griinewald et al., 2018). In metastatic stage, B-symptoms (fever, night sweats, or unintended
weight loss greater that 10% over the last six or less months) may arise, which is not typical for localized

disease stage (Griinewald et al., 2018).

2.2.4.2. Laboratory testing

Currently, specific blood markers for EwS are not in clinical routine use yet, but are under development
(Casali et al., 2018; Grunewald et al., 2018; Samuel et al., 2020; Zhang et al., 2018). Routine parameters
like blood count, erythrocyte sedimentation rate (ESR), blood serum chemistry, and coagulation test
should be collected standardly (Griinewald et al., 2018). High serum levels of indirect markers for bone
affection, such as alkaline phosphatase (AP), or markers associated with high cell turnover, such as
lactate dehydrogenase (LDH), may be increased and have a prognostic value (Casali et al., 2018;
Grinewald et al., 2018). Additionally, elevated levels of C-reactive protein (CRP), low levels of
hemoglobin and albumin as well as several scores combining multiple parameters were also shown to
have a prognostic value (Aggerholm-Pedersen et al., 2016; Biswas et al., 2014; Li et al., 2017). Non-
routine markers, such as IGF-1, IGFBP-3, and detection of circulating tumor DNA have been shown to
be associated with EwS prognosis, but are not standardly determined (Casali et al., 2018; Griinewald
et al., 2018; Rutkowski et al., 2003; Shulman et al., 2018; Toretsky et al., 2001). Pregnancy test in
female patients as well as virological testing (according to institutional/national guidelines) should be

performed in respect of potential subsequent surgery, radio-, or chemotherapy (Griinewald et al., 2018).
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2.2.4.3. Imaging of primary lesion and staging

Imaging of primary lesion

Initial imaging is crucial for evaluation of local disease extension and metastatic spread (Griinewald et
al.,, 2018). Characteristic features of EwS in X-ray imaging include periosteal reactions (such as
multilayered ‘onion skin‘-like or spiculated appearance and occurrence of a ‘Codman triangle’),
permeative/osteolytic and sclerotic components as well as soft-tissue involvement (Griinewald et al.,
2018; Kuleta-Bosak et al., 2010; Niethard et al., 2009; Patnaik et al., 2018). To a lower extent, soft-
tissue calcifications, saucerization, cortical thickening or destruction, bone expansion, pathological
fractures or cystic components can be observed (Kuleta-Bosak et al., 2010; Patnaik et al., 2018). If X-
ray imaging exhibits radiographic signs indicating malignancy, magnet resonance imaging (MRI) is
regarded to be the leading modality to assess local disease progression and is especially valuable in
evaluation of soft-tissue lesions (Casali et al., 2018; Griinewald et al., 2018; Kasalak et al., 2019).
Generally, MRI should include the whole compartment as well as adjacent joints to identify potential
‘skip-lesions‘ (Casali et al., 2018; Barnett et al., 2020) and measurement of tumor volume should be
performed to assess therapy response at a later timepoint (Aghighi et al., 2016; Koshkin et al., 2016;
Saleh et al., 2020). Additional computed tomography (CT) may be of use for better evaluation of
calcifications, periosteal reactions, and cortical destructions (Casali et al., 2018). Representative X-ray

and MRI images of primary EwS lesions are shown in Figure 3.

Staging

Tumor burden (volume) and detection of metastases are the major parameters considered during EwS
staging (Casali et al., 2018) and should be re-evaluated during/after treatment to control therapy success
or to identify relapses after treatment was finished (Figure 4) (Costelloe et al.,, 2017). EwS
predominantly metastasize to the lungs, bone, and bone marrow via the bloodstream (Casali et al.,
2018; Grinewald et al., 2018). About 20-25% of patients show metastatic disease at diagnosis, with
~10% exhibiting lung metastases, ~10% exhibiting bone/bone marrow metastases, and ~5% exhibiting
combined or other metastases (Casali et al., 2018). Several imaging modalities may be included for
proper staging: chest X-ray, CT, bone scintigraphy, '8F-fluorodeoxyglucose positron-emission
tomography ('®F-FDG-PET), combined '8F-FDG-PET/CT, whole-body MRI or combined "®F-FDG-

PET/MRI (Casali et al., 2018; Griinewald et al., 2018). In the ESMO-PaedCan-EURACAN guidelines for
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Figure 3: Imaging of primary EwS lesion. (A) Anterior-posterior (a.p.) (left) and lateral (right) X-ray of
a primary EwS localized in the right proximal tibia. Typical permeative/osteolytic lesions as well as
destruction of the corticalis are visible, arrows pointing toward spiculae and Codman triangle,
multilayered ‘onion skin‘-like periosteal reaction appears nearby, and extensive soft-tissue involvement
is displayed. (B) MRI of a different patient showing a primary EwS localized in the left proximal tibia.
Coronary T1 weighted images (a) show a hypointense, inhomogeneous but clearly delineated lesion in
the left proximal tibia. In fat-suppressed T2 weighted images (b) the lesion appears hyperintense. Arrows
indicate the lesion. X-ray images from Niethard et al., 2009 and MRI images from Kasalak et al., 2019.

bone sarcomas, published in 2018, no specific advice for usage of certain modalities is given (Casali et
al., 2018). However, it has been shown that spiral CT is superior to "®F-FDG-PET in detection of lung
metastases (Franzius et al., 2001; Volker et al., 2007), whereas '®F-FDG-PET was superior compared
to ultrasound, CT, MRI, and bone scintigraphy in detection of lymph node and secondary bone lesions
(Tal et al., 2020; Volker et al., 2007). Expectedly, combined '®F-FDG-PET/CT is superior in detection of
new lesions compared to '8F-FDG-PET alone (Gerth et al., 2007). In order to increasingly detect bone
marrow metastases at diagnosis, bone marrow aspirates/biopsies have usually been performed in
patients with localized EwS negative for bone marrow lesions by imaging, but several lines of evidence
indicated that modern imaging techniques are sufficient for detection of bone marrow metastases during
initial staging (Breitegger et al., 2020; Casali et al., 2018; Grinewald et al., 2018; Kopp et al., 2015;

Newman et al., 2013). However, lesions in doubt should be biopsied (Casali et al., 2018).

2.2.4.4. Pathology
Macroscopy and histopathology
A biopsy of the suspected lesion is required for definitive diagnosis of EwS and should supply enough

material for routine histology, immunohistochemistry (IHC), molecular pathology, and sample archiving
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Figure 4: Staging and re-staging in EwS using '®F-FDG-PET/CT. Maximum intensity projection of
BF-FDG-PET (A,C,E) as well as fused axial "®F-FDG-PET/CT images (B,D,F) are shown. A
representative case is displayed. (A,B) Primary EwS in the right 11™ rib with soft-tissue affection. No
metastases were detectable at initial diagnosis. The black and the white arrow indicate the tumor. (C,D)
After treatment with two cycles of vincristine, doxorubicin, and ifosfamide regression of soft-tissue
extension of the tumor is visible. The black and the white arrow indicate the tumor. (E,F) Subsequent
further chemotherapeutic treatment as well as tumor resection at first led to a disease-free interval, but
two years after initial treatment, bone, liver, and lung metastases were evident. The long white arrows
indicate bone metastases, the black arrow indicates liver metastases, and the short white arrowheads
indicate lung metastases. Figure from Costelloe et al., 2017.

(Figure 5) (Casali et al., 2018; Griinewald et al., 2018; Kalus et al., 2020; Kim and Park, 2016). In most
cases, imaging-guided core-needle biopsy is a possible alternative to open biopsy, whereby the biopsy
tract and drain channels need to be clearly marked in order to entirely resect these potentially
contaminated areas during definitive surgical procedure (Casali et al., 2018). Macroscopically, the cut
surface of EwS appears grey/white, is soft and often exhibits hemorrhagic and necrotic areas
(Grinewald et al., 2018). Histomorphologically, EwS belongs to the group of small round cell sarcomas
and shows a solid growth pattern (Griinewald et al., 2018; Watson et al., 2018). The nuclei are round,
nucleoli are usually not visible, and chromatin appears finely freckled (Fletcher et al., 2013; Griinewald
et al., 2018). About 50% of EwS are positive for Periodic acid-Schiff (PAS) staining, revealing large
glycogen deposits (Griinewald et al., 2018). Reticulin staining is usually negative as EwS lack interstitial

matrix between tumor cells (Griinewald et al., 2018). Immunohistochemical staining of CD99 is positive

23



INTRODUCTION AND BACKGROUND

T —
TG efE BN
A7 )

1o AN
i‘,“ﬁ%@‘;m%g. s
N T Sl

Figure 5: Pathological assessment of EwS. (A) Hematoxylin and eosin (HE) staining showing small
round blue cells harboring round nuclei and freckled chromatin. (B) Immunohistochemical membranous
staining for CD99. (C) Immunohistochemical nuclear staining for FLI1 (not routinely used for EwS
diagnosis). (D) Fluorescence in-situ hybridization (FISH) for EWSR1 break-apart showing distinct
orange and green signals. (A)-(C) 200x magnification; (D) 1,000x magnification. Figure from Kim and
Park, 2016.

in ~95% of EwS, but is not highly specific as several normal tissues and other tumor entities (such as
other round cell sarcomas, leukemia, or lymphoblastic lymphoma) also display CD99 positivity
(Griinewald et al., 2018). Alternatively, other markers, such as FLI1, have as well been suggested to be
valuable in EwS diagnosis, but either lack high specificity or are not yet prospectively validated and are
therefore not yet in clinical routine use (Baldauf et al., 2017; Hornick, 2014; Liombart-Bosch et al., 2009;

Machado et al., 2018).

Molecular pathology

Although most EwS can be recognized by routine histology and IHC, confirmation of pathognomonic
chromosomal translocations by usage of molecular methods is necessary for validation of initial
diagnosis and classification of molecular subtypes (Casali et al., 2018). If fresh frozen tissue is available,
detection of fusion transcripts using either reverse transcription polymerase chain reaction (PCR) or
anchored multiplex PCR-based targeted next-generation sequencing (NGS) is the approach of choice

(Casali et al., 2018). However, the latter technique is also applicable for formalin-fixed and paraffin-
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embedded (FFPE) tissue which has either not been decalcified or was decalcified using EDTA (Casali
et al., 2018). If frozen tissue is not available, fluorescence in-situ hybridization (FISH) may be used to
detect an EWSR1 break-apart (Casali et al., 2018; Griinewald et al., 2018). As FISH does not per se
detect EWSR1-ETS fusions but EWSR1 rearrangements, this method cannot distinguish between EwS
and other EWSR1 rearranged sarcomas and was shown to not be reliable in detection of EWSR1-ERG
fusion (Casali et al., 2018; Chen et al., 2016; Grinewald et al., 2018). However, although not the
diagnostic gold standard, FISH is considered to be a sufficient diagnostic tool in combination with proper
integration of clinical and other pathological information when application of other molecular diagnostic

techniques is not possible (Casali et al., 2018).

2.2,5. Treatment

Generally, EwS treatment should be conducted in a specialized reference center/network by a
multidisciplinary team including pediatric oncologists, medical oncologists, radiation oncologists as well
as general and orthopedic surgeons (Casali et al., 2018; Grinewald et al., 2018). In such reference
centers/networks, therapy is conducted according to either established protocols or in context of

prospective clinical studies (Casali et al., 2018).

2.2.5.1. Localized disease
Localized EwS are currently treated following a multimodal treatment protocol including 3-6 cycles of
neoadjuvant multidrug chemotherapy, radical local therapy including surgery and/or radiation, and

subsequent 6-10 cycles of adjuvant multidrug chemotherapy (Casali et al., 2018).

Systemic treatment

Chemotherapy is conducted in 2-3 week intervals and total treatment period is 10-12 months (Casali et
al., 2018). Neoadjuvant chemotherapy is applied before local tumor treatment in order to optimize
conditions for surgical resection by decreasing tumor size and in order to reduce relapse due to
micrometastases (Grunewald et al., 2018). Up to date protocols for neoadjuvant chemotherapy include
multiple drugs, such as doxorubicin, cyclophosphamide, ifosfamide, vincristine, dactinomycin, and
etoposide which are considered to be most effective (Casali et al., 2018). Currently used protocols

usually consist of combinations of the latter drugs, whereby dose-densfication due to interval
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compression was shown to be associated with better patient outcome (Casali et al., 2018; Lu et al.,
2020). Extensive consolidation chemotherapy is a central element in EwS treatment to also eradicate
cancer cells that proliferate slowly (Grinewald et al., 2018). For consolidation, mostly the same drugs
as for induction are used (Casali et al., 2018; Griinewald et al., 2018). In patients with poor response to
initial chemotherapy and/or initial tumor volume >200ml, high-dose treatment with the alkylating agents
Busulfan and Melphalan following autologous hematopoietic stem cell transplantation was shown to be
associated with a survival advantage (Casali et al., 2018; Ferrari et al., 2011; Grinewald et al., 2018;
Whelan et al., 2016, 2018). However, several experimental therapy approaches are under development
and agents/therapy regimens already shown to be pre-clinically effective are in clinical trials but did not

reach clinical routine yet (Charan et al., 2020; Harlow et al., 2019; Italiano et al., 2020).

Local control

Surgery and/or radiation are used to achieve local control (Casali et al., 2018). Entire surgical resection
of the tumor is the preferred method, as radiation alone is associated with an increased risk of local
relapse (Casali et al., 2018). Exhaustive resection should include the whole tumor volume at diagnosis,
not only the leftover volume after neoadjuvant chemotherapy (Casali et al., 2018). In case of
inappropriate surgical margins or poor chemotherapy response as determined by histopathological
examination (e.g. more than 10% of viable cancer cells), additional radiation should be considered
(Casali et al., 2018). Radiotherapy alone should only be applied in case of impossible entire surgical
resection (Casali et al., 2018). In each scenario (postoperatively or without operation), radiotherapy is
applied in a dose of 45-60 Gy depending on the location, surgical margins, and/or histological response
to chemotherapy (Casali et al., 2018). In case of extraskeletal EwS, general therapy regimens are the
same as for bone-associated EwS with the exception that radiotherapy should be generally applied and

may only be dispensible in superficial EwS which harbor a good prognosis (Casali et al., 2018).

2.2.5.2. Metastatic disease

About 20-25% of patients diagnosed with EwS show metastatic disease at diagnosis, whereby lungs
(10% of cases) and bone/bone marrow (10% of cases) are the most frequent metastatic sites (Casali et
al.,, 2018). Patients harboring metastases at diagnosis receive treatment according to the same

regimens as patients showing localized disease or are subjected to randomized clinical trials that aim
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for outcome improvement (Casali et al., 2018; Griinewald et al., 2018). However, in metastatic disease,
responses are not as durable as in case of localized disease (Casali et al., 2018). Generally, also
treatment of the primary lesion (as described in subsection ‘Local control‘) was shown to be appropriate
in metastatic disease (Casali et al., 2018; Haeusler et al., 2010). Whole-lung irradiation (WLI) is
associated with slightly better overall survival in patients harboring only primary lung metastases (Bélling
et al.,, 2008; Casali et al.,, 2018; Grewal et al., 2020). In this case, no benefit from high-dose
chemotherapy without WLI compared to conventional chemotherapy with WLI was evident (Dirksen et
al., 2019). Pulmonary metastasectomy can be discussed, but its prognostic role is not yet finally clear

(Cariboni et al., 2019; Casali et al., 2018).

2.2.5.3. Relapse

Prognosis in case of local or metastatic EwS relapse is usually fatal (Casali et al., 2018). Resection of
local recurrence may be benificial, but requires prospective evalua