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“Nothing in life is to be feared, it is only to be understood.

)

Now is the time to understand more, so that we may fear less.’

Marie Sktodowska-Curie
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ABSTRACT

Metastasis is the major negative prognostic factor across cancer entities, yet how driver
oncogenes shape transcriptional programs facilitating metastatic spread is poorly understood.
In Ewing sarcoma (EwS), a highly aggressive pediatric soft-tissue and bone sarcoma, driven by
chimeric FET::ETS transcription factors, low activity of the fusion oncoproteins are thought to
promote metastasis, yet, the underlying mechanisms and key downstream effectors still remain
largely elusive. Therefore, a spatial functional genomics approach in the EwS model identified
for the first time that FET::ETS-low activity signature is localized at the invasive front of
patient’s tumor and is associated with the transcriptional induction of the multifunctional shuttle
LIM domain only protein 7 (LMO7). Integrating these data with clinical information showed
that high LMO?7 expression levels are associated with worse prognosis and the development of
metastatic disease. Gene network analyses of transcriptomic data from patient-derived tumors
as well as functional proteogenomic analyses of EwS cell lines with/without conditional RNA-
interference-mediated knockdown of LMO?7, highlight this gene as a regulatory hub involved
in multiple pro-metastatic processes including epithelial-to-mesenchymal transition and
cytoskeleton remodeling. Functional experiments prove that LMO?7 silencing decreases the
capacity of EwS cells for clonogenic growth and migration in vitro, which is mirrored by

reduced primary tumor growth and complete absence of metastatic burden in vivo.

In sum, these results identify LMO7 as clinically relevant key downstream regulator of
FET::ETS fusions in EwS and provide an example of how the integration of functional, spatial

and clinical data can shed light on how oncogenes promote metastasis in cancer.
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ZUSAMMENFASSUNG

Metastasen haben einen wesentlichen negativen Einfluss auf die Diagnose verschiedener
Krebsarten, doch wie Onkogene Transkriptionsprogramme beeinflussen, welche die
Metastasierung begiinstigen, ist noch weitgehend unverstanden. Beim Ewing-Sarkom (EwS),
einem hochaggressiven pédiatrischen Weichteil- und Knochensarkom, das durch chimire
FET::ETS-Transkriptionsfaktoren angetrieben wird, wird angenommen, dass eine geringe
Aktivitit der Fusions-Onkoproteine die Metastasierung fordert. Die zugrunde liegenden
Mechanismen und die wichtigsten nachgeschalteten Effektoren sind jedoch noch weitgehend
unbekannt. In dieser Arbeit wurde mithilfe eines ,,spatial functional genomics* Ansatzes im
EwS-Modell erstmals festgestellt, dass die FET::ETS-low-Fusionsexpression an der invasiven
Front des Tumors des Patienten lokalisiert ist und mit der transkriptionellen Induktion des
multifunktionalen LIM domain 7 (LMQO7) Shuttle-Proteins assoziiert ist. Die Integration dieser
Daten mit klinischen Informationen zeigt, dass eine hohe Expression von LMO7 sowie
EWSRI::ETS-low-Signaturen mit einer schlechteren Prognose und der Entwicklung von
Metastasen assoziiert sind. Gen-Netzwerkanalysen von Transkriptomdaten aus Tumoren von
Patienten und funktionelle proteogenomische Analysen von EwS-Zelllinien mit/ohne
konditionellem RNA-Interferenz induziertem LMO7 Knockdown heben dieses Gen als
regulatorischen Knotenpunkt hervor, der an mehreren metastasierungsfordernden Prozessen
beteiligt ist, darunter die epitheliale-mesenchymale Transition und die Umgestaltung des
Zytoskeletts. Funktionelle Experimente zeigen, dass LMO7-silencing die Fahigkeit von EwS-
Zellen zum klonogenen Wachstum und zur Migration in vitro verringert, was sich in einem
reduzierten Primdrtumorwachstum und einem vollstindigen Fehlen von Metastasen in vivo

widerspiegelt.

Zusammenfassend lassen diese Ergebnisse darauf schlieen, dass LMO7 ein klinisch relevanter
Schliisselregulator der FET::ETS-Fusionen bei EwS ist. Es wurde gezeigt, dass die Integration
von funktionellen, spatial und klinischen Daten Aufschluss dariiber geben kann, wie Onkogene

die Metastasierung bei Krebs fordern.

Schliisselworter: Ewing-Sarkom, Matastasierung, LMO7, EWSR1::ETS, spatial

transcriptomics
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1. INTRODUCTION

1.1. About Ewing sarcoma

Ewing sarcoma (EwS) is a highly aggressive bone and soft tissue fusion-driven tumor,
occurring predominantly in children, adolescents and young adults (Griinewald et al., 2018). It
is the second most common primary bone tumor in children, and accounts for approximately
2% of all childhood cancer diagnoses (Chavan et al., 2023; Goodspeed et al., 2025). EwS was
discovered in 1921 by Dr. James Ewing, after whom it was named (Ewing, 1921). Historically,
it was known for high mortality rates, but through systematic clinical research, the outcomes
for patients with localized disease and standard-risk have strongly improved to 70—80% overall
survival (Durer et al., 2024; Grunewald et al., 2018.). Still, of particular concern are the survival
rates of metastatic patients that have, unfortunately, remained relatively unchanged in the last
decades, where overall survival is poor, being in the range of 20-30% (Zetouni & Sergi, 2022).
EwS, metastatic and relapsed, typically have a poor prognosis and frequent recurrences, leading
to high morbidity and mortality rates (Chavan et al., 2023). Therefore, further investigations of

metastatic EwS are essential for better understanding and treatment of the disease.

1.2. Epidemiology, clinical representation and diagnostics of EwS
1.2.1. Epidemiology of EwS

EwS occurs with an incidence of approximately 2 cases/million people per year in the general
population (Chakraborty et al., 2018). However, the incidence of EwS varies substantially by
geographic region and ancestry. The peak incidence occurs in children and adolescents (10—
19-year age group) across all regions, while the highest incidence rates are recorded in
subpopulations with predominantly European ancestry (Spector et al., 2022). Here, incidence
rates can typically range from less than 2 to about 5 cases per million (Siegel et al., 2025;
Spector et al., 2022). Genome-Wide Association Studies have uncovered several single
nucleotide polimorphisms that were significantly associated with the EwS suceptibility in
populations of European ancestry, and were much rarer in populations of African or Asian
ancestry (Machiela et al., 2018). Also, there is a consistent excess incidence in males compared

to females across most regions (Dupuy et al., 2023; Spector et al., 2022).
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1.2.2. Clinical features and treatment regimens in EwS

EwS mainly arises in bones and soft tissues. In bones, it predominantly occurs in the pelvis,
femur, tibia, and ribs (Paulussen et al., 2001). Skeletal EwS most frequently involves the
diaphysis or metadiaphyseal region of long bones of both lower and upper extremities (Choi et
al., 2014). Commonly at the time of diagnosis, EwS tumors demonstrate extension into adjacent
soft tissues (Kashima et al., 2013). In soft tissues, EwS predominantly occurs in the thoracic
wall, gluteal muscle, pleural cavities and cervical muscles (Griinewald et al., 2018). Outcome
of patients also significantly differs between patients with skeletal and extraskeletal EwS,

where the latter has better overall survival (Applebaum et al., 2011).

Clinically, patients often present with localized pain and swelling. Patients may also
present with a palpable mass, pathologic fracture, or constitutional symptoms such as fever,

fatigue, weight loss, or anemia (Choi et al., 2014).

Radiographically, EwS typically manifests as a destructive, permeative osteolytic
lesion that often extends trough the cortical bone to involve the periosteum and adjacent soft
tissues. The intermittent growth of the tumor gives rise to the characteristic ‘onion-skin’
multilayered periosteal reaction. In some cases, erosion of the outer cortex by periosteal
proliferation produces a concave cortical defect, referred to as ‘saucerization’. Additional
periosteal reactions, such as the vertical ‘hair-on-end’ appearance and the presence of Codman
triangles, may also be seen in EwS (Figure 1.1) (Choi et al., 2014). EwS is a systemic disease
with radiologically undetectable micrometastases already present at diagnosis (Bull et al.,
2025), while the single-most powerful predictor of outcome in EwS is the presence of
metastatic burden at time of diagnosis (Dasgupta et al., 2023). Patients with metastatic EwS
have an abysmal 5-year survival rate of 20-35%, despite aggressive cytotoxic treatment
regimens (Bosma et al., 2018). Considering that, imaging studies are the central tool for
detection of metastases (Griinewald et al., 2018). Imaging modalities such as magnetic
resonance imaging (MRI) and computed tomography (CT) are part of conventional staging
methods in EwS (Furth et al., 2005) and can help determine the extent of bone and soft tissue
tumor involvement and assess for metastatic disease (Choi et al, 2014). CT of the chest has
replaced chest radiograph as the standard-of-care to assess for pulmonary involvement (Figure
1.1¢) (Dasgupta et al., 2023). The early diagnosis of EwS remains challenging. Despite similar
symptoms, pseudotumoral and benign bone lesions occur more frequently (Zollner et al.,

2021). The clinical stage at diagnosis is one of the major predictors of survival. Therfore,
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accurate determination of tumor burden at diagnosis is a critical factor in planning treatment

and predicting the patient outcome (Grunewald et al., 2018).

Figure 1.1 Radiological presentation of EwS. a. Anteroposterior and b. lateral X-ray images of a
14-year-old patient demonstrate EwS osteolytic lesion in the right femur with associated periosteal
soft-tissue involvement (arrows). c¢. Lungs CT scan of a 19-year-old male patient reveals a pulmonary
metastasis (arrow). d. MRI of the same patient shown in panels a and b illustrates the primary femoral
tumor with adjacent soft-tissue edema (arrow). e. Bone scintigraphy of a 6-year-old patient indicates a
tumor mass in the right tibia (arrow). Figure reprinted from: Grunewald et al. (2018), PMID: 29977059,
through copyright license number: 6043070238889.

The diagnosis and treatment of EwS in children and adolescents should be carried out
in accordance with pediatric oncology guidelines at an interdisciplinary and experienced
pediatric oncology center to achieve optimal therapeutic outcomes (Biermann et al., 2025;
Gaspar et al., 2015; Zarghooni et al., 2023). Current standard-of-care options comprise
induction chemotherapy, tumor resection, and postoperative consolidation (Zarghooni et al.,
2023). Most commonly used chemotherapy regimen is VDC/IE, which alternates between two
combinations of drugs, given between 2 or 3 weeks. The first drug combination includes
vincristine, doxorubicin and cyclophosphamide and the second set of drugs includes a
combination of ifosfamide and etoposide (Zarghooni et al., 2023). Furthermore, consolidation
radiotherapy of the primary tumor and selected metastases plays a significant role in the
treatment of EwS. In patients with lung metastases detectable at diagnosis, whole-lung

radiotherapy is also necessary. Radiotherapy in young patients should preferably be provided
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in the form of proton therapy, which lowers the burden on surrounding tissue (Zarghooni et al.,

2023; Zollner et al., 2021).
1.2.3. Cytology and molecular diagnostics of EwS

The specific cell type(s) from which EwS originates are still under debate. When first reported
by James Ewing in 1921, he proposed an endothelial origin on the basis of its cellular
morphology and the rareness of the stroma (Ewing, 1921). He found that the tumor cells
resembled activated endothelial cells, and thus termed it ‘endothelioma of bone’ (Cripe, 2011).
He described tumor cells as uniform, small, and round, with clear cytoplasm, features that
would later be classically summarized as a ‘small round blue cell tumor’ in histology (Wu &
Govender, 2012). In 1971, a myelogenous origin of EwS was proposed given ultrastructural
features resembling developing myelocytes (Kadin & Bensch, 1971). Since then, several
hypotheses regarding the histogenesis of EwS have been developed, with neural crest stem
cells (NCSCs) and mesenchymal stem cells (MSCs) receiving the most attention as the putative
cells of origin (Tu et al., 2017). Those hypotheses are being supported with evidence that
silencing of EWSRI::FLII recovered the phenotype of their MSC progenitor (Tirode et al.,
2007). Additionally, introduction of the EWSR1::FLII into human MSCs resulted in its stable
expression as well as phenotypic and transcriptional changes that reflect key features of EwS
(Riggi et al., 2008). Conversely, there is evidence supporting that EwS originates from NCSCs
since they were also able to tolerate expression of EWSR1::FLI1 (von Levetzow et al., 2011)

and recently same was showin for NCSCs in EwS zebrafish model (Vasileva et al., 2024).

EwS can develop in almost any part of the body, making the diagnosis process more
complex. Classification of small round cell tumors of bone is oftentimes challenging due to
overlapping clinicopathologic features (Choi et al., 2014). EwS is a highly malignant tumor
composed of small round cells (Ozaki et al., 2015). CD99 antigen and FLII1 proto-oncogene
(FLIT) or ETS transcription factor ERG (ERG) are important immunohistochemical (IHC)
markers used to support diagnosis of EwS (Figure 1.2, a—c). However, all three are highly
sensitive but nonspecific. Using a combination of several antibodies can significantly narrow
the differential diagnosis and can help to make the final diagnosis. For example, specificity
>95% is reached in combined use of CD99 and NK2 homeobox 2 (NKX2-2) and adding paired
box 7 (PAX7) to the IHC panel may be even more useful (Gajdzis et al., 2022). Furthermore,
adding BCLI11 transcription factor B (BCL11B) and/or golgi glycoprotein 1 (GLG1) to the



INTRODUCTION

IHC panel is sufficient to reach even higher specificity for EwS which may significantly reduce

the number of misdiagnosed patients, and thus improve patient care (Baldauf et al., 2017).

A molecularly and diagnostically relevant hallmark of EwS is the oncogenic fusion
between FET and ETS families of genes. Most common genetic fusion in EwS, found in ~90%
of cases, is the one between EWS RNA binding protein 1 (EWSRI) and FLII, namely
t(11;22)(q24;q12) (Delattre, et al., 1992). Many other translocation partners are also possible
within the family of FET genes and ETS transcription factors, second most common involving
ERG gene (Sorensen et al., 1994) substituting FL/1, in 5-10% cases (Ginsberg et al., 1999).
The role of EwS fusion proteins in tumorigenesis is complex and multifaceted. The subsequent
chapter (1.3. Molecular signature and genetics of EwS) will examine the types as well as roles

of the fusion proteins in EwS in greater detail.

Detection of the tumor-specific FET::ETS fusion gene is essential to diagnose EwsS.
Reverse transcription-polymerase chain reaction (RT-PCR) and fluorescence in situ
hybridization (FISH) (Figure 1.2d) are commonly used to detect the fusion gene (Ueno-
Yokohata et al., 2021). However, at least 28 fusion transcript variants have been reported,
making rapid and accurate detection difficult. For that reason usage of multiplex RT-PCR to
detect fusion genes for the diagnosis of EwS might also be suitable (Ueno-Yokohata et al.,
2021). In recent years, usage of next-generation sequencing (NGS) significantly enhanced
diagnostic accuracy, especially in IHC ambiguous pediatric sarcomas (He et al., 2025). NGS
can analyze multiple genes simultaneously, providing a more complete genomic profile
compared to traditional methods, but its usage is not widespread in clinical settings due to
having longer turnaround time, being more expensive, and data analysis can being more

complex, compared to traditional methods (Jeyaraman et al., 2025).
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Figure 1.2 Diagnostic features of EwS using IHC and FISH. a. Small, round tumor cells
characterized by scant cytoplasm, round nuclei, and fine chromatin. b. CD99-positive tumor cells with
diffuse and membranous patterns. ¢. Strong nuclear staining for FLI1 in the tumor cells. Images at 200%
magnification. d. FISH assay result for EWSR break-apart showing separated green and orange signals.
Image at 1,000x magnification. Figure adapted from: Kim & Park (2016), PMID: 27246176, through
copyright license number: 6044300126381.

1.3. Molecular signature and genetics of EwS

The formation of fusion genes results from aberrant recombination of chromosomal structures,
whereby two or more genes that were originally not adjacent are then fused together. These
new genes are transcribed and translated to form fusion proteins that affect downstream
signaling pathways (Tang et al., 2025). Such processes often give rise to the aberrant activation
or deactivation of intracellular signaling pathways, which is a significant contributing factor in
the development of cancer (Dai et al., 2018; Tang et al., 2025). The main driver of oncogenesis
in EwS is the FET::ETS fusion, the end product of abnormal chromosomal rearrangement. As
previously described, the most common fusion in EwS is the one between genes EWSRI and

FLII, t(11;22)(q24;q12) (Delattre, et al., 1992), while many other translocation partners are
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also possible within the family of FET genes and ETS transcription factors (Grunewald et al.,
2018). Such ETS family members that can substitute L/ in rare cases are: FEV transcription
factor, ETS family member (FEV) (Peter et al., 1997), ETS variant transcription factor 1
(ETVI) and ETS variant transcription factor 4 (E7V4) (Urano et al., 1998). Similarly, given the
homology between the TET family genes, rare cases of EwS, fusion variants harbor FUS RNA
binding protein (FUS) instead of EWSRI gene (Figure 1.3) (Boone et al., 2021a; Grunewald
et al., 2018). Furthermore, a broader group referred to as ‘Ewing sarcoma family tumors’ have
non-canonical EWSRI fusions to non-ETS partners, including nuclear factor of activated T
cells 2 (NFATC2),POZ/BTB and AT hook containing zinc finger 1 (PATZ1), Sp3 transcription
factor (SP3), and SNF2 related chromatin remodeling ATPase 5 (SMARCAS5) (Antonescu &
Dal Cin, 2014). Such tumors are morphologically indistinguishable from EwS and are currently

treated on Ewing-specific regimens (Jo, 2020).

FET part ETS part Fusion gene Chromosomal translocation Frequency
FEV FUS:FEV 1(2;16)(q35;p11) <1%
= ERG FUS:ERG 1(16:21)(p11:922) <1%
ETV4 FUS::ETV4 1(16;17)(p11;921) <1%
ETV5 FUS:ETVS t(16;3)(p11;927) <1%
s N N\ N\ [ ™
EWSR1 \ FLI1 EWSR1:FLI1 t(11;22)(q24;q12) = 85%
ERG EWSR1::ERG t(21;22)(q22;q12) = 5-10%
ETV{1 EWSR1::ETV1 t(7;22)(p22;q12) <1%
ETV4 EWSR1::ETV4 t(17;22)(q21;q12) <1%
FEV EWSR1::FEV t(2;22)(933;912) <1%
ETV5 (?) EWSR1::ETV5 ? ?
" J & S . J \ J
'd 3 r~ ™\
[ TAF15 ] ETVv4 TAF15::ETV4 ] [ t(17;17)(q12;921) [ <1% }
\ J . J

Figure 1.3 Fusion partners in EwS, FET::ETS family of genes. Oncogenic translocations in EwS
include a member of the FET gene family (FUS, EWSRI or TAF15) in combination with a member of
the ETS family of transcription factors (such as FLII, ERG, ETVI1, ETV4 and FEV). The figure was
adapted from Grunewald et al. (2018), PMID: 29977059, copyright license number: 6043070238889,
with integration of several novel fusions discovered since then, such as FUS::ETV4 (Boone et al.,
2021a), TAF15::ETV4 (Picard et al., 2022) and FUS::ETV5 (Dehner et al., 2025). Although the
EWSRI::ETV5 gene fusion has not yet been reported in EwS, its occurrence remains plausible due to
the significant structural resemblance between members of the FET and ETS family members.

Genes that are constituents of EwS genetic fusions have many roles in healthy cells,
however once part of the fusion, they preserve some of its canonical roles as well as evolving

entirely new, neomorphic functions. However, it is worth noting that some of the preserved
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functions might be aberrantly activated, whether in the wrong time or at the wrong place within

the cell (Muthahari et al., 2025; Thang et al., 2025).

Fusion proteins present in EwS are aberrant transcription factors that interfere with
different signaling pathways and target genes, affecting cell proliferation, differentiation, and
cell death (Thang et al., 2025). Such aberrant activity of transcriptional regulators can
completely rewire the physiological cellular signaling. Divergent chromatin remodeling caused
by EWSRI1::FLI1 in EwS includes both mechanisms of direct activation and repression of
enhancer elements. Accordingly, there are two distinct classes of motifs that are preferred
fusion protein binding sites in the human genome (Figure 1.4) (Riggi et al., 2014). The first
are GGAA-microsatellites, dispersed across the human genome, varying in some places from
two to several consecutive GGAA-microsatellite repeats. This implies the possibility of the
fusion protein binding essentially across the length of the genome, wherever such
microsatellites are present (Tak et al, 2022). The number of repeats (‘sweet spot’ length)
influences binding and transcriptional activation (Gangwal et al., 2008). Johnson et al. (2017)
described that microsatellites with 18-26 repeats represent a ‘sweet spot’ that is particularly
effective in driving EWSR1::FLI1 mediated gene expression. While Orth et al. (2022) further
defined this binding, indicating that long consecutive GGAA microsatellites on both alleles
increase the probability of EWSRI1::ETS-binding compared with loci containing only one

‘long’ allele.

Secondly, there are canonical non-repetitive ETS motifs, conserved sequences and binding
sites still preserved from native FLI1 activity. The preferred high-affinity binding sequence for
FLI1 is ‘ACCGGAAGTG’, while other family members bind similar sequences containing a
‘GGA(A/T)’ core surrounded by additional base pairs (Boone et al., 2021b). Through binding
canonical ETS motifs, EWSR1::FLI1 directly represses targets transcription by displacing
wild-type ETS factors from mesenchymal enhancers (Figure 1.4) (Riggi et al., 2014).

Both GGAA-microsatellites and canonical ETS motifs are recognized by the same ETS
DNA-binding domain (DBD) within the FLI1 or ERG part of the respective fusion protein.
This domain is conserved from the wild-type FLI1/ERG protein, which naturally recognizes
and binds ETS consensus sequences. Genome-wide ChIP-seq and chromatin mapping studies
show that EWSR1::FLI1 binding at GGAA-microsatellites, which are neomorphic enhancer
activating motifs, result in gene upregulation, while EWSR1::FLI1 binding to ETS motifs is

context-dependent and can result in either repressive or enhancing effect on adjacent genes
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(Boone et al., 2021b; Orth et al., 2022). Recently, a study on repressive functions of
EWSRI1::FLI1 showed that the fusion regulated metastasis-related cell movement, through
binding to the ETS proto-oncogene 1, transcription factor (E7S/) locus and deposition of the
repressive H3K27me3 chromatin marks (Ebegboni et al., 2024).
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Figure 1.4 Enhancer remodeling mechanisms mediated by EWSRI1::FLI1. This schematic depicts
two different chromatin remodeling processes underlying the dual transcriptional roles of
EWSRI1::FLI1: enhancer activation and induction involving recruitment of WD repeat domain 5
(WDRS5) and EP300 lysine acetyltransferase (p300) at GGAA repeats (top), and enhancer repression
characterized by displacement of native ETS transcription factors and p300 at single GGAA canonical
ETS motifs (bottom). Figure reprinted from: Riggi et al. (2014), PMID: 25453903, through copyright
license number: 6043061062270.

Historically, much research has been centered on the transcriptional roles of oncogenic
sarcoma fusion proteins, but there is emerging evidence that EWSR1::FLI1 has important
functions beyond classic transcriptional regulation, including post-transcriptional roles (Yu et
al., 2023). One of such roles is the ability of EWSRI1::FLI1 to regulate alternative splicing.
Alternative splice variants of genes that potentially regulate oncogenesis, including CDC like
kinase 1 (CLK1), caspase 3 (CASP3), PPFIB scaffold protein 1 (PPFIBPI), and telomerase
reverse transcriptase (TERT), were found to be regulated by EWSR1::FLI1 (Selvanathan et al.,
2015). Also, in a CLIP-seq experiment, it was found that EWSR1::FLI1 RNA-binding motifs
most frequently occur adjacent to intron-exon boundaries. EWSR1::FLI1 also alters splicing

by directly binding to known splicing factors including DEAD-box helicase 5 (DDX5),
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heterogeneous nuclear ribonucleoprotein K (hnRNP K), and pre-mRNA processing factor 6
(PRPF6) (Selvanathan et al., 2015). Additionally, EWSR1::FLI1 can also influence mRNA
stability and degradation rates. Confirming this, France et al. (2011) found that EWSR1::FLI1
decreased the transcript half-life of insulin-like growth factor binding protein 3 (/GFBP3), a
down-regulated direct target gene in human tumor-derived EwS cell lines. They also
demonstrated that both EWS and ETS domains are required for modulation of both transcript
synthesis and degradation (France et al., 2011). Moreover, EWSR1::FLI1 was found to regulate
the subcellular localization of proteins. This was shown for forkhead box O1 protein (FOXOT1),
which was excluded from the nucleus in the presence of EWSRI1::FLI1 (Niedan et al., 2013).
Thus, EWSR1::FLI1 exerts oncogenic effects in EwS not only by regulating transcription but
also by modulating RNA splicing, mRNA stability, chromatin structure, and even the
localization and function of other proteins. These multifaceted roles are integral to its ability to

drive tumorigenesis.

While pediatric cancers usually lack the mutational burden of adult cancers, they still
exhibit high levels of cellular heterogeneity that are largely mediated by epigenetic
mechanisms (Apfelbaum et al., 2022). EwS is a genetically rather simple tumor mainly driven
by EWSRI1::ETS fusions, where somatic mutations are rare (Brohl et al., 2014). The most
common somatic mutations are mutations in genes: STAG2 cohesin complex component
(STAG2) in 17%, cyclin dependent kinase inhibitor 2A (CDKN2A4) in 12%, and in tumor
protein p53 (7P53) in 7% of EwS cases (Tirode & Surdez et al., 2014). EwS tumors with
mutations in 7P53 often display resistance to radiotherapy, and patients with these mutations
have significantly worse outcomes, especially when co-occurring with mutations in STAG2
(Kim et al., 2023; Tirode & Surdez et al., 2014). While mutations in STAG2 and deletions of
CDKN2A rarely occur together, the impact of mutations in CDKN2A alone is less well
characterized (Tirode & Surdez et al., 2014). Furthermore, multiple studies, have shown that
mutations in STAG2 or its loss of function in EwS is strongly associated with increased
metastatic potential, altered chromatin architecture, and worse prognosis (Adane et al., 2021;

Giménez-Llorente et al., 2024; Surdez et al., 2021).

1.4. Alterations in cell signaling promoting invasion and metastasis in EwS

Metastasis is the hallmark of cancer that is responsible for the greatest number of cancer-related

deaths. Yet, it remains poorly understood (Fares et al., 2020). Metastatic spread is a highly
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complex multistep cascade of evolutionary events performed with exquisite, but fatal,
consistency across patients (Bull et al., 2025). The development of metastases requires cancer
cells to leave their primary site (invasion), enter the bloodstream (intravasation), endure
pressure in blood vessels (circulation), acclimate to new cellular surroundings in a secondary
site (extravasation and colonization), and escape immune cells (Fares et al., 2020). In
carcinomas, this is facilitated by tumor cells undergoing an epithelial-to-mesenchymal
transition (EMT) which reduces their adhesion properties and enhances their migratory and
invasive abilities. Once cells reach their destination, they undergo a reverse process termed

mesenchymal-to-epithelial transition (MET) to establish metastases (Damerell et al., 2021).

In contrast to carcinomas, EMT processes in sarcomas are largely unknown and appear
paradoxical since they are, by definition, already mesenchymal in nature (Damerell et al.,
2021). Nonetheless, it has been proposed that sarcoma cells may reside in a metastable state,
and depending on cellular context, can either differentiate towards an epithelial or more
mesenchymal phenotype. This EMT/MET plasticity has been has been associated with
increased tumor aggressiveness, and several EMT/MET transcription factors have been shown
to play a role in the development and progression of sarcomas (Damerell et al., 2021; Sannino
et al., 2017). First efforts to describe and understand the process of metastasis in sarcomas,
come from studies of cellular plasticity. Those studies, highlight the importance of both
epithelial and mesenchymal characteristics that make EwS cells competent for metastasis. On
the example of transcription factor, zinc finger E-box binding homeobox 2 (ZEB2), it was
shown that ZEB2 acts as a repressor of epithelial differentiation in EwS and works in
conjunction with EWSRI1::FLII, which in turn acts as a repressor of mesenchymal
differentiation. This bidirectional process keeps EwS cells in an undifferentiated state and they
retain access to features of both epithelial and mesenchymal cells, which sets them for

successful growth and metastasis (Wiles et al., 2013).
1.4.1. Oscillatory fusion behavior and EwS metastasis

Changes in the expression and activity of the EWSRI1::FLI1 fusion protein is a central
component of EwS tumor cell plasticity. Studies have shown that different levels and/or
activity of fusion protein expression drive heterogeneity within the tumor, leading to distinct
cellular phenotypes (Adane et al., 2021; Aynaud et al., 2020; Chaturvedi et al., 2012;
Chaturvedi et al., 2014; Franzetti et al., 2017; Surdez et al., 2021; Willis et al., 2013). In EwS,

the majority of tumor cells have high fusion protein expression and are highly proliferative.
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Conversely, a minority of cells within the tumor have reduced transcriptional activity and
expression of EWSR1::FLI1, displaying a more mesenchymal, migratory phenotype, and are
associated with increased metastatic potential. In sum, EWSRI1::FLI1-high cells have an
enhanced ability to grow and proliferate, while EWSR1::FLI1-low cells have a more migratory,
EMT and metastatic-like phenotype, reflecting a shift in cell state (Figure 1.5). This plasticity
is primarily regulated through epigenetic mechanisms rather than genetic mutations, enabling
tumor cells to dynamically adapt and transition between different phenotypic states in response

to intrinsic and extrinsic cues (Franzetti et al., 2017).
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Figure 1.5 Model of EwS cell dissemination, based on cell-to-cell heterogeneity of EWSR1::FLI1
expression. In this model, undifferentiated EWSR1::FLI1-high cells proliferate with strong cell-cell
adhesion, whereas mesenchymal-like EWSR1::FLI1-low cells migrate and invade environment through
important cell-matrix interactions. Figure reprinted from: Franzetti et al. (2017), PMID: 28135250.
Licensed under a Creative Commons Attribution-NonCommercial-NoDerivs 4.0 International License,
whereas reuse of this material for non-commercial/educational purposes is possible without obtaining
additional permission from Springer Nature.

1.4.2. Cell signaling pathways in EwS metastasis

One of the most significant pathways influencing the tumor invasiveness and metastatic
potential are developmental signaling pathways. Some of those that are aberrantly activated in
EwS include: Sonic Hedgehog (ShH) (Beauchamp et al., 2009), Wnt/B-catenin (Pedersen et
al., 2016), TGF-B (Saratov et al., 2022) and Hippo pathway (Bierbaumer et al., 2021).
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Sonic Hedgehog (ShH) pathway has unconventional activation in EwS. Usually this
pathway is activated through Shh ligand binding to the Patched receptor and activating the
downstream cascade that culminates in increased function of the GLI family of transcription
factors (Lessnick & Ladanyi, 2012). However, in EwS the ShH pathway is not activated at the
ligand-receptor level. Subsequent studies demonstrated a pathway in which EWSR1::FLI1
directly binds and upregulates the GLI family zinc finger 1 (GLII) promoter while GLI1, in
turn, upregulates NKX2-2 (Beauchamp et al., 2009). Thus, activated NKX2-2 (induced by
EWSRI1::FLI1), promotes tumor survival and progression (Smith et al., 2006).

Wnt/B-catenin signaling is active in small subpopulations of EwS cells, and those
display a more metastatic phenotype, that is reminiscent of EWSRI1::ETS-low cells.
Specifically, activation of Wnt/B-catenin induces alterations to the actin cytoskeleton,
acquisition of a migratory phenotype, and upregulation of EWSRI1::ETS repressed genes
(Pedersen et al., 2016). Furthermore, these B-catenin-activated EwS cells also alter secretion
of extracellular matrix (ECM) proteins that promote angiogenesis but also induction of the
angiomatrix by Wnt/B-catenin-active tumor cells is dependent on TGF-f (Hawkins et al.,

2020).

In EwS, transforming growth factor beta (TGF-B) signaling is tightly connected to the
tumor microenvironment (TME). Even though relatively underexplored in EwS, TME plays a
crucial role in the progression of the disease, resistance to therapy, and metastasis
(Volchenboum et al., 2015). Here, bone environment and bone remodeling signals may have a
big impact in the development of EwS, since EwS most often arises during adolescence and
young adulthood, coinciding with rapid bone remodeling and increased bone mass (Saggese et
al., 2002). Furthermore, more than 80% of EwS originates in bone, a unique and biochemically
distinct local environment, where EwS patients with primary bone tumors tend to have worse
prognosis compared to those with extra-skeletal EwS (Applebaum et al., 2011), as well as those
with bone metastases versus lung-only metastases (Gaspar et al., 2015). Bone remodeling
releases various factors, such as TGF-, Insulin-Like Growth Factor (IGF), and Wnt ligands
that are essential for osteoblast and osteoclast regulation, but can also influence tumor behavior.
EWSRI::FLII expression plays an important role in regulating the sensitivity of EwS cells to
these bone-derived signals (Apfelbaum et al., 2022). Namely, EWSRI1::FLII represses
transforming growth factor beta receptor 2 (TGFBR2), which then inhibits TGF-f pathway
activation, ECM gene expression and protein secretion as well as pro-migratory signaling in

EWSRI1::FLI1-high cells (Pedersen et al., 2016; Hawkins et al.,2020). Conversely, activation
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of Wnt/B-catenin signaling can activate TGFBR2 expression and mimic a more migratory
EWSRI1::FLI1-low state. Increases in Wnt activity lead to increased secretion of TGF-f ligands
as well as ECM proteins from tumor cells that contribute to an angiogenic and pro-tumorigenic
TME in EwS (Apfelbaum et al., 2022; Hahm et al., 1999; Pedersen et al., 2016). Also, TGF-$
co-receptor endoglin, an endothelial cell marker, expression in EwS is associated with

increased tumor cell plasticity, invasiveness, and poor prognosis (Pardali et al., 2011).

Main downstream effectors of the Hippo signaling pathway are Yesl associated
transcriptional regulator (YAP) and its paralog transcriptional coactivator with PDZ-binding
motif (TAZ) (Guo & Teng, 2015). In Ews it was found that TAZ levels increase in the
migratory EWSR1::FLI1-low state and are associated with adverse prognosis in EwS patients
(Bierbaumer et al., 2021). It has been reported that YAP and TAZ are commonly upregulated
in many human cancers, providing attractive therapeutic targets (Guo & Teng, 2015).
Verteporfin, the potent YAP/TAZ/TEAD complex inhibitor, suppressed expression of
EWSRI1::FLII regulated cytoskeletal genes involved in actin signaling to the ECM, effectively
blocked F-actin and focal-adhesion assembly, and inhibited EwS cell migration at
submicromolar concentrations, as well as reduced relapse and delayed lung metastasis in vivo.
These data suggest that Y AP/TAZ pathway inhibition may prevent EwS cell dissemination and
metastasis, justifying further preclinical development of YAP/TAZ inhibitors for EwS
treatment (Bierbaumer et al., 2021; Chaturvedi et al., 2014).

The actin cytoskeleton plays an important role in the biology of EwS, particularly in
cell adhesion, morphology, migration, and metastasis. The top three classes of genes that are
repressed by EWSR1:FLI1 are categorized as genes related to structure and function of focal
adhesions, ECM receptor interactions, and regulation of the actin cytoskeleton. In
EWSRI1::FLI1-low state there is a dramatic restoration of actin cytoskeletal organization,
increased cell spreading, and enhanced formation of actin stress fibers. EWSR1::FLI1-induced
repression of a5 integrin and zyxin expression promotes tumor progression by supporting
anchorage-independent cell growth (Chaturvedi et al., 2014). Furthermore, reduced expression
of EWSRI1::FLI1 is associated with the increase of actin-binding proteins implicated in cell
contractility, cytoskeleton assembly and maintenance but also the decrease of cell-cell adhesion
proteins such as tight junctions and desmosome family proteins. Indeed, EWSR1::FLI-low
cells have increased three-dimensional migration and invasion properties (Franzetti et al.,
2017). As well, EWSR1::FLII1 strongly represses the activity of the Rho-F-actin signal pathway

transcriptional effector myocardin related transcription factor B (MRTFB), affecting the
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expression of many EWSRI::FLII-negatively correlated genes including structural and
regulatory cytoskeletal genes. EWSRI::FLI1 suppresses the Rho-actin pathway by
perturbation of a MRTFB/YAP-1/TEAD transcriptional module, which directly affects the
actin-autoregulatory feedback loop, and provides a mechanistic basis for the underlying
EWSRI1::FLI1-dependent reversible cytoskeletal reprogramming of EwS cells (Katschnig et
al., 2017).

Furthermore, cancer cells must overcome anoikis (detachment-induced cell death) to
successfully metastasize. Recently, it has been found that distinct oncoproteins upregulate IL1
receptor accessory protein (IL1IRAP) to suppress anoikis (Zhang et al., 2021a). ILIRAP is
directly induced by oncogenic fusions of EwS. ILIRAP inactivation triggers anoikis and

impedes metastatic dissemination of EwS cells (Zhang et al., 2021a).

Finally, one of the important steps for successful metastatic dissemination is immune
evasion. EwS is an immunologically cold solid tumor, meaning it has low immunogenicity and
limited immune cell infiltration, which contributes to its ability to evade immune detection and
destruction. Some of the mechanisms of immune evasion in EwS include few tumor-specific
antigens, low expression of major histocompatibility complex class I (MHC-I) antigen-
presenting molecules, accumulation of immunosuppressive M2 macrophages and myeloid
proinflammatory cells, and release of extracellular vesicles which are capable of
reprogramming host cells in the tumor microenvironment and systemic circulation. The
development of efficient immunotherapies in immune-inert pediatric sarcomas requires
addressing both the tumor cell itself and the TME (Evdokimova et al., 2022). However, there
is recent evidence that sheds the light on immunology of EwS and opens a door of opportunity
for immune therapies. Single-cell sequencing of 18 EwS primary tissue samples showed that
EwS is infiltrated by natural killer, T, and B cells, dendritic cells, and immunosuppressive
macrophages. EwS-associated T cells show various degrees of dysfunction. The antigen-
presenting cells found in EwS lack costimulatory gene expression, implying functional
impairment. Interaction analysis reveals a clear role of EwS tumor cells in turning the EwS
immune microenvironment into an immunosuppressive niche (Visser et al., 2023).
Furthermore, single-cell RNA sequencing and immunofluorescence of circulating tumor cells
(CTCs) at the time of EwS diagnosis identified tetraspanin 8 (TSPANS) as a potential
therapeutic target. This study identified that CTCs have lower enrichment of gene signatures
associated with EwS compared to matched primary cells, supporting the fact that low

EWSRI1::FLI1 activity leads to more metastasis. Finally, they showed that a transmembrane
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protein TSPANS was highly enriched in the CTCs, and its expression was not restricted
solemnly to the CTCs but also was highly and broadly expressed in primary EwS (Goodspeed
et al., 2025). In addition, characterization of the surfaceome of EwS, revealed pregnancy-
associated plasma protein A (PAPP-A) as a highly differentially expressed therapeutic target.
PAPP-A is a cell membrane-associated proteinase produced by the placenta that promotes fetal
growth by inducing IGF signaling. This study discovered a novel link between insulin like
growth factor 1 (IGF-1) signaling and immune evasion in cancer, thus implicating shared
mechanisms of immune evasion between EwS and the placenta (Heitzeneder et al., 2019).
Similarly, amyloid precursor-like protein 2 (APLP2) has been implicated in the survival of
cancer cells, including EwS cells. APLP2 lowers the sensitivity of EwS cells to radiotherapy-
induced apoptosis and enables EwS cells survive exposure to cytotoxic immune cells (Peters
et al.,, 2013). In sum, these results indicate promising targets in the field of TME and

immunology of EwS, which are both important in the scope of metastatic tumor progression.

The field of EwS metastasis is slowly developing but is still to some extent
underexplored. The area still lacks substantial knowledge that would closer clarify the biology
of EwS metastatic cells or discover novel biomarkers for metastatic disease. As a result of that,
there is a lot of potential for unexplored and novel molecular targets that have yet have to be

discovered.

1.5. LIM-domain protein 7 (LMQO7)

LIM domain proteins are involved in a wide range of cellular functions, including transcription,
cytokinesis, adhesion, and motility. They contain a highly conserved LIM domain that consists
of two zinc fingers while the rest of the protein can be highly variable (Matthews et al., 2013).
Many LIM proteins localize to focal adhesions and adherens junctions where they function as
molecular scaffolds mediating cell adhesion. Additionally, these proteins can influence specific
signaling pathways from these cytoskeletal structures, by modulating the localization,
expression or activity of signaling molecules, such as focal adhesion kinase (FAK), Rho, and
mitogen-activated protein kinase (MAPK), that promote cell migration, proliferation, and
apoptosis (Sala & Oakes, 2023). While LIM proteins are primarily recognized for their role in
organizing the actin cytoskeleton, they also take part in gene transcription regulation. They
shuttle between the cytoplasm and the nucleus, amongst other as a consequence of triggering

cells with ligands of nuclear receptors. LIM domain proteins act as important co-regulators of
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nuclear receptor-mediated gene transcription, in which they are functioning either as
coactivators or as corepressors (Sala & Ampe, 2018). Through both cytoskeleton organization
and transcription regulation, LIM domain proteins have important cellular roles in processes
that are relevant to cancer such as self-renewal, cell cycle regulation and metastasis (Matthews

etal., 2013).

LIM domain 7 protein (LMQO?7) is a multifunctional PDZ-LIM protein that has several
distinct functional domains, including a LIM domain, a calponin homology (CH) domain, a
PDZ domain and an F-box (FBX) domain, that together enable it to have a vast variety of
distinct protein-protein interactions, related to wide-ranging and multi-compartmental cell
functions (Gomes et al., 2021). For instance, PDZ-LIM proteins are known to mediate signaling
between the nucleus and the cytoplasm, sequester nuclear factors to the cytoplasm and interact
with actin microfilaments (Krcmery et al., 2010). In addition, they facilitate the assembly of
protein complexes, regulate gene transcription, control mitosis progression, influence spindle

assembly checkpoint besides being involved in the ciliary function (Gomes et al., 2021).

LMO7 is an emerin-binding protein that regulates the transcription of emerin and other
muscle-relevant genes as well as genes implicated in X-linked Emery-Dreifuss muscular
dystrophy (Holaska et al., 2006). Aside from binding emerin in the nuclear envelope, in studies
done in mice, Lmo7 was shown to be a scaffold protein that regulates crosstalk between apical
junctions and the actomyosin system. Here, Lmo7 binds non-muscle myosin II (NMII) and
recruits it to apical junctions which is essential for Lmo7-mediated apical constriction and
requires the Rho-ROCK-NMII pathway (Matsuda et al., 2022). Furthermore, Lmo7 is essential
for effective myoblast differentiation, as competitive emerin binding to Lmo7 inhibited Lmo7
binding and activation of the myoblast determination protein 1 (MyoD) and paired box 3 (Pax3)
promoters (Dedeic et al., 2011). Also, in hair cells of the inner ear, LMO7 organizes the
cuticular plate and F-actin network, essential for hearing. Deficiency leads to hearing loss due
to disrupted cytoskeletal architecture (Du et al., 2019). In the renal epithelial barrier, LMO7 is
associated with the cell-cell junctional complex and cortical F-actin, where it regulates FAK
during osmotic pressure. Here LMO7 depletion in cells resulted in junctional integrity loss and
excessive FAK activation (Zhen et al., 2022). Finally, LMO7 was described to interact with
activator protein 1 transcription factor (AP-1) subunits c-FOS and c-JUN, promoting their
ubiquitination and degradation, disrupting AP-1 dependent TGF-f autoinduction in wound

healing and fibrotic processes (Xie et al., 2019).
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Cancer is a multifaceted disease characterized by the dysregulation of numerous genes
and pathways. Among these, LMO7 has emerged as a significant player in various cancer types,
gaining substantial attention for its involvement in tumorigenesis and cancer progression (Zeng
et al., 2025). There is currently no data in the literature on the role of LMO7 in EwS. However,
LMO7 was earlier described as an important factor in promoting pancreatic (Liu et al., 2021)
and breast cancer progression and metastasis (Hu et al., 2011). It has also been shown that
LMO7 acts as a facilitator in driving immune evasion by promoting regulatory T cell
differentiation and chemotaxis, and inhibiting CD8+ T and natural killer cells in pancreatic
ductal adenocarcinoma (Dai et al., 2025). Furthermore, LMO7 was found to form fusions with
ALK receptor tyrosine kinase (4LK) in non-small cell lung cancer (Yang et al., 2022), while
in papillary thyroid carcinoma, LMO7 formed fusions with the B-Raf proto-oncogene,
serine/threonine kinase (BRAF), where it also increased extracellular-signal-regulated kinase
(ERK) phosphorylation and promoted anchorage-independent cell growth (He et al., 2018).
Conversely, high LMO7 expression was shown to correlate with better overall survival in
oropharyngeal squamous cell carcinoma (Israelsson et al., 2024), and in several studies with
lung cancer (Nakamura et al., 2011, Karlsson et al., 2018 and Giannos et al., 2021), hinting to
a context-dependent role of LMO?7, earlier also suggested for many other LMO proteins

(Matthews et al., 2013).

Additionally, LMO7 mRNA transcript has been found to be alternatively spliced in the
region of exons 3—-5 and circularly covalenty bound, shaping circular LMO7 RNA, circLMO7
(Luo et al., 2024). circLMO7 was shown to be important for inhibiting myoblast differentiation
(Wei et al., 2017) and in osteosarcoma development (Luo et al., 2024).

In sum, LMO7 is a versatile scaffold protein essential for cytoskeletal organization, cell
adhesion, signaling, gene regulation, and immune modulation (Figure 1.6). Its dysregulation
is implicated in cancer, muscle diseases, hearing loss, and immune evasion, making it a

potential biomarker and therapeutic target in multiple diseases.
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Figure 1.6 Multifunctional and multifaceted protein LMO7, and some of its roles in the cells.
LMO?7 is involved in regulation of muscle relevant genes like emerin (left panel) most likely through
its LIM domain which is part of C-terminal region of LMO7 and has been described as sufficint to
directly bind emerin in vitro (Holaska et al., 2006). LMO?7 is also involved in ubiquitination and
degradation of AP-1 complex subunits c-JUN and c-FOS (middle panel) through its LIM domain. And
through its CH and NMII-binding domains, LMO7 acts as a scaffold protein that regulates crosstalk
between apical junctions and the actomyosin system (right panel). Figure was designed by integrating
the data from: Holaska et al. (2006), Xie et al. (2019), Du et al. (2019), Zhen et al. (2022) and Matsuda
et al. (2022).

1.6. Integration of multi-omics technologies in translational cancer research

Translational cancer research (TCR) is pivotal in bridging the gap between fundamental cancer
biology and clinical oncology, leading to significant advancements in cancer diagnosis,
treatment, and patient outcomes. Integrating multi-omics data into TCR offers unique prospects
to comprehend the underlying biology of complex diseases like cancer. Multi-omics
technologies are advantageous in understanding tumor biology, tumor classifications,

diagnostics, and tumor prognosis (Chakraborty et al., 2024).

Multi-omics refers to the comprehensive analysis of cellular components, including
genomics (DNA), transcriptomics (RNA), epigenomics (epigenetic modifications), proteomics
(proteins), and metabolomics (metabolites) (Yates & Van Allen, 2025). In recent years, multi-
omics technologies have been developed to study cancer at the single-cell level. Tumor

heterogeneity is a hallmark of cancer, and single-cell sequencing has enabled its study with
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remarkable resolution. Historically, bulk sequencing averaged measurements across tissues,
masking the complexity of individual cellular interactions. Breakthroughs in single-cell
sequencing and spatial profiling have deepened our understanding of tumor biology, especially
through multi-omics approaches resolution (Zhu et al., 2020). These technologies provide
insights into the levels of complexity of malignant cells and the TME, as well as their spatial
organization and interactions. While bulk technologies capture inter-tumor heterogeneity,
intra-tumor heterogeneity requires single-cell and spatial profiling. Integrative multi-omics
approaches have enabled a holistic view of tumor biology, driving progress in understanding

cancer at unprecedented depth (Yates & Van Allen, 2025).

Recent advances in spatial transcriptomics sequencing technologies have enabled precise
quantification and visualization of gene expression within the spatial context of tissues. Unlike
conventional transcriptomic approaches, these methods provide not only expression profiles at
the cellular level but also critical insights into the spatial location of gene expression within
tissues, cellular composition of biological tissues, interactions between cells and TME, and cell
heterogeneity (Jin et al., 2024). This technology enables identification of diverse molecular
profiles across tumor regions, crucial for understanding and visualizing tumor heterogeneity,
cancer evolution, treatment response, and therapeutic resistance. Equally, they are important
tools for uncovering spatially regulated biomarkers and therapeutic targets in tumors, aiding in
the development of personalized treatments tailored to patients (Figure 1.7) (Chakraborty et
al., 2024). Also, spatial omics technologies are of immense value for mapping tumor-host
interactions and dynamics of metastatic dissemination. By examining spatial relationships
among cancer cells, normal tissue, and metastatic niches, these approaches provide valuable
insights into the mechanisms underlying invasion, angiogenesis, and the establishment of

metastases (Chakraborty et al., 2024).

Finally, omics approaches, especially spatial and single-cell technologies, are helping to
unravel the intra- and inter-tumor heterogeneity and could be of remarkable use in EwS
research, knowing that the main driver of EwS, FET::ETS fusion, is heterogeneously expressed
within tumor tissue (Franzetti et al., 2017). Integrating such technologies combined with patient
material and clinical data, generate a powerful tool in bridging the gap between fundamental
cancer biology and clinical oncology of EwS, leading to significant advancements in cancer

diagnostics, treatment, and patient outcomes.
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Figure 1.7 Omics technologies and artificial intelligence in translational cancer research.
Schematic representation of various omics technologies (genomics, transcriptomics, proteomics, etc.)
combined with single-cell and spatial resolution technologies can contribute to enormous advancements
in TCR. Combining such technologies generates large datasets that need to be processed and integrated,
for which purpose integrating Al and machine learning tools in TCR is essential and time-effective.
Figure designed according to the data from: Chakraborty et al. (2024), Zhang et al. (2024), Yates &
Van Allen (2025).
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2. HYPOTHESIS & OBJECTIVES

2.1. Hypothesis

EwS cells exhibit high degree of heterogeneity and cell plasticity and EwS tumors are
aggressive with high metastatic potential. Despite many advances in multi-omics technologies,
the mechanisms driving metastasis in EwS remain incompletely understood. To fill the gap in
the knowledge and deepen the understanding of metastatic processes in EwS with clinical
relevance, this project was designed. Particularly, in the span of this thesis, I investigate the
role of fusion-driven clinically relevant genes as potential novel prognostic biomarkers fueling

EwS invasion and metastasis.

Hypothesis: Integrative multi-omics approach can be used to identify EWSR1::FLI1 regulated

and clinically relevant gene(s) contributing EwS invasion and metastasis.

2.2. Objectives

1. To identify clinically relevant gene(s) correlated with EwS patient survival that are
highly expressed in fusion-low cells and at the invasive front of the EwS tumor by utilizing
multi-omics integrative approach.

2. To validate such candidate(s) in vitro and in vivo in EwS models by utilizing
doxycycline (Dox)-inducible knockdown (KD) systems.

3. To decipher potential vulnerabilities of fusion-candidate regulated metastatic pathway
in EwS.
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3. MATERIALS & METHODS

3.1. Cell biology
3.1.1. Cell lines and cell culture conditions

Human EwS cell lines used for the purpose of this thesis were retrieved from the following
repositories: A-673 (RRID: CVCL 0080) from American Type Culture Collection (ATCC),
MHH-ES-1 (RRID:CVCL 1411) from the German Collection of Microorganisms and Cell
Cultures (DSMZ), and TC-32 (RRID: CVCL _7151) from the Children’s Oncology Group
(COG). Additionally, A-673, MHH-ES-1 and TC-32 cells modified with Dox-inducible
construct targeting their FET::ETS fusion were previously generated as part of Ewing Sarcoma
Cell Line Atlas (ESCLA) (Orth et al., 2022). Human HEK293T (RRID: CVCL_0063) cells
were purchased from DSMZ.

All cell lines were cultured in RPMI-1640 medium with stable L-glutamine and sodium
bicarbonate (Sigma-Aldrich, Germany), supplemented with 10% Fetal Calf Serum (FCS)
tested to be Dox-free (Sigma-Aldrich), penicillin (100 U/mL) and streptomycin (100 pg/mL;
Merck, Darmstadt, Germany) in cell culture flasks and plates (Sarstedt, Germany). Cells were
washed with DPBS (1%, Gibco, Thermo Fisher Scientific, Darmstadt, Germany) and
trypsinized with 10% trypsin (Anprotec, Bruckberg, Germany). Cells were pelleted at 1,200
rpm, 4 min. Cell lines were routinely tested for Mycoplasma contamination using Mycoplasma
PCR Detection Kit (Biozol, Hamburg, Germany) and checked for cell line identity and purity
by short-tandem repeat (STR) or single nucleotide polymorphism (SNP) testing.

3.1.2. siPOOL transfections

For transient silencing of LMO7 expression in EwS cells, siPOOLs (siTOOLs Biotech GmbH,
Planegg/Martinsried, Germany) were used consisting of 30 customized siRNAs against LMO7,
which greatly reduced off-target effects while maximizing on-target effects (Hannus et al.,

2014), or a non-targeting control.

For transcriptomic and proteomic analyses, 1,4 x 10> EwS cells were seeded per well
of 6-well plates in standard cell culture media in four biological replicates. The following day,
cells were transfected with 5 nmol siPOOLs against LMO?7 or a non-targeting control siPOOL
for 55 h, using RNAiMax lipofectamine (Thermo Fisher Scientific) in Opti-MEM (Thermo

Fisher Scientific) as per manufacturer’s recommendation. In brief, for each siPOOL, two

23



MATERIALS & METHODS

solutions were prepared separately and then mixed in a 1:1 ratio. The first solution contained
0.24 uL siRNA (from 50 uM stock) and Opti-MEM to a total of 237 uL/well for a 6-well plate
transfection. The second solution contained 1.97 uL. RNAiMax lipofectamine and Opti-MEM,
also to a total of 237 uL/well for a 6-well plate. Two solutions were mixed in 1:1 ratio and
incubated for 20 min at room temperature (RT). Meanwhile, media was removed, 1891 uL of

fresh media added and 473 pL transfection mix added dropwise.
3.1.3. Production of Lentiviruses

Lentiviruses were produced in HEK293T cells using PEI Max (Polysciences, Warrington, PA,
USA) and three plasmids: lentiviral packaging plasmid psPAX2 (Addgene, #12260), VSV-G
envelope expressing plasmid pMD2.G (Addgene, #12259) and Tet-pLKO-puro (Addgene,
#21915) for Dox-inducible expression of shRNA. For optimal production of lentiviruses 5.1
ug Tet-pLKO-puro, 3.4 ug psPAX2 and 1.7 ng pMD2.G were mixed in Opti-MEM to final
volume of 500 puL. A second mix was prepared using 30 uL. PEI Max (1 g/L) and 470 pL Opti-
MEM. After vortexing, the PEI Max solution was added to the plasmid mix and incubated
together for 30 min at RT. After incubation, 1 mL of the solution was added dropwise per T75
flask. Cells were incubated for 16 h at 37 °C, after which medium was exchanged. Cell
supernatant with viruses was collected 48 h after adding the plasmid/PEI mix to the cells, then
centrifuged at 500 x g, 4 min and filtered through a 0.45 pm PES filter. Filtered supernatant
was aliquoted and kept at —80 °C until needed.

3.1.4. Lentiviral transduction, antibiotic selection and single cell cloning

EwS wild-type (wt) cells were seeded at 2 x 10> per T25 flasks in duplicate. The following
day, 1 mL of filtered viral supernatant was added dropwise to one flask together with Polybrene
Transfection Reagent (1:1000, Sigma-Aldrich). After 24 h of incubation with the virus, cells
were washed with DPBS (1x) and selection medium containing 1 pg/mL Puromycin
(InvivoGen, San Diego, CA, USA) was added to both flasks. After 48—72 h, cells were washed
with DPBS (1x) and further grown in standard medium.

Generated cell lines were then seeded as 1 cell/well in three 96-well cell culture plates to grow
single cell clones in RPMI-1640 supplemented with 30% FCS, 2% GlutaMAX™ Supplement
(100%, Thermo Fisher Scientific), and 1% Gibco™ HEPES (1 M, Thermo Fisher Scientific) to
enhance single-cell growth (Figure 3.1). After approximately 1 week, wells with single
colonies were observed under the microscope and marked. When grown to 80% confluence

(usually after 2-3 weeks from seeding), colonies were transferred to 48-well culture plates
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using Accutase (Sigma-Aldrich) for cell detachment. After cells have grown there to 80%
confluence, they were transferred to 24-well cell culture plate in triplicate. One well was
designated for further expansion of the clone and other two wells were treated with or without
Dox (1 pg/mL), for 72 h, after which RNA was extracted, cDNA synthesized, and knockdown
of the target gene measured by qPCR.

Single cell
cloning
. shRNA . . ® e
=7 / . & @
5 ®0 w ®
pLKO

HEK293T cells Cell supernatant with EwS cell

' S| t Monoclonal
lentiviral particles

population
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inducible shRNA for KD of
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Figure 3.1 Schematic of lentiviral particle production, EwS cell transduction and single-cell
cloning. Lentiviruses were produced in HRK293T cells, using three plasmids: ps-PAX2, VSV-G and
Tet-pLKO-puro. Filtered cell supernatant with lentiviral particles was used to deliver genetic material
into the host cell genome (Singer & Verma, 2008). The delivered DNA construct contained a shRNA
expression cassette controlled by a Dox-responsive promoter. Cells that successfully received the
construct were selected with puromycin and seeded as single cell clones.

3.2. Cell assays in 2D and 3D
3.2.1. Proliferation assay by trypan blue exclusion method

For proliferation assays, 1,2 x 10> EwS cells/well of a 6-well plate were seeded with/without
Dox in triplicates for 72 h. Thereafter, cells including their supernatant were collected by
trypsination and counted using standardized hemocytometers using the Trypan Blue Solution
0.4% (Life Technologies, Carlsbad, CA, USA) exclusion method to quantify the number of
viable and dead cells (Funk & Musa 2020).

3.2.2. Colony forming assay (CFA)

For CFAs, 8 x 10 cells /well were seeded in triplicates in a 6-well plate. After 24 h, Dox (1
pg/mL) was added to induce RNA-interference mediated LMO7 KD or LMO7 overexpression
(OE). Dox was renewed every 48 h. When performing CFAs with LMO7 KO cell lines, parental
wt EwS cell lines were used as control and standard medium was refreshed every 48 h. At the

experimental endpoint (7-10 days after seeding, depending on the cell line), medium was
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removed, colonies washed with DPBS (1x), and then air dried for 5 min. Colonies were fixed
with 800 pL/well ice-cold methanol (100%, Sigma-Aldrich) for 10 min at —20 °C. After
removing methanol colonies were left to dry until white (5-10 min) and were then stained with
800 pL/well crystal violet solution for 20 min. After washing with DPBS (1x) and drying,
plates were scanned and analyzed using ImageJ software (ImageJ 1.54f, NIH, USA).

Crystal violet stock solution (50 mL) for CFA staining was prepared as follows: 10.8 mL
crystal violet (2.3%, Sigma-Aldrich), 12.5 mL formalin (4%), 0.5 mL methanol (100%, Sigma-
Aldrich), 26.2 mL DPBS (1x) and was stored in dark bottles, due to the crystal violet light
sensitivity, at RT.

3.2.3. 3D sphere viability assays

For 3D sphere viability assays, A-673/TR/shLMO7 and MHH-ES-1/TR/shLMO7 cells were
seeded in quadruplicates at a density of 1 x 10° cells/well in a 96-well U-bottom, cell-repellent
surface culture plates (Greiner Bio-One, Frickenhausen, Germany) with and without Dox (1
pg/mL). Every 48 h there was a half media exchange, adding fresh medium with 2% Dox. After
5 d, representative images of spheres were taken with 5x objective on an Axio light microscope
with camera (Zeiss, Jena, Germany). Subsequently, sphere viability was measured using
CellTiter-Glo Luminescent Cell Viability Assay (CTG) reagent (Promega, Madison, WI,
USA). For that purpose, spheres were transferred to opaque plates and incubated with CTG
reagent (1:1 ratio) in the dark on a shaker for 30 min. Luminescence from the samples was
recorded at 1 sec integration time using a GloMax Microplate reader (Promega). Sphere

viability was calculated by subtracting the blank values and relative to control.
3.2.4. Transwell assay

A-673/TR/shLMO7 and MHH-ES-1/TR/shLMO?7 cells were pretreated with/without Dox (1
pg/mL) for 72 h in standard culturing conditions. Cells were then split and kept in 1% FCS
(starvation) medium for 24 h in conditions with/without Dox (1 pg/mL). Cells were then seeded
at a density of 5 x 10* cells/well in 300 uL of 1% FCS media with/without Dox in Thincert cell
culture insert for 24-well plates (pore size 8 um, Greiner). The media surrounding the inserts
was 10% FCS with/without Dox. The following day, cells that migrated through the membrane
toward the 10% FCS-containing well were fixed in 4% formalin (5 min) and stained with
crystal violet (10 min). During incubation, cells were mechanically removed from the top of
the insert using cotton swab. Inserts were then washed by dipping into ddH>O and destained

using 10% acetic acid in DPBS (1x). Absorbance of the solvent was measured using a GloMax
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Microplate reader (Promega) at 600 nm (Figure 3.2). The ratio of cells migrating toward the

chemoattractant was calculated relative to control.
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Figure 3.2. Schematic representation of transwell assay. Prior to seeding in upper chamber of
transwell inserts, cells were starved in 1% FCS supplemented medium for 24 h. The lower chamber
contained 10% FCS supplemented medium which acted as a chemoattractant for the starved cells. At
24 h post-seeding, cells were stained with crystal violet solution and non-migrating cells from the upper
chamber were mechanically removed with the cotton swab. This enabled dissolving the crystal violet
in 10% acetic acid only from cells that migrated through the porous membrane of the transwell.
Absorbance of destained migrating cells of the lower chamber was measured at 600 nm.

3.3. Cloning

All in silico cloning and plasmid maps (representative example for each used plasmid of this
thesis is shown in Supplementary figure 7.1) were generated in SnapGene (version 7.2.1).

Software availability obtained trough the institutional licence (KITZ, Heidelberg).
3.3.1. Single-vector inducible lentiviral RNAi system for conditional LMO7 KD

In order to generate Dox-inducible LMO7 KD cell lines, shRNA sequences were designed
using the RNAi Consortium shRNA Library, an online tool from Broad Institute. Two shRNAs
targeting LMO7 were selected according to their predicted intrinsic score (>10) and coverage
of CDS and/or 3'-end. Chosen sequences were ordered as sets of primers (see Table 3.1) and
annealed in a PCR reaction with annealing buffer and lowering temperatures from 95 °C to 14
°C. To clone the shRNA into the designated plasmid, Tet-pLKO-puro (Addgene, #21915) was
cut open with Agel-HF (New England Biolabs, Ipswich, MA, USA) and EcoRI-HF (New
England Biolabs) and the stuffer region was removed. The digested plasmid was
electrophoresed on a 1% agarose gel and the product purified using NucleoSpin Gel and PCR
Clean-up kit (Macherey-Nagel, Diiren, Germany) according to the manufacturer’s protocol.

Digested plasmid and shRNA oligos were ligated using T4 ligase with a 2 h incubation at 16°C.
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The ligated product was used to transform competent NEB® Stable Competent E. coli (High
Efficiency) (New England Biolabs). Transformed bacteria were plated on LB Broth agar
(Sigma-Aldrich) plates with 100 pg/mL ampicillin (Sigma-Aldrich) overnight. The next day,
grown colonies were picked for colony PCR and confirmed with Sanger sequencing (Eurofins
Genomics Europe Sequencing GmbH, Konstanz, Germany). Colonies carrying correct sShRNA
sequences were grown overnight in LB medium with 100 pg/mL ampicillin and plasmids were
extracted in larger quantities using Midi Prep (Zymo Research, Irvine, CA, USA) according to
the manufacturer’s protocol. From overnight cultures, glycerol stocks were prepared for long

term storage at —80 °C.
3.3.2. Cloning of fusion binding sites and luciferase reporter assays

To assess the average enhancer/repressor activity of both alleles of the LMO7-associated fusion
binding sites in a given cell, two fusion binding regions in the proximity of LMO7 gene
(indicated by R2 Gene Browser as EWSR1::ETS core sites) were PCR-cloned upstream of the
SV40 minimal promoter into the pGL3-Fluc vector (Promega, #E1761): 373 bp fragment (hg19
coordinates: chrl3: 76,195,324-76,195,697) and 434 bp fragment (hgl9 coordinates: chrl3:
76,340,783-76,341,217). Primer sequences are given in Table 3.1. Furthermore, the distal
LMO7 promoter upstream from the LMO7 gene was PCR-cloned upstream of luciferase gene
into a pGL4-10 (Promega, #9PIE665) vector: 247 bp (hgl9 coordinates: chr13: 76,140,731—
76,140,978). For amplifying the regions of interest from A-673 cells, Invitrogen Platinum
SuperFI II PCR Mix was used according to manufacturer’s protocol. Amplified DNA was gel
purified using Nucleospin Gel and PCR Cleanup kit (Macherey-Nagel). pGL3-Fluc vector was
digested with Nhel-HF and Kpnl-HF and pGL4-10 with Nhel-HF and HindIII-HF (all
restriction enzymes were from Thermo Fisher Scientific). Digested vectors were gel purified
using Nucleospin Gel and PCR Cleanup kit (Macherey-Nagel) and assembled using NEBuilder
HiFi DNA Assembly Master Mix (New England Biolabs), following the manufacturer’s
protocol. NEB 5-alpha Competent E. coli (High Efficiency) (New England Biolabs) were
directly transformed with 2 pL of ligation product and plated overnight in LB+Amp plates.
Sequencing was performed by overnight £. coli run using Sanger sequencing at Microsynth

AG (Balgach, Switzerland).

A-673/TR/ShEWSRI1::FLI1 and MHH-ES-1/TR/shEWSR1::FLI1 cells (2.5 x 10* per
well in a 24-well plate) were treated with/without Dox (1 pg/mL; Sigma-Aldrich) 48 h prior to

transfection. Transfection was performed using Lipofectamine™ LTX Reagent with PLUS™
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Reagent (Invitrogen) and Opti-MEM (Thermo Fisher Scientific) with generated pGL3-Fluc
vectors of in equal mass (212 ng) and with the Renilla pGL3-Rluc vectors (Promega) (2.12 ng)
in a total volume of 55 pL, following the protocol from Holting & Knott (2020). The medium
(0.5 mL) was replaced by fresh medium with/without Dox (1 pg/mL; Sigma-Aldrich) 8 h post-
transfection. After 48 h, the cells were lysed and assayed with a dual luciferase assay system
Beetle-Juice Luciferase Assay Firefly (PJK GmbH, Kleinblittersdorf, Germany) and Renilla-
Juice Luciferase Assay (PJK GmbH) according to manufacturer's instructions. Firefly

luciferase activity was normalized to Renilla luciferase activity.
3.3.3. Cloning of conditional LMO7 overexpression system

In order to generate Dox-inducible LMO7 overexpression cell lines, GeneArt Prime Clone gene
synthesis (Thermo Fisher) was utilized to synthesize the longest LMO7 transcript variant 1,
normally expressed in EwS cells. LMO7 transcript variant 1 was excised from the gene
synthesis donor plasmid and cloned into the Dox-inducible plasmid system rwSMART-
TRE3G-LMO7-mCMV-TETON3G-Puro by the Cellular Tools Core Facility (DKFZ,
Heidelberg).

3.4. CRISPR-Cas9 LMO7 KO
3.4.1. Electroporation optimization protocol

There was no designated program for electroporation of EwS cells using Lonza Nucleofector
System (Lonza, Basel, Switzerland), so several different programs for electroporation of
various cancer cells were tested using pmaxGFP™ Vector (Lonza). The Alt-R™ CRISPR-
Cas9 system protocol (IDT, Coralville, IA, USA) was used for cell preparation for
electroporation with pmaxGFP™ Vector and the same protocol was later also followed to
introduce CRISPR-Cas9 system and LMO7 guide RNA into the EwS cells. The most optimal
electroporation program on the device was chosen, DS-137, depending on the presence and

strength of GFP signal in cells 48—72 h post electroporation (Figure 3.2a).
3.4.2. Electroporation of EwS cells with LMO7 guide RNA and Cas9 nuclease

Three EwS cell lines (A-673, MHH-ES-1,TC-32; 1 x 10° cells) were electroporated with Alt-
R HiFi Cas9 Nuclease V3 (IDT, #1081061) and a two-part guide RNA (tracrRNA + crRNA):
Alt-R CRISPR-Cas9 tracrRNA (IDT, #1072534) and LMO7 Alt-R® CRISPR-Cas9 crRNA
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(Hs.Cas9.LMO7.1.AE, 2nM, IDT). Cells were prepared by following the Alt-R™ CRISPR-
Cas9 system protocol (IDT) for delivery of ribonucleoprotein complexes into cells using Lonza
Nucleofector System (Lonza) and applying the DS-137 electroporation program. After
electroporation, cells were plated in RPMI-1640 medium supplemented with 20% FCS for 72
h to recover, and afterwards seeded as single cell clones (Figure 3.3b). Once grown, clones
were Sanger sequenced at Microsynth AG (Balgach, Switzerland) in the region of LMO?7 gene
(primers in the Table 3.1) and also confirmed for LMO7 protein presence/absence using

western blot.

a Optimization of electroporation pratocol b Electroporation of tracrRNA, crRNA and
using GFP-expressing plasmid Cas9 enzyme into EwS cells
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Figure 3.3. Schematic of electroporation protocol for targeted LMO7 KO in EwS cells. a.
Optimization of electroporation protocol for most efficient delivery of ribonucleoprotein complexes,
using GFP expressing plasmid (pmaxGFP™ Vector, Lonza). b. Electroporation of Cas9 nuclease and
two part guide RNA (tracrRNA + crRNA) for targeted LMO7 KO, followed by single cell cloning.

3.5. RNA analysis
3.5.1. RNA isolation

RNA was isolated from EwS cell lines using RNA purification kit NucleoSpin RNA kit
(Macherey-Nagel) according to the manufacturer’s protocol with the exclusion of B-ME in the
initial lysate. RNA was eluted in 40 pL of RNase free water and RNA concentrations measured

using Nanodrop One (Thermo Fisher).
3.5.2. ¢DNA synthesis

RNA was diluted to 1,000 ng for all samples. Reverse transcription was performed using the
High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA)
according to the manufacturer's protocol with the following cycling conditions: 25°C for 10

min, 37°C for 120 min, 85°C for 5 min, and hold at 4°C. The reaction volume was 20 pL.

30



MATERIALS & METHODS

3.5.3. RT-qPCR

RT-qPCR reactions were performed using SYBR Select Master Mix for CFX (Applied
Biosystems) mixed with 1:10 diluted cDNA, 0.5 uM forward and 0.5 uM reverse primer in a
total reaction volume of 20 ul. The reaction was run on CFX Opus 96 Real-Time PCR System
(Bio-Rad, Feldkirchen, Germany) and analyzed using Bio-Rad CFX Manager 3.1 software.
Gene expression values were calculated using the 242Y method relative to the housekeeping
gene RPLPO0 as an internal control. Oligonucleotides were purchased from Sigma-Aldrich and
are listed in the Table 3.1. The thermal conditions for RT-qPCR were as follows: UDG
Activation (50 °C, 2 min) (1 cycle), AmpliTaq® Fast DNA Polymerase, UP Activation (95 °C,
10 min) (1 cycle); denaturation (95 °C, 15 sec) and annealing/extension (60 °C, 1 min) (45
cycles); denaturation (95 °C, 30 sec).

3.5.4. Affymetrix

RNA isolated from cell lines at 55 h post-transfection with siPOOLs (siTOOLs Biotech
GmbH) silencing LMO7 or non-targeting control and QC ( > 50 ng/ul RNA per sample was
available and the expression of LMO7 and housekeeping gene RPLP( was tested using RT-
qPCR) prior to submission to Microarray Core Facility (DKFZ, Heidelberg) for Affymetrix
microarray analysis. The used Affymetrix human Clariom D (Applied Biosystems) captured a
total of 135,750 transcripts. Firstly, .cel files were processed using Transcriptome Analysis
Console (Applied Biosystems), and output files were further processed using R
studio/Bioconductor (R version 4.4.1). QC and further filtering showed 21,324 uniquely
mapped transcript IDs with available Entrez IDs which excluded small, non-coding
pseudogene or similar RNA transcripts. Principal Component Analysis (PCA) was applied to
the transcriptomic count matrix after which principal components were subjected to Euclidean
hierarchical clustering generating dendrograms representing relationships among sample
groups. Differential expression analysis was performed on both pooled samples and cell line-
specific groups using limma R package (3.62.2). Limma output files were ranked by
differential gene expression and used as input for gene set enrichment analysis (GSEA). GSEA
was performed using the clusterProfiler R package against the C2 gene set collection from
MSigDB. Python (version 3.10.18, packaged by conda-forge) with Matplotlib and Seaborn
libraries was used to visualize Hallmark gene set enrichment results in order to generate

customized heatmap/bar plots representing enrichment scores and statistical significance.
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3.6. Protein biochemistry
3.6.1. Protein isolation and Western blot

EwS cells were cultured in standard culture conditions, and harvested 72 h post-Dox treatment
(1 pg/mL). Whole cellular protein was extracted using RIPA buffer (SERVA Electrophoresis
GmbH, Heidelberg, Germany) and 1% protease/phosphatase inhibitor cocktail (100%, Sigma-
Aldrich). Protein concentration was measured using the Pierce BCA Protein Assay Kit
(Thermo Fisher Scientific) and Pierce Bovine Serum Albumin Standards (Thermo Fisher
Scientific) according to manufacturer’s protocol. Protein concentration was adjusted to 25 ug
in 30 pL with water and Laemmli SDS sample buffer (6x, Thermo Fisher Scientific) for all
samples. Proteins were separated on 10% Mini-PROTEAN® TGX™ Precast Protein Gels (10-
well, BioRad) and transferred on PVDF membrane using Trans-Blot Turbo RTA Mini 0.2 pm
PVDF Transfer Kit (BioRad) and the Trans-Blot Turbo Transfer System (BioRad) following
the manufacturer’s protocol. Membrane was blocked in 5% skim milk (SERVA
Electrophoresis GmbH) in 1x TBST (ROTI®Fair TBST 7.6 tablets, Carl Roth GmbH + Co.
KG, Karlsruhe, Germany). Membranes were incubated in 5% skim milk with rabbit polyclonal
anti-LMO?7 antibody (1:1,000, #PA5-5428, Invitrogen, Thermo Fisher Scientific), rabbit
monoclonal anti-FLI1 (1:500, ab133485, abcam, Cambridge, UK) or rabbit monoclonal anti-
GAPDH (1:2,000, #14C10, Cell Signaling Technology (CST), Danvers, MA, USA), overnight
at 4 °C. The next day, membranes were washed three times with 1x TBST and then incubated
for 1 h with mouse anti-rabbit [gG-HRP (1:5,000, #sc-2357, Santa Cruz Biotechnology, Dallas,
TX, USA) in 5% skim milk at RT. After being washed for three times with 1x TBST, signal
was detected using WesternBright™ Sirius™ Chemiluminescent HRP Substrate (Advansta
Inc., Menlo Park, CA, USA) and visualized with imaging system Fusion FX Edge (Vilber
Lourmat, Marne-la-Vallée, France) equipped with Evolution CAPT Edge software.

3.6.2. Cellular fractionation and protein separation

Nuclear, cytoplasmic, and whole-cell protein extracts were extracted from EwS cells using the
Nuclear Extract Kit (#40010, Active Motif, Carlsbad, CA, USA) according to the
manufacturer’s protocol. Since the presence of detergents (in the Complete Lysis Buffer and
in 1x Hypotonic Buffer from the used kit) may interfere with the Bradford Assay, Pierce™
Detergent Compatible Bradford Assay Kit (Thermo Fisher Scientific) was used to determine
the protein concentrations. Serial dilutions of BSA (100-1,500 pg/mL) were prepared in

Complete Lysis Buffer for nuclear and whole-cell extracts, or in 1x Hypotonic Buffer for
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cytoplasmic protein extracts. Protein concentration was adjusted to 25 pg and used for western
blotting as described above. Primary antibody overnight membrane incubations included:
rabbit polyclonal anti-LMO?7 antibody (1:1,000, #PA5-5428, Invitrogen), mouse monoclonal
Lamin A/C (1:200, # sc-7292, Santa Cruz Biotechnology) and rabbit monoclonal anti-GAPDH
(1:2,000, #14C10, CST). Secondary antibodies used were mouse anti-rabbit IgG-HRP
(1:5,000, #sc-2357, Santa Cruz Biotechnology, Dallas, TX, USA) or anti-mouse IgG-HRP
produced in rabbit (1:5,000, # A9044, Sigma-Aldrich) in 5% skim milk, 1 h at RT.

3.6.3. Mass spectrometry and global proteome analysis

Cells were seeded at 1,4 x 10° cells/well in 6-well plates in four biological replicates for global
proteome analysis. The next day from seeding, cells were treated with siPOOL targeting either
LMO?7 or non-targeting control. At 55 h post-transfection, cells were washed twice with cold
DPBS (1x), the plates transferred to ice, and cells lysed with 100 uL 1% sodium deoxycholate-
based buffer per well. Cells lysates were transferred to 1.5 mL locked Eppendorf tubes using a
cell scraper and boiled at 100 °C, 10 min. Samples were then cooled on ice and stored at —80
°C until further processed by the laboratory of Dr. Ashok Kumar (DKFZ, Heidelberg) as
described in Jayavelu et al., 2020.

In brief, heat-denatured and sonicated proteins were digested for 16 h with trypsin and
LysC, and peptides were purified using Styroldivinylbenzol-Reversed Phase Sulfonat (SDB-
RPS) stage tips, then dried and reconstituted for quantification. For mass spectrometry, 400 ng
of peptides were separated on a nanoElute system (Bruker Daltonics Inc, Bremen, Germany)
coupled with a TIMSTOF HT mass spectrometer (Bruker Daltonics, Bremen, Germany)
operating in DDA-PASEF mode with a 120 min gradient. Data were processed using FragPipe
(Version 20) with label-free quantification and match-between-runs enabled, referencing the

UniProt human database with a 1% FDR threshold.

Downstream bioinformatics analyses were conducted in Perseus (version 1.6.7.0) and
in R (version 4.4.2), with the support and guidance of Linghao Mao and Angelina Yershova
(DKFZ, Heidelberg). In R, raw MaxLFQ intensities were imported and processed with the DEP
Bioconductor package (version 1.28.0) following the workflow of Zhang et al. (2018). Protein
intensities were normalized using variance-stabilizing normalization (version 3.74.0) to
remove systematic bias. Missing values (assumed to be “missing-not-at-random’) were
imputed by sampling from a left-shifted Gaussian distribution via DEP’s MinProb algorithm
(q=0.01). Differential expression between LMO7 KD and NC was carried out with the limma
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package (version 3.62.2). Linear models were fitted (ImFit), empirical Bayes moderation
applied (eBayes(..., robust = TRUE)), and the KD-NC contrast extracted (makeContrasts,
contrasts.fit, eBayes). Data manipulation and table joins (e.g. matching gene IDs) were
performed using the tidyverse backend (dbplyr v1.1.4), and gene annotations sourced from

org.Hs.eg.db (version 3.20.0).

Ranked log. fold changes were then subjected to GSEA using Hallmark gene sets obtained
via MsigDB (version 25.1.1). Pathways with FDR adjusted P< 0.05 were considered
significant, and the top 10 hallmark pathways by absolute normalized enrichment score (NES)
were visualized using Python (version 3.10.18, packaged by conda-forge) with Matplotlib and
Seaborn libraries in order to generate customized heatmap/bar plots representing enrichment

scores and statistical significance.

3.7. In vivo experiments

All animal experiments were approved by the government of North Baden and conducted in
accordance with the ARRIVE guidelines, the European Community (86/609/EEC), and

UKCCCR (guidelines for the welfare and use of animals in cancer research).

NOD/Scid/gamma (NSG) mice have been maintained in individually ventilated cages
(IVC) under specific pathogen-free (SPF) conditions with strict dark/light cycles (darkness
from 8 p.m. to 6 a.m.), an ambient temperature of 20-24 °C and a humidity of 45-65%.

3.7.1. Subcutaneous EwS cell injection

Cell suspensions in DPBS (1x) of 2 x 10° EwS cells harboring a shRNA against LMO?7 (either
A-673/TR/shLMO7 or MHH-ES1/TR/shLMO7 cell lines were used in two separate
experiments), mixed with Geltrex™ (#A1413302, Gibco, Thermo Fisher Scientific) in 1:1
ratio. 100 pL of such suspension was injected in the right flank of 10—-12-week-old NSG mice.
Tumor diameters were measured every second day with a caliper and tumor volume was
calculated by the formula (length x width?) / 2. When tumors reached an average volume of
~100 mm?, mice were randomly distributed in equal groups. The control group started
receiving 5% sucrose (Sigma-Aldrich) in drinking water, while the treatment group started
receiving 2 mg/mL Dox BelaDox (Bela-pharm) dissolved into drinking water with 5% sucrose
(Sigma-Aldrich). Before tumors in the control group reached the volume of 15 mm in either

direction, all mice were killed by cervical dislocation. Other humane endpoints were
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determined as follows: ulcerated tumors, loss of > 20% body weight, constant curved or
crouched body posture, bloody diarrhea or rectal prolapse, abnormal breathing, severe
dehydration, visible abdominal distention, obese Body Condition Scores (BCS), apathy, and
self-isolation. At the termination of the experiment, xenografts were excised and smaller part
snap frozen in liquid nitrogen for RNA isolation, while the rest of the tumors were fixed in 4%-

formalin and paraffin-embedded for histological analyses.
3.7.2. Orthotopic EwS cell injection

All mice (n = 16) were pre-treated with 800 mg/kg/day Metamizole in drinking water as
analgesia, 24 h before injection. On the injection day, mice were anesthetized with inhalable
isoflurane (1.5-2.5% in volume) and their eyes were protected with Bepanthen eye cream.
After disinfection of the injection site, 2 x 10° cells harboring a shRNA against LMO7 in 20
pL DPBS (1x) were directly injected with a 30 G needle (Hamilton, USA) into the right
proximal tibia. Mice were subsequently treated with Metamizole in drinking water (800
mg/kg/day) for 24 h. After that, mice were randomized in equal groups and either received 5%
sucrose (Sigma-Aldrich) in the drinking water (controls) or 2 mg/mL Dox BelaDox (Bela-
pharm) dissolved into drinking water also containing 5% sucrose (treatment group). Primary
tumor growth was followed by measuring the leg circumference every second day using a
caliper, and tumor volume was calculated with the formula (length x width?) / 2. Animals were
killed at the predefined experimental endpoint, described previously. All inner organs as well
as the legs were harvested, weighed, photographed, 4%-formalin-fixed, dehydrated and
embedded in paraffin for histology.

3.8. Microscopy
3.8.1. THC

Dissected mice tumors and metastasis with invaded organs were kept in 4% formalin at RT for
2448 h. Tumors were then cut in half and fit into a cassette for paraffin embedding. Such
cassettes were kept at 4 °C in 50% ethanol solution until full dehydration. Dehydration was
performed by the Light Microscopy Core Facility (DKFZ, Heidelberg) by submerging the
samples in series of ethanol solutions of increasing concentrations until reaching pure
anhydrous ethanol. In cases of bone structures in the sample, after incubation in 4% formalin,

bones were briefly washed by submerging the sample into distilled water and then decalcified
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using the Decalcifying Solution-Lite (Sigma-Aldrich). Incubation in decalcified solution lasted
several days on a rocking platform at 4 °C, and then dehydrated as described above. Cassettes
with dehydrated samples were embedded in paraffin using HistoCore Arcadia H - Heated
Paraffin Embedding Station (Leica Biosystems, Germany), left to dry and harden, then cut with
the Microm HM355S Rotary Microtome (Thermo Fisher Scientific/Microm International
GmbH, Walldorf, Germany) for preparation of microscopic slides. Paraffin embedding station
and rotary microtome were available for use trough Light Microscopy Core Facility (DKFZ,

Heidelberg) booking systems.

3.8.2. Hematoxylin and eosin (H&E) staining for formalin-fixed paraffin-

embedded (FFPE) samples

Microscopy slides with FFPE tumor/organ samples were fixed in the staining rack and then
transferred through the series of solutions in the fume hood: xylol twice, each 10 min; alcoholic
series for watering the slides: 100% EtOH, 100% EtOH, 96% EtOH, 96% EtOH, 80% EtOH
and 70% EtOH solution, keeping the staining rack with slides in each for 5 min; then washed
twice with distilled water, 5 min each. Samples were then transferred to haematoxylin for 3
min, washed with tap water for 3 min, dipped in eosin for 1 min and washed with distilled
water. Next, slides were transferred into a series of increasing ethanol solutions, submerged in
each solution 3-5 times (70% EtOH, 80% EtOH, 90% EtOH, 100% EtOH, 100% EtOH). Then
slides were incubated in xylol three times, firstly 1 min, then twice 5 min each. Slides were
then embedded with Eukitt and covered with cover slips. Slides were left to dry under the fume
hood for 24 h. Some of the H&E stainings for the purpose of this thesis were performed by
myself and some by Sabrina Knoth and Felina Zahnow.

H&E stained sections were analyzed for the percentage of tumor necrosis over the total
tumor area, as well as for mitotic and apoptotic index by counting 10 high-power fields (40x)

per sample.
3.8.3. LMO7 antibody staining of FFPE samples

Staining of FFPE slides with LMO7 antibody was performed by the Light Microscopy Core
Facility (DKFZ, Heidelberg) services. FFPE slides were stained overnight at 4°C with LMO7
antibody (1:200, Invitrogen) in DAKO antibody diluent (# S2022). For detection, InmPRESS
HRP Universal PLUS Polymere Kit, Peroxidase (Horse Anti- Rabbit/Mouse IgG) (#MP-7800,
Vector Laboratories, Burlingame, CA, USA) was used. For all washes TBST pH 7,4 with
0.05% Tween 20 was used.
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3.8.4. Immunofluorescence (IF) and confocal microscopy

Cells were seeded at 6 x 10° A-673/TR/shLMO7 (or A-673/TR/shEWSR1::FLI1) and 8 x 10
MHH-ES-1/TR/shLMO7 (or MHH-ES-1/TR/shEWSR1::FLI1) cells per chamber of a 8-well
chamber microscope slide u-Slide 8 Well (# 80826 ibidi GmbH, Grifelfing, Germany) in 300
pL medium. Cells were treated the next day from seedin with/without Dox and incubated for
72 h. Then, medium was removed, cells washed with 200 pL. DPBS (1x%), then fixed with 400
pL 4% freshly prepared formaldehyde in DPBS (1x) and incubated at RT, 15 min. Cells were
washed three times with 200 uLL DPBS (1x%), 5 min each and then permeabilized with 200 pL
of 0.1% Triton X-100 (Sigma-Aldrich) in DPBS (1x%), and incubated for 10 min. After that,
cells were washed three times with 200 L. DPBS (1x), 5 min each and then blocked in 200 uLL
1% BSA in DPBS (1x) for 1 hour at RT. After removing the blocking buffer, cells were
incubated overnight at 4 °C in 200 pL primary antibody solution with rabbit polyclonal anti-
LMO7 antibody (1:200, #HPA020923, Atlas Antibodies, Stockholm, Sweden) and mouse
monoclonal anti-vinculin antibody (1:500, # sc-73614, Santa Cruz Biotechnology) in 1% BSA
(Roth) +0.25% Tween 20 (Sigma-Aldrich). Then, slides were washed three times with 200 uL.
DPBS (1%), 5 min each. And incubated with secondary antibodies: donkey anti-mouse IgG
(H+L) Alexa Fluor Plus 488 (1:5000, # A32766, Invitrogen), Alexa Fluor 647 goat anti-rabbit
IgG (H+L) (1:500, # A21245, Invitrogen) and Alexa Fluor 594 Phalloidin (F-Actin) (1:200,
#A12381, Invitrogen) in 1% BSA/0.25% Tween 20 buffer incubated at a RT for 2 hours, in the
dark. Finally, secondary antibody solution was removed and cells were washed three times
with DPBS (1x), 5 min each. Slides were mounted with ProLong™ Diamond Antifade
Mountant with DAPI (Thermo Fisher Scientific) and kept in the dark. Images are taken using
the confocal laser scanning microscope ZEISS LSM 710 ConfoCor 3 (Carl Zeiss AG, Jena,
Germany) available trough Light Microscopy Core Facility (DKFZ, Heidelberg) booking
systems. All images of biological replicates were taken at the same laser intensities, and all
images were processed at the same brightness and contrast range so that can be comparable.
Images were processed and analyzed using Fiji, an open-source distribution of ImagelJ software

(ImagelJ 1.54f) (Schindelin et al., 2012).
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3.9. Spatial transcriptomics
3.9.1. 10x Visium CytAssist spatial gene expression platform

10x Visium CytAssist spatial gene expression on FFPE sample and raw data pre-processing
was done in collaboration with the laboratory of Prof. Dr. Moritz Gerstung and PhD student
Heng Luo.

A 10 pum sample section was cut from a EwS FFPE sample (KITZ-SARC-0191) using
Microm HM 3558 (kindly provided by Stephanie Kutchman) and placed on a SuperFrost slide.
The sample was dried overnight in a desiccator to eliminate residual moisture after which it
was stained with H&E and destained following protocol CG000520 Rev C from 10x Genomics.
After decrosslinking, the sample was processed using the 10x Genomics FFPE Spatial Gene
Expression 6.5 mm Human Transcriptome Kit (Catalog No. 1000443) following the
manufacturer’s protocol (CG000495 Rev F) with the Visium CytAssist platform.

The final Visium sequencing library was sequenced on the NovaSeq™ X Series
platform using the 1.5B Reagent Kit (100 Cycles) following the manufacturer's protocol. The
raw sequencing output was first converted into FASTQ files using the ‘mkfastq’ function in
Space Ranger (version 3.0.0, 10x Genomics). The aligned FASTQ files were subsequently
processed using the ‘count’ function in Space Ranger (version 3.0.0, 10x Genomics) to
generate the gene expression count matrix, using the GRCh38-2020-A reference genome and
the Visium Human Transcriptome Probe Set v2.0 (GRCh38-2020-A). The spatial
transcriptomics count data was manually aligned with CytAssist image using the Loupe

Browser.
3.9.2. Downstream data analysis and visualization

Spatial transcriptomic data was analyzed using the scanpy workflow (Wolf et al., 2018). Input
data contained 4,503 observations (spatial location on the tissue) and 18,085 gene variables,
n_obs x n_vars =4503 x 18085. Quality control steps included the filtering of spatial features
based on min and max count (min_counts = 1,000, max counts = 35,000) as well as filtering
out those with >20% mitochondrial genes. Those steps yielded 4,362 spatial locations for
downstream analysis. Genes that were detected in less than 10 cells were also filtered out (n =
84). After normalization and logarithmic transformation of the data, 5,000 highly variable
genes were selected using scanpy.pp.highly variable genes() function with ‘seurat’ flavor.

Dimensionality reduction was performed to summarize the data with 50 principal components,
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followed by the construction of a neighborhood graph to model local similarities. Clustering
was conducted using the Leiden algorithm (with resolution = 1), and results were visualized in

both UMAP and spatial coordinates overlaid on tissue images to preserve anatomical context.

Data from analyzed tumor marker expression, high transcriptional activity and H&E
staining was used to define the border of tumor and tumor-adjacent tissue in the sample. Then
within defined tumorous tissue, spatial expression of genes of interest was correlated to the
expression of genes know to be targets downregulated (EWSRI1::ETS low) or upregulated
(EWSRI1::ETS high) by the EWSRI1:.ETS fusion, available from Orth et al. (2022). Fusion
activity signature was then overlaid on the tissue according to the spatial coordinates of the

analyzed sample. The analysis was run in Python version 3.10.18 (packaged by conda-forge).
3.9.3. Pathway analysis in spatial transcriptomics

The computing tool decoupler-py with pathway gene sets from PROGENy (Badia-i-Mompel
et al., 2022; Dimitrov et al., 2024; Schubert et al., 2018) was used to visualize pathway activity
spatial expression in the patient sample that was transcriptionally profiled using 10x Visium

CytAssist. The analysis was run in Python version 3.10.18 (packaged by conda-forge).

3.10. Statistics and data analysis
3.10.1. General statistics

Statistical data analysis was performed using GraphPad Prism 9 (GraphPad Software Inc., CA,
USA), if not otherwise specified. Comparison of two groups was carried out using a two-sided
Mann-Whitney test and P-values were estimated from two-sided statistical tests, if not
otherwise specified. For data presented as box-dot plots, the horizontal bars represent the mean
and whiskers the SD. The sample size for all in vitro experiments was chosen empirically. For
in vivo experiments, the sample size was predetermined using power calculations with f=0.8
and o <0.05 based on preliminary data and in compliance with the 3R system (replacement,

reduction, refinement).
3.10.2. 196 EwS patient cohort analysis

Kaplan-Meier survival analyses were performed on 196 EwS primary tumor samples that had
been molecularly confirmed and retrospectively collected, as well profiled at the mRNA level

by gene expression microarrays in previous studies (Postel-Vinay et al., 2012; Savola et al.,
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2011; Scotlandi et al., 2009; Volchenboum et al., 2015). Microarray data was generated using
Affymetrix HG-U133Plus2.0, Affymetrix HuEx-1.0-st or Amersham/GE Healthcare
CodeLink microarrays and is associated with following Gene Expression Omnibus (GEO)
accession codes: GSE34620 (Postel-Vinay et al., 2012), GSE17618 (Savola et al., 2011),
GSE12102 (Scotlandi et al., 2009), GSE63157 (Volchenboum et al., 2015), provided with
clinical annotations data was normalized separately as previously described (Baldauf et al.,
2017). Genes represented on all microarray platforms were kept for further analysis. Batch
effects were removed using the ComBat algorithm (Stein et al., 2015) and data processing was
done in R. For Kaplan-Meier analyses of overall survival from 196 EwS patient cohort,
statistical differences between the groups were assessed by a Mantel-Cox test. A custom code
tool named GenEx developed by the former lab mameber Dr. Julia S. Gerke was used for
optimal cut-off selection, which tested all possible cut-offs between the 20" and 80™ expression
percentiles for the largest difference in area under the curves in the Kaplan-Meier analyses
(Sannino et al., 2019). Kaplan-Meier analyses testing dose dependency curve of LMO7

expression were done using tertiles as cut-offs.

In a cohort of 196 EwS patients, patients were stratified into two groups based on
median LMO?7 expression levels. The association between LMO7 expression and disease stage
(localized and metastatic) was assessed by chi-square test using the chi2 contingency function
from the SciPy Python library (scipy.stats) in Python version 3.10.18 (packaged by conda-
forge).

Gene expression data from 196 samples (13,253 genes) was analyzed using single-
sample gene set enrichment analysis (ssGSEA) with the GSVA and GSEABase R packages to
quantify pathway activity per sample. Survival analysis was then performed by splitting
samples into high and low pathway activity groups based on the median enrichment score,
followed by Kaplan-Meier curve estimation and log-rank testing to assess survival differences.
Multiple testing correction using the Bonferroni method was applied to control false positives
across 3,484 pathways, resulting in 12 statistically significant pathways (only fusion activity
pathway was shown as part of this thesis
FERREIRA EWINGS SARCOMA UNSTABLE VS STABLE DN, from MsigDB).
RStudio (R 4.4.0) was used for the purpose of this analysis. This analysis was performed for
the purpose of laboratory rotation project from David Wolthardt.
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Additionally, to identify pathways significantly associated with LMO?7 gene expression
profile in 196 EwS patient cohort, GSEA was performed in R (version 4.3.0) using the C5
ontology gene sets from MSigDB. As input file ranked correlations between LMO?7 expression
and all other genes in the patient cohort were used. Weighted gene co-expression network
analysis (WGCNA) was utilized to detect gene modules and assess their associations with
phenotypic traits. Resulting network visualizations were generated using Cytoscape (version

3.10.0).
3.10.3. Integrated transcriptomic and proteomic analysis

To identify concordantly expressed genes/proteins, only those expressed at both the mRNA
and protein level were retained (n = 6,438). Expression distributions were examined via
histograms and density plots, with Pearson’s correlation quantifying transcriptomic-proteomic
log> FC relationships (r = 0.594, P < 0.0001). A quadrant-based classification system
categorized genes and proteins based on expression patterns using platform-specific thresholds
(log2FC| > 1 for genes, |log2FC| > 0.5 for proteins, adjusted P < 0.05 for both. Data processing
and filtering was handled with dplyr function for identifying the variables to plot.

To identify consistently enriched biological processes, fGSEA as performed
independently on both datasets using the C2 CGP collection from MSigDB. Normalized
enrichment scores (NES) were integrated using quadrant-based classification to identify
common pathways, visualized with scatter plots highlighting concordant pathways, defined as
INES| > 1.5 and a less stringent cut-off of adjusted P < 0.5, without which little to no results
were possible from the differentially expressed proteins. All analyses were performed using

RStudio (R 4.4.1).
3.10.4. RNA-seq analysis of cells treated with p300/CBP inhibitor

In order to assess the impact of p300 and CREB binding lysine acetyltransferase (p300/CBP)
inhibitor (iP300w) on LMO?7 expression in three EwS cell lines (A-673, TC-71, SK-ES-1)
treated with/without iP300w (1 uM, for 4 h), FASTQ files and sample sheet from RNA-seq
were obtained from Wei et al. (2024) (SRA: PRINA1161150). Data was analyzed using Nf-
core/rnaseq pipeline (version 3.19.0), using star_salmon aligner on GRCh38 reference genome.
DESeq2 was used as part of the differential expression analysis downstream of the nf-
core/rnaseq pipeline. Differential gene expression across three cell lines in conditions
with/without treatment was shown as boxplots and P-value was calculated using a two-tailed

t-test. The analysis was run in the R version 4.4.3.
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3.10.5. Methylation

INFORM EwS patient cohort (n=106) was methylation profiled using array Infinium
Methylation EPIC v2.0 Kit (Illumina) and RNA sequenced as part of the INFORM project
(KITZ, Heidelberg). Processed data (by Anna Ehlers, DKFZ, Heidelberg) was used for
downstream analysis in the locus of LMO7 gene. Beta values of CpG islands associated with
the LMO?7 gene were mapped to their genomic coordinates using the R package minfi (version
1.48.0). These beta values were subsequently correlated with LMO?7 gene expression levels in
the same patient cohort using Pearson’s correlation coefficient. All analyses were conducted

using R version 4.3.0.
3.10.6. ChIP-seq and HiChIP data data visualization - R2, IGV and Juicebox

EWSRI1::ETS binding peaks from ChIP-seq data generated as part of the ESCLA project (Orth
et al., 2022, GEO: GSE176339) was visualized in the region of LMO?7 using the R2: Genomics

Analysis and Visualization Platform (https://hgserverl.amc.nl/cgi-bin/r2/main.cgi). For the
purpose of visualization and analysis of published ChIP-Seq, Cut&Run, and FAIRE data from
three different EwS cell lines (EW502 from Patel et al. (2012), GSE31838; A-673 and SK-N-
MC from Riggi et al. (2014), GSE61953) with a focus on the LMO?7 genomic region, with
markers of EWSR1::ETS binding, IGV software was used (version 2.2.8). Same software was
used for visualization of histone mark H3K27ac localization and presence under conditions
with/without EWSRI::FLI1 KD in the proximity of LMO?7 transcription start site (TSS) in TC-
32 cell line using the dataset from Ebegboni et al. (2024) (GSE243184).

HiChlIP dataset used in this thesis was obtained from Prof. Didier Surdez (ETH Zurich),
and is published in Surdez et al. (2021), GEO: GSE133228. For data visualization in the region
of LMO?7 gene in A-673 cell line, Juicebox software was used (Rao et al., 2014).

3.10.7. Schematics

All schematic representations from the thesis (e.g. method representations, pathways
visualizations and similar) were generated in BioRender trough the institutional licence (KITZ,

Heidelberg).
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MATERIALS & METHODS

3.11. Human samples and ethics approval

All procedures involving human participants and human-derived materials were performed in
accordance with the principles of the Declaration of Helsinki. Data generated through the
INFORM registry (German Clinical Trial Register, number DRKS00007623; van Tilburg et
al., 2021) was made available after internal IRB approval. The analysis of patient material and
molecular data has been approved by the ethics committee of the University Hospital
Heidelberg (approval ID: S-211/2021). Written informed consent was obtained from all
participants (or their legal guardians, where applicable) prior to inclusion in the study. Patient
confidentiality and data protection were strictly maintained in compliance with institutional

policies and applicable data protection regulations.
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Table 3.1. List of primers. All primers oriented in 5' to the 3' direction.

NCBI
Primer name Fw primer sequence Rev primer sequence Application  gene
ID
shLMO7 CCGGCCTGGGTCTTTGTTATCA AATTCAAAAACCTGGGTCTTTG  cloning
490 TTTCTCGAGAAATGATAACAA  TTATCATTTCTCGAGAAATGAT
AGACCCAGGTTTTTG AACAAAGACCCAGG
shLMO7 CCGGGCGTCATTAAGAAGATC AATTCAAAAAGCGTCATTAAGA  cloning
491 AATACTCGAGTATTGATCTTCT AGATCAATACTCGAGTATTGAT
TAATGACGCTTTTTG CTTCTTAATGACGC
shLMO7 CCGGGCTATTAACAACACCAA  AATTCAAAAAGCTATTAACAAC  cloning
492 GTTTCTCGAGAAACTTGGTGTT ACCAAGTTTCTCGAGAAACTTG
GTTAATAGCTTTTTG GTGTTGTTAATAGC
LMO7 TGTTGCCTGTGAGTGTGAC ACAGTGCTTTCGTATGGAGG qPCR 4008
RPLPO GAAACTCTGCATTCTCGCTTC GGTGTAATCCGTCTCCACAG qPCR 6175
Hs.Cas9. /AltR1/ rArCrArGrUrGrGrCrUrArCrGrGrUrGrArCrArUrCrGrUrUrUrUr CRISPR-
LMO7.1.AE ArGrArGrCrUrArUrGrCrU /AltR2/ Cas9 crRNA
LMO7 KO CAGTTGTGGGCAAACAATTAA TAAGCCTGAATCTGGAGAGAGA sequencing
colony PCR
EWSRI-FLI1 GCCAAGCTCCAAGTCAATATG GAGGCCAGAATTCATGTTATTG qgPCR
C C
1%t ChIP GGCACTTACTCTGAGTTGTCTT GAACTTATTTGCACTTGCCCTAT cloning
peak LMO7 C
15t ChIP ATTTCTCTATCGATAGGTACGG TCGCAGATCTCGAGCCCGGGG cloning
peak LMO7 CACTTACTCTGAGTTG AACTTATTTGCACTTGC
overhangs
2nd ChIP CTGGAAATATAGAGATGTGCA  ACATAGTCCAAAGCTCCCATTT  cloning
peak LMO7 GTCA
2"d ChIP ATTTCTCTATCGATAGGTACCT TCGCAGATCTCGAGCCCGGG cloning
peak LMO7 GGAAATATAGAGATGTGC ACATAGTCCAAAGCTCCC
overhangs
LMO7 distal CCTTCACTGGCTACTGCTATTC TCATCAAGGAAGCAGGGAATG cloning
promoter
LMO7 distal CTGGCCGGTACCTGAGCTCG CCAACAGTACCGGATTGCCA cloning
promoter CCTTCACTGGCTACTGCTATTC TCATCAAGGAAGCAGGGAATG
overhangs
RV3 CTAGCAAAATAGGCTGTCC sequencing
pLKO GGCAGGGATATTCACCATTAT GACGTGAAGAATGTGCGAGA sequencing
CGTTTCAGA
circLMO7 ACAGATTGGATTGAAAGAAGC CACACAGCAGAACACCATTTTC gPCR
CcC
OE_LMO7 CCTGGGTCTTTGTTATCATTTG AGTCGTTGCAGTACAGTTGG qPCR 4008

C
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Table 3.2. List of antibodies.

Type Target Catalogue number Brand Application Dilution

1°Ab Anti-LMO7 HPA020923 Atlas antibodies IF, IHC 1:200
(rabbit, polyclonal)

1°Ab LMO7 PAS-54281 Invitrogen WB 1:1,000
(rabbit, polyclonal) [HC 1:200

1°Ab Anti-FLI1 (EPR4646) ab133485 abcam WB 1:500
(rabbit, monoclonal)

1°Ab Anti B-actin (ACTB) (AC-15) A5441 Sigma-Aldrich WB 1:5,000
(mouse, monoclonal)

1°Ab Anti-GAPDH (14C10) #2118 CST WB 1:2,000
(rabbit, monoclonal)

1°Ab Lamin A/C (363) (mouse, sc-7292 Santa Cruz WB 1:200
monoclonal)

1°Ab Anti-vinculin (7F9) sc-73614 Santa Cruz IF 1:500
(mouse, monoclonal)

2°Ab Mouse anti-rabbit IgG-HRP sc-2357 Santa Cruz WB 1:2,000

2°Ab Anti-Mouse IgG-HRP produced = A9044 Sigma-Aldrich WB 1:2,000
in rabbit

2°Ab Alexa Fluor 594 Phalloidin A12381 Invitrogen IF 1:200
(F-Actin)

2°Ab Alexa Fluor 647 goat anti-rabbit ~ A21245 Invitrogen IF 1:500
IgG (H+L)

2°Ab Donkey anti-mouse IgG (H+L) A32766 Invitrogen IF 1:5,000

Alexa Fluor Plus 488
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4. RESULTS

4.1. Multi-omics dataset integration for identification of metastasis-relevant genes in

EwS

Accumulating evidence suggests that EwS cells can reside in a metastable state with oscillating
FET::ETS expression levels (Franzetti et al., 2017; Sannino et al., 2017). However, the exact
mechanism of how low levels of EWSR1::ETS promote a more metastatic phenotype remained
elusive. Therefore, an integrative approach to deepen the understanding of metastatic processes
in EwS with clinical relevance was designed, generating a pipeline consisting of several
bioinformatics and statistic filtering steps. Firstly, it was important to identify clinically
relevant downstream mediators of FET::ETS-low phenotype that are strongly upregulated upon
reduced activity of the fusion. For that purpose, a bioinformatics pipeline consisting of two
bulk transcriptome datasets and one spatial transcriptome of EwS patient sample was utilized
(Figure 4.1a). The first transcriptomics dataset comprised of five representative EwS cell lines
(A-673, MHH-ES-1, SK-N-MC, TC-71 with EWSRI::FLII fusions; and TC-106 with an
EWSRI::ERG fusion) that were previously genetically modified to enable an shRNA-mediated
KD of the respective fusion and transcriptome profiled within ESCLA (Orth et al., 2022, GEO:
GSE176339). The second transcriptome dataset consisted of the clinically annotated set of 196
EwS patient tumors for which information on patient overall survival was also available from
Baldauf et al. (2017) as well as profiled at the mRNA level by gene expression microarrays in
previous studies (Postel-Vinay et al., 2012; Savola et al., 2011; Scotlandi et al., 2009;
Volchenboum et al., 2015). Integration of the ESCLA dataset and 196 EwS patient
transcriptomic cohort revealed 13 genes that were both strongly upregulated (log> FC > 2.5)
upon FET::ETS silencing and significantly associated with patient outcome (cut-off for each
gene at the best percentile; log-rank P < 0.05, full list provided in Supplementary Table 1). Of
those 13 genes, further filtering that focused only on those that had high expression associated
with worse patient outcome resulted in six genes, namely: bone morphogenetic protein 1
(BMP1I), cysteine-rich angiogenic inducer 61 (CYR61), LMO7, lysyl oxidase (LOX), nidogen 2
(NID?2) and peptidase inhibitor 15 (P/15) (Figure 4.1b).
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Figure 4.1 Integrative multi-omics approach identified genes with clinical relevance for invasion
and metastasis in EwS. a. Workflow depicting an integrative filtering approach to identify DEGs
highly expressed (FC > 2.5) in cell lines with EWSRI::ETS KD (ESCLA, Orth et al., 2022), genes
significantly associated with worse patient outcome (196 EwS patient cohort) and highly expressed at
the invasive front in spatial transcriptome profiled EwS patient sample. Numbers represent remaining
gene candidates after each filtering step b. Plot representing fold change (log,) gene expression of all
candidates enriched in EWSRI::ETS KD cell lines (A-673, MHH-ES-1, SK-N-MC, TC-71 and TC-106)
within ESCLA dataset and their respective P-values from gene expression associated with survival in
EwS 196 patient cohort. Highlighted in blue, are six gene candidates (BMP1, CYR61, LMO7, LOX,
NID?2 and PI15) with high expression in low-fusion cell ESCLA lines (FC > 2.5) that are also
significantly associated with worse overall patient survival (P < 0.05).

The dissemination of tumor cells from primary tumors and the establishment of secondary
tumor colonies in distant tissues is a complex, multi-step process known as the invasion-
metastasis cascade (Lambert et al., 2017). This process is equipped with changes in genetic and
molecular programs driving invasion at the primary site, which are fundamentally intertwined
with those enabling metastatic dissemination (Fares et al., 2020). As EMT/MET is less clear in
sarcomas than in carcinomas, primarily due to the fundamental differences in their cellular
origins and EMT/MET marker expression patterns plasticity in sarcomas (Damerell et al.,
2021), I hypothesized that genes involved in local tumor invasiveness will also be involved in
metastatic spread. In order to further narrow down the candidates’ gene list, having only those
involved in both local invasiveness and metastatic spread, spatial transcriptomics analysis from
the primary EwS tumor with EWSRI::FLII fusion was performed using 10x Genomics Visium
CytAssist Spatial Gene Expression platform within the collaboration with Division of Al in
Oncology (Prof. Dr. Moritz Gerstung, DKFZ Heidelberg). The sample for this analysis was a
localized EwS tumor in the gluteus of lower extremity from a 28 year old female patient, with
tumor purity of 90%. FFPE tumor sample was H&E stained, and brightfield images were
captured for subsequent spatial transcriptomics sequencing (Figure 4.2a). The spatial

transcriptomics count data was manually aligned with CytAssist image using the Loupe
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Browser 6 (previously performed in collaboration with the laboratory of Prof. Dr. Moritz
Gerstung, DKFZ). After initial quality control and preprocessing of the data, manifold
embedding and clustering based on transcriptional similarity enabled analysis and visualization
of complex data as both UMAP and spatial coordinates overlaid on tissue images to preserve
anatomical context by following the scanpy workflow (Wolf et al., 2018). Clustering resulted
in a two-dimensional map displaying nine clusters across the sample. Each cluster was
generated according to its top 10 marker genes (Figure 4.2b). Among these, one could observe
clusters truthfully outlining anatomical and clinical features from the sample. For example,
Cluster 6 had desmin (DES) and titin (77N) as highly expressed cluster marker genes, and was
spatially localized over tumor-adjacent muscle tissue. Similarly, among Cluster 3 marker genes
were vascular endothelial growth factor A (VEGFA) and RNA binding motif protein 11
(RBM11) which were both previously described in EwS and upregulated by EWSR1::FLII
(Annalora et al., 2018; Nagano et al., 2011). Their spatial expression was localized within the
tumor tissue (Figure 4.2¢ - top left, first quadrant). In summary, distinct spatial variances were

observed between clusters that recapitulated the anatomical and biological context.

Equivalently interesting was to observe spatial expression for each of the candidates
within the anatomical context of the tumor and its adjacent tissue. To define tumor area and
tumor-adjacent tissue in the sample, the data from tumor marker expression, transcriptional
activity, and H&E staining altogether was analyzed and overlaid on the tissue (Figure 4.2¢ -
top left, second quadrant). Of the six candidate genes, only CYR6/ was not covered in the
panel, whereas the remaining could be readily detected. There was a common trend observable
in the spatial expression of the candidates, whereas the majority of them showed higher
expression at the tumor border and in the tumor-adjacent tissue (Figure 4.2c¢). This trend
prompted me to investigate the spatial localization and correlation of each candidate gene
expression with EWSRI::FLI1 activity signature in the sample. Using the established
FET::ETS transcriptome signature from Orth et al., (2022), I inferred FET::ETS activity from
the genes up- (EWSRI1::ETS high) or down-regulated (EWSRI1::ETS low) by the fusion in
the sample (Figure 4.2¢ - bottom right two quadrants). Furthermore, the spatial expression of
the remaining candidates was correlated to the inferred EWSR1::ETS-high and EWSR1::ETS-
low activity within previously defined tumor borders (Supplementary Table 7.2). Strikingly,
of those five genes, LMO?7 exhibited the highest negative correlation (r = —0.53, P < 0.0001)
to EWSR1::ETS-high activity, and also the highest positive correlation (r = 0.38, P <0.0001)

to EWSRI1::ETS-low activity signature. In sum, LMO7 had a very prominent overexpression
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at the invasive front as compared to the tumor center and its expression was negatively

correlated with high EWSR1::ETS activity (Figure 4.2d).
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Figure 4.2 Spatial transcriptomics of patient EwS sample revealed high expression of LMO7 at
the invasive front. a. H&E staining of the sample prior to spatial sequencing. b. Clustering according
to top 10 marker genes. Size of the circle represents number of cells in each group, while the gradient
of white-to-red color represents mean expression within the group, with darker red being higher
expressed. ¢. Spatial localization of clusters (top left quadrant). Spatial definition of the tumor area
using transcriptional activity (median division of counts) with minor adjustments according to the H&E
staining and tumor markers. The tumor area was marked with letter T, and its borders with black dashed
line (second quadrant). Spatial expression of the five gene candidates that passed previous filtering steps
(LMO7,LOX, NID2, BMP1 and PI15). Inferred EWSR1::ETS activity signature from Orth et al. (2022),
according to the genes upregulated (EWSRI1::ETS high) or downregulated (EWSR1::ETS low) by
EWSRI1::ETS (lowest two right quadrants). Green dots visible on all images are remainings from the
writing marker used for selecting the area in processing steps. d. Correlation of LMO7 expression and
EWSR1::ETS-high activity within defined tumor borders between (left graph, r =—0.53, P < 0.0001),
and EWSRI1::ETS-low activity (right graph, r = 0.38, P < 0.0001). In orange, cells with EWSR1::ETS-
high and in blue cells with EWSR1::ETS-low activity signature.

To determine the association of LMO?7 expression with patient overall survival, the 196 EwS
patient cohort was analyzed, firstly stratifying patients according to the best percentile (optimal
cut-off) of LMO7 expression. As shown in Figure 4.3a, high LMO?7 expression had a
significant association with worse overall survival for EwS patients (Mantel-Cox test, P =
0.005). Similar observations were made when stratifying the same patient cohort in tertiles.
Here, LMO?7 expression showed a dose-dependency in relation to patient outcome (Mantel-
Cox test of low, medium and high LMO7 expression in EwS patient tumors, P = 0.0472)
(Figure 4.3b). Interestingly, when EWSRI1::ETS fusion signature was inferred to the
transcriptome data of the 196 EwS patient cohort, low fusion pathway activity group was also
significantly associated (Mantel-Cox test, P = 0.0006) with worse patient outcome (Figure
4.3¢). And finally, when 196 EwS patient cohort was ranked according to LMO?7 expression,
dichotomized at median expression and then additionally filtered according to clinical data for
only primary EwS cases with localized disease, and metastatic cases with observed metastases
at diagnosis, Chi-squared test showed a significant association (P = 0.038) of LMO7-high
expression with the presence of metastatic disease at diagnosis (Figure 4.3d). Similar
observations were made in an available single cell transcriptomic dataset derived from a paired
set of EwS cell lines being from the patient primary tumor (CHLA-25) and a metastatic lesion
(TTC-466) (unpublished dataset, generated in frame o MD thesis of our lab member Tobias
Faehling). Here, LMO7 was significantly higher expressed (P = 0.0013) in the cell line derived
from a metastasis (Figure 4.3e) as compared to the cell line derived from a primary tumor. In
sum, these results indicate that LMO?7 is a novel prognostically relevant gene in EwS, being

highly overexpressed at the invasive front of EwS tumors, as well as in patient metastases.
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Figure 4.3 LMO?7 expression and fusion activity are associated with patient survival and
development of the disease. a. Association of LMQO7 expression with patient overall survival in EwS
patient cohort (n = 196). Mantel-Cox test, P = 0.005. b. Dose-dependency of LMO?7 expression levels
in association with patient overall survival in EwS patient cohort (n = 196), when divided in tertiles.
Mantel-Cox test of all 3 curves, P =0.0472, and of high and low LMO?7 expression curves P =0.0161.
c. Association of inferred EWSRI1::FLI1 signature (collection used from MSigDB was C2 CGP:
FERREIRA EWINGS SARCOMA UNSTABLE VS STABLE DN) with patient overall survival in
EwS patient cohort (n = 196). Mantel-Cox test, P = 0.0006. d. Chi-square statistic on the EwS patient
cohort (n = 125, patients from 196 EwS cohort with exclusively localized or metastatic disease at
diagnosis, excluding all cases with local relapse or missing clinical annotation). Chosen group was
dichotomized by median LMO7 expression (low, high). Chi-square statistic is the sum of the squares of
the Pearson’s residuals for all cells in the residual heatmap (Chi-square statistic = 4.32, degrees of
freedom for 2x2 table df =1, and P = 0.038). e. Single cell RNA-sequencing (internal dataset, not
published) of matched primary CHLA-25 and metastatic TTC-466 EwS cell lines, focused on
differential LMO7 expression, normalized and log, transformed. Two-sided Mann-Whitney test: P =
0.0013.
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4.2. Oscillations in FET::ETS fusion expression have an impact on LMO7

expression

To further investigate the possible EWSR1::FLI1 regulation of LMO7, a published single-cell
RNA-sequencing dataset from A-673 cells with a doxycycline (Dox)-inducible shRNA against
EWSRI::FLII (Aynaud et al., 2020, GEO: GSE130025) was re-analyzed with special attention
to LMO?7 expression. This dataset demonstrated a strong upregulation of LMO7 upon
EWSRI::FLII silencing and, conversely, strong downregulation of LMO?7 upon Dox-washout
and EWSRI::FLII recovery. As well, there was noticeable high expression of LMO7 in MSCs,
the putative cells of origin of EwS, which do not harbor a FET::ETS fusion, while in
comparison, there was little to no LMO7 expression in three EwS patient derived xenografts
(PDX) expressing the fusion (Figure 4.4a). Similar observations have been made from the bulk
RNA expression data, when using three different EwS cell lines (A-673, MHH-ES-1 and SK-
N-MC) with Dox-inducible KD of the EWSRI::FLI in short-term experiments of 72 h Dox
treatment. Here also, LMO?7 expression was significantly upregulated upon EWSRI::FLII KD
(Figure 4.4b). Additionally, at the protein level there was an increase of LMO7 signal upon
EWSRI::FLI1 KD in A-673/TR/ShEWSR1::FLII cells upon 72 h Dox treatment (Figure 4.4c).
In longer washout experiments, where cells were treated for 7 days with Dox and then
EWSRI1::FLI1 re-expression was followed until day 21 on the protein level, LMO7 protein was
repressed in EwS cells expressing the fusion but upregulated upon EWSR1::FLI1 KD. After
Dox washout and stabilization of EWSR1::FLI1 in the EwS cells, levels of LMO?7 diminished
again (Figure 4.4d).
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Figure 4.4 EWSR1:.FLI1-high states suppress LMO7 expression. a. Expression of LMO7 in a single
cell RNA-sequencing dataset from A-673/TR/ShEWSRI1::FLI cell line upon Dox treatment for 7 d
followed by Dox washout in the next 15 d. LMO?7 expression in MSCs, and in three EwS patient derived
xenografts (PDX) (original dataset from Aynaud et al., (2020), GEO: GSE130025, re-analyzed with
special attention to LMO7 expression). White-to-black gradient indicating increasing EWSRI:.FLII
levels. Two-sided Mann-Whitney test between 7 and 22 d of the experimental setup, P < 0.0001. b.
Fusion expression in EwS cells (A-673, MHH-ES-1 and SK-N-MC) containing a Dox-inducible
construct for KD of EWSRI::FLII, with/without treatment with Dox for 72 h. LMO7 expression upon
KD of EWSRI::FLII in same cell lines. n > 4 biologically independent experiments. Two-sided Mann-
Whitney test. ¢. Western blot using whole cell lysates extracted from A-673/TR/shEWSRI::FLI1
with/without Dox treatment for 72 h. Antibodies against FLI1 and LMO?7. Loading control: GAPDH.
d. Western blot using whole cell lysates from MHH-ES-1/TR/ShEWSRI1::FLI1 cell line treated with
Dox for 7 d (Dox renewal every 48 h), followed by Dox washout in the next 14 d. Antibodies used
against EWSR1::FLI1 and LMO?7. Loading control: GAPDH.

The opposing expression of EWSR1::FLI1 and LMO7 in many tested systems prompted me to
investigate a possible direct EWSRI::FLII regulation of LMO?7 expression. Interestingly,
analysis of a ChIP-seq dataset from representative six EwS cell lines, available in R2 Genomic
Browser as part of ESCLA, showed two EWSRI1::FLI1 DNA binding peaks; one in the
proximity of LMO7 longest transcript TSS and one in the proximity of a shorter LMO7
transcript TSS (Figure 4.5a). EWSRI1::ETS binding regions were also identified by R2
Genome Browser as core EWSRI1::ETS sites, and were used as a guide to determine which

genomic location to clone upstream of a luciferase gene in dual-luciferase reporter system. A
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total of three different genomic regions, two of which were core EWSRI1::ETS sites (hgl9
coordinates: chrl3: 76,195,324-76,195,697 and chrl3: 76,340,783-76,341,217) were PCR-
cloned upstream of the SV40 minimal promoter into a pGL3-Fluc vector and distal LMO?7
promoter upstream from the LMO7 gene (hgl9 coordinates: chrl13:76,140,731-76,140,978)
was PCR-cloned upstream of luciferase gene into a pGL4-10 vector (Figure 4.5b). There were
no significant differences in recorded luciferase luminescence upon transfection of the
generated reporter systems in A-673 and MHH-ES-1 cells with Dox-inducible EWSR1::FLI1
KD with/without Dox (Figure 4.5¢).
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Figure 4.5 LMO?7 is not directly regulated by EWSR1::FLI1 binding in proximity of LMO7 TSS.
a. ChIP-seq datasets from FLI1 or ERG DNA binding in six representative EwS cell lines (A-673, EW-
22, MHH-ES-1, SK-N-MC, TC-106 and TC-32) from ESCLA dataset (Orth et al., 2022) analyzed in
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R2 Genome Browser, with special attention to the genomic region of LMO7 gene. Blue squares are
indicating core ETS sites and EWSRI1::ETS binding regions. b. Luciferase assay schematic. c.
Luciferase activity normalized to an empty vector in the conditions with/without Dox. Transfected
constructs containing cloned genomic regions of interest (hg19; 1% ChIP-seq peak coordinates: chrl3:
76,195,324-76,195,697; 2" ChIP-seq peak: chr13: 76,340,783-76,341,217 and distal LMO?7 promoter:
chrl3: 76,140,731-76,140,978) upstream from luciferase gene. Luciferase reporter plasmids were
transfected to two EwS cell lines: A-673/TR/shEWSR1::FLI1 and MHH-ES-1/TR/shEWSR1::FLI1, 48
h post treatment with/without Dox. n = 4 biologically independent experiments. Horizontal bars
represent the mean and whiskers the SD. Two-tailed Mann-Whitney test (P > 0.05).

Hi-ChIP data from Prof. Dr. Didier Surdez (ETH, Zurich) performed in A-673 cell line also
showed no direct binding of EWSR1::FLI in the proximity of the LMO7 TSS, but a possible
regulation from a distal unknown chromatin region (indicated with loops). The strongest
interaction indicated with an arrow does not include FLI1 peaks (Figure 4.6a). Additionally,
re-analysis of published ChIP-Seq, Cut&Run, and FAIRE data from three different EwS cell
lines (EW502 from Patel et al., 2012, GSE31838; and A-673 and SK-N-MC from Riggi et al.,
2014, GSE61953) with a focus on the LMO7 genomic region demonstrated no direct
EWSR1::FLIl binding in the proximity of LMO7 TSS in the conditions of with/without
EWSRI::FLI1 KD (Figure 4.6b). However, re-analysis of the presence and localization of
histone mark H3K27ac in ChIP-seq datasets from Ebegboni et al., (2024) (GSE243184) in the
proximity of LMO7 TSS, showed strong opening of chromatin. Enrichment of activating
histone marks such as H3K27ac under conditions of EWSR1::FLI1 KD suggests an epigenetic

regulation of this gene downstream of the fusion (Figure 4.6c¢).

Recent studies in EwS have shown that pharmacological inhibition of p300/CBP
histone acetyltransferases, reduces H3K27ac in EwS and could show effective results both in
vitro and in vivo (Wei et al., 2024). Thus if transcription of LMO?7 is regulated via p300
acetyltransferase activity and H3K27ac, then pharmacological inhibition of p300 would also
reduce the expression of LMO7 and cause a phenotypically similar effect to LMO7 KD.
Reanalysis of RNA-seq data from Wei et al. (2024) (SRA: PRINA1161150), indicated
significant downregulation of LMO?7 expression in all three tested EwS cell lines (A-673, SK-
ES-1 and TC-71) upon treatment with p300/CBP inhibitor (iP300w) and could be an indication
of regulatory mechanism upstream of LMO7 in EwS, which is pharmacologically targetable

(Figure 4.6d).
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Figure 4.6 H3K27ac in proximity of LMO7 TSS is present only in EWSRI::FLI1 KD cells and
H3K27ac inhibitors significantly decrease LMO7 expression in EwS. a. CTCF, FLI1 and H3K27ac
Hi-ChIP data at LMO7 genomic locus in A-673 cell line, dataset obtained from Prof. Didier Surdez
(ETH Zurich), full dataset published in Surdez et al. (2021), GEO: GSE133228. The strongest
interaction indicated with an arrow, and a possible regulation from a distal unknown chromatin region
indicated with loops. b. ChIP-seq datasets from FLI1 reanalyzed from Patel et al., (2012) (GSE31838),
top & Riggi et al., (2014) (GSE61953), bottom, with special attention to the genomic region of LMO7
gene in the conditions with EWSR1::FLI1 expression (shGFP, for 48 and 96 h) and in conditions of
EWSRI::FLI1 KD (shFLI1) for two tested cell lines: A-673 and SK-N-MC. ¢. Histone mark H3K27ac
localization and its presence under conditions with/without EWSRI::FLII KD. Original dataset from
Ebegboni et al., (2024) (GSE243184), re-analyzed focusing on the area upstream from LMO7 TSS in
TC-32 cell line. d. Re-analysis of RNA-seq dataset from Wei et al., (2024) (SRA: PRINA1161150),
with special focus on LMO?7 expression in cell lines A-673, SK-ES-1 and TC-71 upon treatment with
p300/CBP inhibitor (iP300w). Unpaired two-tailed t-test, boxplot at the median and whiskers at min
and max individual values. n = 2 biologically independent experiments.

To further investigate epigenetic transcriptional regulation of LMO7, DNA methylation
analysis was performed for the genomic region of LMO7 gene, using EwS patient dataset (n =
106) from the INFORM registry (KITZ, Heidelberg). DNA methylation analysis done with
Infinium Methylation EPIC Array vl (Illumina) was available for this group of patients and
revealed a total of 77 CpG islands corresponding to the LMO?7 gene. Correlation analysis of
LMO?7 expression with methylation (Beta-value) in this EwS patient cohort identified six loci
that were statistically significantly positively correlated with LMO7 expression in this group

of patients, while none significantly negatively correlated with LMO7 expression (Figure
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4.7a). Figure 4.7b shows genomic localization of all CpG islands that were corresponding to
LMO?7 gene in this array, while the ones significantly correlated with LMO7 expression are
highlighted with red squares. Of the significant six CpG islands, five were located within the
LMO?7 gene body, except the first one, cg22227965 (Figure 4.7b, most left square). This CpG
island (UCSC RefGene Group: TSS1500), is localized 217 bp upstream of the LMO7 TSS
and also significantly correlated with LMO7 expression in EwS patients (P = 0.003). Those
observations show that methylation of ¢g22227965 upsream of LMO7 TSS as well as five CpG
islands within LMO?7 gene body are associated with LMO?7 expression in this group of EwS

patients.

In sum, previous results indicate that LMO?7 expression is affected by EWSR1::FLII
presence/absence, which also impacts H3K27ac histone acetylation in the genomic region
upstream of LMO7 TSS. As well, in EwS patient samples there is yet another layer of LMO7
transcriptional regulation where the vicinity of LMO7 TSS and its gene body are methylated

on several genomic locations that are significantly associated with its expression.
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Figure 4.7 LMO?7 gene body methylation positively correlates with its transcriptional activation
in EwS patient tumors from the INFORM registry. a. Correlation of LMO?7 log, expression and
Beta-value shown for six CpG islands in the area of LMO?7 gene that are significantly positively
correlated (P < 0.05) with LMO7 expression in INFORM group of patients (n = 106). Methylation
profiling performed using Infinium Methylation EPIC Array v1 (Illumina). b. Genomic positions of all
77 CpG islands from the array that were indicated to be corresponding to LMO7 gene. Significantly
positively correlated CpG islands with LMO7 expression from previous analysis (n = 6) are indicated
with red squares (from left to right: ¢g22227965, cg18027592, ¢g15229454, ¢cg27326669, cg11198487,
cgl1831419). Genomic location of LMO7 gene in hg 19 genome version is chrl3:76,194,571—
76,434,006 and Beta-values for each patient were disclosed above each genomic position.
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4.3. Cytoskeleton remodeling and muscle differentiation pathways associate with
EWSRI1::ETS-low activity area and LMO7-high expression in EwS patient

datasets

To gain insight into the cell signaling and spatial pathway activity variations in the
EWSRI1::ETS-low activity area, that is also LMO7-high expression area, I utilized the
computing tool decoupler-py with pathway gene sets from PROGENy (Badia-i-Mompel et al.,
2022; Dimitrov et al., 2024; Schubert et al., 2018). This tool enabled visualization of pathway
activity spatial expression for many cancer-relevant signaling pathways on EwS patient
sample. There was a trend readily observable for several pathways being higher activated in
the EWSRI1::ETS-low area. In this area, higher expression was observed for TGFp, Janus
kinase/signal transducers and activators of transcription (JAK-STAT), tumor necrosis factor
alpha (TNFa), p53, epidermal growth factor receptor (EGFR), nuclear factor-kappa B (NFkB)
and TNF-related apoptosis-inducing ligand (TRAIL) signaling pathways, while MAPK and
phosphoinositide 3-kinase (PI3K) signaling pathways had lower expression in EWSR1::FLI1-

low area (Figure 4.8a).

To further gain insight in the pathways directly correlated to LMO7 expression, |
analyzed a transcriptomic dataset of 196 EwS patients with special attention to LMO7
associated pathways. For that purpose, I carried out GSEA using the C5 ontology gene sets
collection from MSigDB, and subsequent WGCNA of LMO?7 correlated genes in 196 EwS
patient cohort. In agreement with the literature, WGCNA confirmed pleiotropic enrichments
of gene signatures mainly comprising extracellular matrix remodeling, muscle development,
cell adhesion, actin binding, and integrin signaling (Figure 4.8b), all of which play important
roles in cell migration and metastasis (Cao et al., 2023; Franzetti et al., 2017; He et al., 2019;

Wrenn et al., 2023).

Apart from the spatial overlap of the EWSR1::FLI1-low activity area and LMO7-high
expression area, pathway analysis of those regions, as well as GSEA of 196 EwS patient cohort
for pathways correlated with LMO7 expression also showed functional commonalities.
Pathways higher expressed in EWSRI::FLI1-low activity area in spatial transcriptomic
analysis, overlaps to a great extent with many functions in which LMO? takes part in patient
cohort analysis. TNFa, EGFR, TGFp, JAK-STAT and NF«kB pathways all regulate genes and
proteins that control cell movement, including integrins, actin-binding proteins, and MMPs

(Margadant & Sonnenberg, 2010; Misra et al., 2012; Wu & Zhou, 2010; Xue et al., 2023),
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while they are also implicated in muscle cell migration, differentiation, and repair, where most
prominent is their role in inhibiting muscle cell differentiation (Alter et al., 2008; Bakkar et al.,
2008; Deng et al., 2024; Girardi et al., 2021; Kim et al., 2021; Sitcheran, Cogswell & Baldwin,
2003; Shirakawa et al., 2021, Sun et al., 2007).
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Figure 4.8 Cell signaling pathways enriched in EwS patient samples reveal spatial overlap with
fusion states and enrichment of cell migration correlated with LMO?7 expression. a. Selection of
cell signaling pathways that have activation patterns corresponding to the distinct areas of
EWSRI::FLI1 activity in spatial transcriptomics of EwS patient tumor. b. WGCNA of cell signaling
pathways positively correlated with LMO7 expression in 196 EwS patient cohort. Size of each nodule

corresponds Normalized Enrichment Score (NES), and color to the specific pathway. [NES |>2, P <
0.05.

60



RESULTS

4.4. Multi-omics LMO7 pathway characterization higlihts its role in EMT of EwS

cells

To better discriminate which of these pleiotropic effects are directly mediated by LMO7, a
simultaneous transcriptomic and proteomic profiling of three EwS cell lines (A-673, MHH-
ES-1, TC-32) with/without RNA interference-mediated silencing of LMO7 was carried out. To
that end, a specific siPOOL targeting LMO?7 (si-G050-4008, siTOOLs Biotech GmbH) or non-
targeting negative control (NC) siPOOL (si-C005) was employed that maximizes the on-target
effect, while minimizing potential off-target effects (Hannus et al., 2014). As well, a relatively
early time point after transfection (55 h), was chosen to capture better, likely acute effects of
LMO7 KD rather than late potentially compensatory effects. As shown in Supplementary
Figure 7.2a, the employed siPOOL (at a concentration of 5 nM) led to a 9—-13% LMO?7 residual
expression on average per cell line. Affymetrix Clariom D Human microarrays and data
preprocessing captured 21,324 uniquely mapped transcript IDs (with available Entrez ID and
excluding small, non-coding pseudogene or similar RNA transcripts). Pre-processed
expression matrices were analyzed using limma, yielding log, fold changes and adjusted P-
values for LMO7 knockdown versus negative control conditions pooled across cell lines. The
employment of a siPOOL targeting LMO7, resulted in LMO?7 as the single most downregulated
transcript between treatment and negative control but also, there was a downregulation in many
ECM and cancer relevant transcripts like matrix metallopeptidase 2 (MMP?2), synaptotagmin
11 (SYT11), and mitogen-activated protein kinase kinase kinase 12 (MAP3K12) (Figure 4.9a).
Interestingly, when performing GSEA on pooled samples from all three tested cell lines, the
strongest downregulated pathway in Hallmark gene sets (MSigDB) was EMT, followed by
mitotic spindle and among others myogenesis. Among upregulated pathways were ones related

to immune response like interferon alpha and gamma response (Figure 4.9b).

Furthermore, the same experimental setup in three EwS cell lines was utilized for
capturing the changes in cells on the proteome level upon LMO7 KD. Here, after 55 h of
siPOOL treatment, protein lysates were delivered for mass spectrometry-based proteomics in
collaboration with the lab of Dr. Ashok Kumar. The analysis yielded a set of 7,799 proteins. In
PCA samples clustered according to the cell line of origin, while Z-score heat map in Figure
4.9¢ highlights the first cluster (Cluster 1), which separated the samples according to LMO7
KD. Within Cluster 1, 15% of all proteins were marked by Perseus software as related to cell
cycle, which consisted of proteins like aurora kinase A (AURKA), Rho associated coiled-coil

containing protein kinase 1 (ROCKI), and mitotic arrest deficient 2 like 2 (MAD2L2).
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Furthermore, GSEA on pooled samples from all three tested cell lines using the Hallmark gene
sets (MSigDB) revealed EMT as the strongest downregulated pathway, resembling
transcriptomic analysis, followed by downregulation in apical junction and mitotic spindle.
Here, the strongest upregulated pathway was oxidative phosphorylation but also, interferon

alpha response was upregulated similar to the transcriptomic analysis (Figure 4.9d).

Integrative analysis of transcriptomic and proteomic data was performed in order to
find common candidates downstream of LMO7 that were also downregulated at both the RNA
and protein level. Pre-processed expression matrices were analyzed using limma, yielding log,
fold changes and adjusted P-values for LMO7 knockdown versus negative control conditions
pooled across cell lines. To identify concordantly expressed genes/proteins, only features
present in both cases (n = 6,438) were retained. There were many interesting hits, some of
which roles were previously described in EwS metastasis like ILIRAP (Zhang et al., 2021a)
or actin beta (ACTB) (Katschnig et al., 2017) (Figure 4.9¢). To identify consistently enriched
biological processes, GSEA was performed independently on both datasets using the C2 CGP
collection from MSigDB. Normalized enrichment scores (NES) were integrated using
quadrant-based classification to identify common pathways, visualized with scatter plots
highlighting concordant pathways (INES| > 1.5, adjusted P-value < 0.5, otherwise no/almost
no results for f{GSEA analysis on differentially expressed pathway list depending on selected
gene set collection). Strikingly, integrative GSEA analysis revealed negative enrichment of
genes upregulated in the EMT upon TGFp stimulation, as well as oxidative phosphorylation
positively enriched (Figure 4.9f) further supporting a role of LMO?7 in cell migration and

metastasis.
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Figure 4.9 Integrated transcriptomics and proteomics of LMO7 downstream pathways reveal
enrichment of EMT signaling, and ACTB. a. Volcano plot showing the most significantly up- or
down-regulated genes in transcriptomic analysis upon 55 h LMO7 KD in three EwS cell lines (A-673,
MHH-ES-1, TC-32).The blue dots indicate significantly differentially downregulated, while red
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upregulated genes (Jlog.FC|>2; P<0.05). b. Most significantly differentially expressed pathways
from transcriptomic analysis in two conditions (NC and LMO7 KD) in three EwS cell lines (A-673,
MHH-ES-1 and TC-32) from curated gene sets Hallmarks (MSigDB). Red represents higher and blue
represents lower —logio adjusted P-value. [NES |> 1.5, P4 < 0.05. ¢. Heat map based on the Z-score of
proteomic analysis of two conditions (NC and LMO7 KD) in 3 EwS cell lines (A-673, MHH-ES-1, TC-
32). Cluster 1 highlighted as the one containing detected proteins that are affected by the condition of
LMO7 KD. d. Most significantly differentially expressed pathways from proteomic analysis in two
conditions (NC and LMO7 KD) in three EwS cell lines (A-673, MHH-ES-1 and TC-32) from curated
gene sets Hallmarks (MSigDB). Red represents higher and blue represents lower —logio adjusted P-
value. [NES|>1.5, P,y < 0.05. e. Integrated analysis of transcriptomic and proteomic datasets
performed in two conditions (NC and LMO7 KD), in three EwS cell lines (A-673, MHH-ES-1 and TC-
32). The blue dots indicate significantly differentially commonly downregulated, while red upregulated
genes and proteins, |logoFC| > 1 for genes, |logoFC| > 0.5 for proteins, P.g < 0.05 for both. f. Analysis
of differentially expressed pathways on integrated transcriptomic and proteomic datasets from two
conditions (NC and LMO7 KD), in three EwS cell lines (A-673, MHH-ES-1 and TC-32) using C2 CGP
collection (MSigDB). The blue dots indicate significantly concordantly differentially downregulated,
while red upregulated pathways, (INES| > 1.5, P,y < 0.5* otherwise no/almost no results for f{GSEA
analysis on DEP list depending on selected gene set collection.

4.5. Nucleo-cytoplasmic localization of LMO7 in EwS cells

LMO7 has been previously described as a nucleocytoplasmic shuttling protein in HeLa cells
(Holaska et al., 2006). This was an indication to further investigate LMO7 localization in EwS
cells. For that purpose, cellular fractionation followed by immunoblotting, and IF imaging were
performed. Firstly, cytoplasmic and nuclear fractioning followed by immunoblotting
confirmed the presence of LMO7 in both cell fractions, under conditions with/without Dox in
A-673/TR/sShEWSRI1::FLI1 cells (Figure 4.10a). Interestingly, LMO?7 signal in the nuclear
fraction was stronger in EWSR1::FLI1 KD condition, which was in line with previous findings

of this thesis (Figure 4.4).

Secondly, LMO7 localization was also validated via IF. For that purpose, as well as to
further investigate phenotypical changes in EwS cells upon LMO7 KD in vitro and in vivo (in
detail explained in the following chapters), EwS cell lines with Dox-inducible shRNA targeting
LMO?7 were generated utilizing lentiviral transduction system. Those cell lines contained Dox-
inducible shRNA targeting LMO7, named hereafter A-673/TR/shLMO7 and MHH-ES-
1/TR/shLMQO7, using one of two different shRNAs against LMO7 (sh491, targeting 5"UTR
and CDS, and sh492 targeting CDS only), and respective non-targeting controls. Using
generated cell lines for IF imaging, LMO7 (white) localization could be readily detected within
the nuclei (DAPI, blue) and in the cytoplasm of EwS cells. In the nucleus, LMO?7 staining had
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a specular pattern, while in the cytoplasm it was more fibrous. However, upon LMO?7 KD, both

nuclear and cytoplasmic signal were reduced (Figure 4.10b).

Due to LMO7 potential role in EwS metastasis and involvement with cellular
cytoskeleton, I also performed cellular staining with phalloidin, which binds to F-actin, a
filamentous, polymeric form of B-actin (ACTB) (red), followed by IF imaging. Here, upon
LMO?7 KD there was a noticeable reduction of not only LMO7 (white) signal, but also F-actin
(red) signal, as well as reduction in their colocalization signal normalized to DAPI (Figure
4.10 c—d). These results are directly concordant with previous findings from integrative
transcriptomic and proteomic analysis, which indicated ACTB as one of the top hits being

downregulated upon LMO7 KD (Figure 4.9e).

Conversely, upon IF imaging of ACTB and LMO7 in A-673/TR/sShEWSR1::FLI1 and
MHH-ES1/TR/ShEWSRI1::FLI1 cells with Dox inducible EWSRI::FLII KD, both ACTB
(phalloidin) and LMO7 were found to have enhanced IF signal (Figure 4.10e). This was
concordant with previous findings of this thesis on LMO7 expression in respect to
EWSRI1::FLII oscillations (Figure 4.2 and Figure 4.4), as well as with findings from the
literature on ACTB in EwS cells (Chaturvedi et al., 2014; Franzetti et al.,2017; Katschnig et
al., 2017). Finally, in order to test potential involvement of LMO7 with focal adhesions, A-
673/TR/shLMO7 and MHH-ES-1/TR/shLMO7 cells were stained for vinculin (green). Upon
LMO7 KD, vinculin staining showed reduced/absent punctate pattern (especially in A-
673/TR/shLMO7 492 cells, Figure 4.10f), suggesting compromised cell-matrix adhesion and
disrupted focal adhesion formation that could further affect the migration ability of LMO7 KD
cells. Strong reduction of LMO7 (white) signal was noticeable in MHH-ES-1/TR/shLMO7
upon addition of Dox and LMO7 KD, as well as general reduction of vinculin (green) signal

(Figure 4.10g).
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Figure 4.10 LMO7 has a nucleo-cytoplasmic cellular localization and colocalizes with actin. a.
Immunoblotting of protein extracts after cellular fractionation using Nuclear Extract Kit (Active Motif).
Nuclear (N), cytoplasmic (C), and whole cell lysates (WC) of proteins extracted from A-
673/TR/ShEWSR1::FLII cells upon treatment with/without Dox for 72 h. Antibodies used against:
LMO7, Lamin A/C (only nuclear localization) and GAPDH (mostly cytoplasmic localization). b.
Representative IF images of A673/TR/shLMO7 491 #2 cells treated with/without Dox for 72 h.
Specular nuclear localization of LMO7 indicated with arrows. LMO7 (white) and DAPI nuclear staining
(blue). Results are representative of three experiments. c¢. Colocalization area (%) of LMO7 and
phalloidin signal, according to the area and brightness above set threshold for both channels and

66



RESULTS

normalized to DAPI staining. Area of colocalization assesed using Fiji. Results are representative of
two experiments. Horizontal bars represent the mean and whiskers the SD. d. Representative IF images
of A-673/TR/shLMO7_492 #20 and MHH-ES-1/TR/shLMO7_491 #42 cells treated with/without Dox
for 72 h. LMO7 (white) and phalloidin- F-actin (red) staining. e. Representative IF images of A-
673/TR/shEWSR1::FLI1 and MHH-ES-1/TR/shEWSR1::FLII cells treated with/without Dox for 72 h.
LMOY7 (green) and phalloidin- F-actin (red) staining, colocalization area (yellow to orange) (left panel)
and LMO7 (white) and phalloidin- F-actin (red) (right, panel). f-g. Representative IF images of A-
673/TR/shLMO7_492 #20 and MHH-ES-1/TR/shLMO7_491 #42 cells treated with/without Dox for
72 h. LMO7 (white), vinculin (green) and DAPI nuclear staining (blue). Results are representative of
three experiments. All IF images in all panels are adjusted to the same brightness and contrast.

4.6. LMO7 reduces clonogenicity and metastatic burden of EwS in vitro and in vivo

To functionally investigate the role(s) of LMO7 in EwS cells in vitro and in vivo, two
previously descrbed EwS cell lines were generated utilizing lentiviral transduction system so
that they contain Dox-inducible shRNA targeting LMO7. Dox-treatment after 72 h in both A-
673/TR/shLMO7 and MHH-ES-1/TR/shLMQO7 led to efficient KD of LMQO?7 at the mRNA,
with 15-20% residual LMO7 expression after KD, and also at the protein level (Figure 4.11a).
Since outgrowth of single cells is a key feature of metastasis (Celia-Terrassa & Kang, 2016),
2D CFAs were carried out using previously generated cell lines with Dox-inducible LMO7 KD.
As shown in Figure 4.11b, conditional KD of LMO?7 dramatically reduced the capacity of
single EwS cells to form colonies when seeded at low densities and was statistically significant
for both shRNAs targeting LMO7 in both A-673 and MHH-ES-1 cell lines (Pa-673/Tr/shLM07 491
= 0.0317; Pa-673/TRishimo7 492 = 0.0317; PmuH-ES-1/TR/shimo7 491 = 0.0286; PMHH-ES-1/TR/ShLMO7 492
=0.0286). Such phenotype was not observed in non-targeting control cell lines (Figure 4.11b).
To validate these results with two independent methods, constitutional CRISPR-Cas9 mediated
knockout (KO) of LMO7 or Dox-inducible overexpression (OE) of full-length LMO7 were
generated in EwS cell lines A-673 and TC-32. For both methods, change in expression levels
of LMO7 at the protein level were tested using immunoblotting. Additionally, LMO7 KO with
frameshift mutation was confirmed with gel electrophoresis and Sanger sequencing. Notably,
knockout of LMO7 phenocopied the result from the CFAs observed upon shRNA-mediated
knockdown of the gene, leading to an even stronger reduction in colony formation in respective
cell line (P = 0.0286) (Figure 4.11c¢). In contrast, conditional OE of LMO?7 significantly
enhanced clonogenic capacity of TC-32 cells (P = 0.0286) (Figure 4.11d).

In order to further validate the functional role of LMO7 in EwS, 3D sphere viability as

well as migration assays were performed. LMO?7 silencing reduced 3D sphere viability of A-
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673 and MHH-ES-1 EwS cells (Figure 4.11e) measured with CellTiter-Glo Luminescent Cell
Viability Assay. Since the omics-analyses of patient data and cell lines (Figure 4.2¢, d; Figure
4.3a, d, and Figure 4.9b, d) suggested a role of LMO7 in migration and invasion, I next carried
out transwell migration assays of EwS cell lines with/without Dox treatment for LMO7 KD
induction. Cells were pretreated with/without Dox for 72 h and serum-starved for final 24 h,
before being seeded in transwell inserts. Here, migration towards an FCS-rich compartment
was assessed after 24 h, when cells were fixed and stained with crystal violet. Absorbance was
measured at 600 nm only for the cells that migrated through the porous transwell membrane to
the FCS-rich compartment. As shown in Figure 4.11f, LMQO7 silencing significantly reduced
cellular migration in two different cell line models when comparing absorbance of treatment

and control.
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Figure 4.11 Silencing of LMO?7 leads to decreased clonogenicity and migratory potential of EwS
cells in vitro. a. Representative western blot of LMO7 protein expression after establishing single cell
clones with independent Dox-inducible shRNA targeting LMO7 (491, 492) in A-673/TR/ and MHH-
ES-1/TR/ cells. b. Relative clonogenicity of single clones A-673/TR/shLMO7 491 #2, A-
673/TR/shLMO7_492 #20, MHH-ES-1/TR/shLMO7_491 #42 and MHH-ES-1/TR/shLMO7_492 #23
cells following 10 days of Dox-treatment (left) and representative colony images (right). n = 4
biologically independent experiments. Horizontal bars represent the mean and whiskers the SD. Two-
tailed Mann-Whitney test. c. Representative western blot of LMO7 protein expression after establishing
single cell clones with constitutive LMO7 KO in A-673 cell line (left). Relative clonogenicity of A-673
wt and A-673-LMO7KO #22, following 10 days of Dox-treatment and representative colony images
(right). Scale bar corresponds to the one in b. n = 4 biologically independent experiments. Horizontal
bars represent the mean and whiskers the SD. Two-tailed Mann-Whitney test. d. Representative western
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blot of LMO7 protein expression after establishing cell lines with Dox-inducible LMO7 OE in A-673
and TC-32 cell line (left). Relative clonogenicity of TC-32-LMO70E, following 10 days of Dox-
treatment and representative colony images (right). Scale bar corresponds to the one in b. n = 4
biologically independent experiments. Horizontal bars represent the mean and whiskers the SD. Two-
tailed Mann-Whitney test. e. Relative cell viability of A-673/TR/shLMO7 and MHH-ES-
1/TR/shLMO7 (491 and 492) spheroids, assessed by CellTiter-Glo assay, following 96 h treatment
with/without Dox (left) and representative images of spheroids (5% objective, right). n = 4 biologically
independent experiments. Horizontal bars represent the mean and whiskers the SD. Two-tailed Mann-
Whitney test. f. Relative cell migration of A-673/TR/shLMO7 and MHH-ES-1/TR/shLMO7 (491 and
492) cells pretreated for 72 h with/without Dox. Cell migration assessed by transwell assay, in the span
of 24 h from seeding cells in both conditions (left). Representative images of cells that migrated across
the transwell porous membrane (8 pm), (right). n = 4 biologically independent experiments. Horizontal
bars represent the mean and whiskers the SD. Two-tailed Mann-Whitney test.

In order to further validate the findings on the role(s) of LMO7 for EwS tumor growth and
migration, generated cell lines with Dox-inducible LMO7 KD were utilized for in vivo
experiments. Firstly, in order to follow the local tumor growth, A-673/TR/shLMQO7 491 #2
was injected subcutaneously into immunocompromised Nod/Scid/gamma (NSG) mice. Similar
to observations made in vitro, where LMO7 KD led to reduction of sphere formation (Figure
4.11e), the effect was also mirrored in an in vivo setting where a significant delay of local tumor
growth was observable in mice upon Dox treatment (P = 0.002) (Figure 4.12a, left).
Furthermore, IHC of mice tumors stained for LMO7 (brown) revealed successful LMO7 KD
in Dox-treated mice, as well as confirmed nucleo-cytoplasmic localization of LMO7 (Figure
4.12a, right). Additionally, this reduction in local tumor growth upon LMO7 KD was
accompanied by a significant reduction of mitotic index (P = 0.0003) and a proportionally
significant increase in the number of apoptotic bodies (P = 0.0003), while no significant
differences in percentage of necrotic area among two conditions were observed (Figure 4.12b).
Even stronger effect on local tumor growth was observed in MHH-ES-1/TR/shLMO7 492
#23, where local tumors were significantly smaller in size and weight in comparison with
control mice (Pumor volume = 0.0007, Pumor weight < 0.0001) (Figure 4.12¢, left and lower panel).
Furthermore, H&E staining of these tumors revealed that the remaining tissue growth in the
Dox-treated group was scar/fat tissue (Figure 4.12¢, right panel), which further confirmed the

tumor regression phenotype upon LMO?7 KD, displayed in the growth curve.

To further test the role of LMO7 in migration and metastatic spread in vivo, a
spontaneously metastasizing orthotopic xenograft mouse model was used. Here, LMO7 KD not

only significantly suppressed primary tumor growth in the tibial bone (P = 0.0002) but also
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showed significant inhibition of cell ability to form metastases in vivo in all animals tested (P
=0.0014) (Figure 4.12d). Likewise, macro-metastases in the liver of Dox-treated mice were
completely absent (P = 0.0014), and their liver weight was significantly smaller (P = 0.0002)
than in control mice (Figure 4.12d, right and below). Collectively, these in vitro and in vivo

data confirm a functional role of LMO7 in tumor progression and metastasis of EwS.

a A-673/TR/shLMO7_491 #2 b A-673/TR/shLMO7_491 #2
600+ isolated tumor - = 20 = © 50
L0R= |___ = g = i
P =0.002 - S
En wmm Dox+ S ' Do § -8 g g 404
E 50 um = 2 15 ] i 2
E 400 i 3 g a 2
g J LMO7 £ 10 e
2 E 8 ] 2
= start of doxycycline ® 2 & 20
5 200 T 3 g z
5 & oo g 5 |
b= 50 um Z & 104
10 mm 2o
0 T T T T U L
0 3 6 8 1 15
Days after injection
c d
MHH-ES-1/TR/shLMO7_492 #23 MHH-ES-1/TR/shLMO7_491 #42
600
600 P=0.0007 isolated tumor ] = P =0.0002
Dox- ‘ (RN | E Dox-
T m Dox+ . Dox- R | £ 400-| == Dox+ E L
3 i 50 | g 2
E 400 =" 3 bt
E 5 g a0
3 H&E 5 g
2 start of doxycycline 2 200 8
E 200 1 > start of doxycycline g
g l @ Doxt g E20
= (S 2
= 2
10 mm 50 um 5
0 1 I & - — 0 | S S S S S S B — 0
0 5 10 156 20 25 30 35 0 5 10 15 20 25 30 35 40 45 = Dox +
S5 Days after injection Days after injection 60
3 o04d ° % =
£ - S 540
2 03 v 3
: - * g 2
§ 024 — 3
E
0.1 4 L)
Dox- Dox+ 10 0
0

= Dox +

Figure 4.12 LMO?7 promotes tumor growth and metastasis of EwS in vivo. a. Measurements of
tumor volumes (mm?®) over time (days) in subcutaneous injection of A-673/TR/ShLMO7 491 #2
with/without Dox-mediated LMO? silencing (left). n = 8 animals/condition. Unpaired two-tailed Mann-
Whitney test for endpoint tumor sizes. Representative images of xenografts (scale bar at 10 mm) and
respective IHC stainings using anti-LMO7 antibody (PA5-54281, Invitrogen) at 40x objective
magnification (right). Scale bar at 50 pm. b. Average mitotic cell count, apoptotic bodies and necrotic
area in each H&E xenograft staining from subcutaneous injection A-673/TR/shLMO7 491 #2 cells.
For each xenograft H&E staining, ten fields at 40x objective magnification were observed per sample
and average of each was used to make a graph. n = 8§ biologically independent xenografts/condition.
Horizontal bars represent the mean and whiskers the SD. Two-tailed Mann-Whitney test. c.
Measurements of tumor volumes (mm?®) over time (days) in subcutaneous injection of MHH-ES-
1/TR/shLMO7_492 #23 with/without Dox-mediated LMO?7 silencing (left). n = 9 animals/condition.
Horizontal bars represent the mean and whiskers the SD. Two-tailed Mann-Whitney test for endpoint
tumor sizes. Representative xenograft images (scale bar at 10 mm) and their respective H&E stainings
at 40x objective magnification (right). Scale bar at 50 pm. Tumor weight of both groups at the endpoint
(below). n = 9 biologically independent xenografts. Two-tailed Mann-Whitney test. d. Measurements
of leg circumference (mm?®) over time (days) in orthotopically injected MHH-ES-1/TR/shLMO7_491
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#42 with/without Dox-mediated LMO?7 silencing into right tibia bone (left). n = 8 biologically
independent animals/conditions. Unpaired two-tailed Mann-Whitney test for endpoint tumor sizes.
Number of hepatic macro-metastases observed in each mouse (right). n = 8 animals/condition.
Horizontal bars represent the mean and whiskers the SD. Two-tailed Mann-Whitney test.
Representative images of livers with respective H&E staining of both conditions (below). Liver weight
(g) of both groups at the endpoint. n = 8 animals/condition. Two-tailed Mann-Whitney test.

4.7. circLMOY7 is dependent on LMO7 expression levels in vivo

Circulating tumor cells and exosomes are the key for transitioning and preparing tumor
microenvironment for local invasion and metastatic spread (Liu et al., 2022; Luo et al., 2023;
Zhan et al., 2023). This prompted me to investigate further if LMO7 could have a direct impact
on communication between cells to aid in transitioning from localized invasiveness to
metastatic spread. A recent study from Luo et al. (2024) showed that circular LMO7 RNA
(circLMQO7) was transmitted via exosomes and was important in osteosarcoma development,
while Wei et al. (2017) showed its importance for inhibiting myoblast differentiation.
circLMOY7 is derived from circular covalent binding of exons 3, 4 and 5 spliced from parental
linear LMO7 mRNA (Figure 4.13a) (Luo et al.,, 2024). Given the circular structure of
circLMO?7, 1 utilized the specifically designed RT-qPCR junctional primers from Luo et al.
(2024) for quantification of circLMO7, which do not attach to the parental LMO7 gene. In order
to capture both possible intra- and extracellular circLMO7, RNA was isolated from xenograft
tumors from previously described mouse experiments. Parts of tumorous tissue (including the
stroma and extracellular matrix) were lysed for downstream analysis. Figure 4.13b shows both
significant downregulation of parental linear LMO7 mRNA (P = 0.003) and significant
downregulation of circLMO7 (P = 0.0007) in the same mice tumors upon Dox treatment. The
downregulation of circLMO7 upon parental gene KD is a direct consequence of reduced
primary transcript availability, which shows that circLMO?7 is transcriptionally coupled to its
host gene. As previously shown, LMO7 expression is significantly associated with worse
prognosis and metastatic disease in EwS and with spontaneous development of metastases in

EwS in vivo models (Figure 4.3; Figure 4.12).
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Figure 4.13 circLMO7, exosomally-transmitted small circular RNA, has reduced expression in
EwS upon LMO7 KD. a. Schematic of circLMO7 structure. circLMO7 is derived from circular
covalent binding of exons 3, 4 and 5 spliced from parental gene LMO7 mRNA. Figure modified
according to Luo et al. (2024), PMID: 38742566. Open Access article published with license by Taylor
& Francis Group, LLC. The article has been distributed under a Creative Commons CC BY license,
whereas reuse of this material for non-commercial/educational purposes is possible without obtaining
additional permissions. b. LMO7 mRNA and circLMO?7 expression, measured in RNA isolated from
mice tumors. RPLP(0 was used as a housekeeping gene in both cases. circLMO7 primer sequences for
RT-qPCR obtained from the study by Luo et al. (2024).
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S. DISCUSSION

5.1. Implications of multi-omics approach for elucidating the metastatic process and

discovery of novel clinically relevant targets in EwS

Omics technologies have revolutionized cancer research by enabling the comprehensive
characterization of the molecular complexities that drive tumor initiation, progression, and
heterogeneity (Chakraborty et al., 2024). The integration of omics technologies provides an
unprecedented opportunity to bridge basic scientific discoveries with translational applications,
ultimately informing novel diagnostics, biomarkers, and personalized therapeutic strategies for

cancer patients (Yates et al., 2025).

One of the biggest projects that integrated knowledge from omics-technologies in EwS was the
Ewing Sarcoma Cell Line Atlas (ESCLA), a comprehensive resource profiling 18 EwS cell
lines using whole-genome sequencing, DNA methylation arrays, gene expression and splicing
arrays, proteomics, and ChIP-seq for fusion proteins and histone marks. This atlas enabled the
study of expression regulation, cellular heterogeneity, and the impact of fusion oncogene
knockdown in EwS cell lines (Orth et al., 2022). Similar studies have also continued recently
utilizing a spontaneous metastasis mouse model in EwS (Chicon-Bosch et al., 2025). These
studies have combined transcriptomics, proteomics, and methylomics to identify key drivers
of metastasis and poor prognosis in this disease. By integrating various omics technologies,
signaling cascades and candidate genes enriched in metastases have been identified, that could
be influencing EwS agressivness. Experimental validation of two of these candidates, cyclic
AMP-responsive element-binding protein 1 (CREB1) and lipoxygenase homology domain-
containing protein 1 (LOXHD1), showed an association with migration and clonogenic
potential (Chicén-Bosch et al., 2025). Additionally, studies that utilize single-cell technologies
in EwS are just starting to develop in recent years, while spatial technologies are fully lacking.
The first comprehensive study that utilized patient material using single-cell RNA-sequencing
to study the TME of EwS was from Visser et al. (2023). However, scRNA-seq studies
ultimately lack the spatial information required to correlate transcriptional state dynamics with
tumor topography (Arora et al., 2023), while spatial transcriptomics can obtain information
about the TME and cell heterogeneity within the tissue context (Jin et al., 2024). Such
technologies combined with patient material and clinical data, generate a powerful tool in

bridging the gap between fundamental cancer biology and clinical oncology, leading to
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significant advancements in cancer diagnostics, treatment, and patient outcomes (Chakraborty

et al., 2024).

Despite these and other advances, the mechanisms driving metastasis in EwS remain
incompletely understood. Omics approaches, especially spatial and single-cell technologies,
are helping to unravel the intra- and inter-tumor heterogeneity that complicates patient
treatment (Chakraborty et al., 2024). Such technologies could be of remarkable use in EwS
research, particularly given the fact that the main FET::ETS fusion driver of EwS is
heterogeneously expressed within tumor tissue (Franzetti et al., 2017). For that purpose, the
aim of this thesis was to fill the gap in the knowledge by exploiting the advancements in omics
technologies to investigate EwS tumor heterogeneity, local invasiveness, and metastatic spread

with a quest for clinically relevant molecular targets.

5.2. EWSRI1::FLI1 drives spatially and transcriptionally different programs

As described earlier, spatial transcriptomic technologies have enabled us to study tumor
heterogeneity at unprecedented level and unraveled functional roles of spatially close/distant
regions. I hypothesized that by utilizing spatial transcriptomics in EwS patient samples,
heterogeneity of EWSRI::FLII expression could detected in a regional/zonal manner within

the tumor mass.

Reports have shown that cancer cells at the leading edge are more invasive than cancer
cells inside the tumor core (Yan et al., 2021). The leading edge (or invasive front) of a solid
tumor is defined as the border region where the tumor mass directly interacts with the
surrounding stroma, a zone critical for tumor-stroma communication and tumor progression (Ji
et al., 2020; Mo et al., 2024). In addition, it has been reported that genes associated with worse
outcome for tumor patients are part of the signature expressed in the leading tumor edge in
comparison with the tumor core (Arora et al., 2023). Results of this thesis also support such
hypothesis and show that indeed in EwS, the invasive tumor front also expresses signatures
that are associated with worse patient outcome. Namely, the invasive front of a EwS patient
sample that was spatial transcriptomic profiled was enriched for EWSRI1::FLI1-low activity
signature and higher LMO?7 expression, which are both associated with worse patient outcome
and metastatic disease in EwS. This would support the initial hypothesis that EwS tumors do
not have a random EWSR1::FLI1 expression heterogeneity, but that EWSR1::FLI1 expression

shows a regional/zonal patterning with the tumor core being predominantly composed of
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EWSR1::FLI1-high expressing cells while theinvasive front is enriched for EWSR1::FLI1-low
expressing cells. In order to closer describe the EWSRI1::FLI1-low activity signature only
within EwS tumor cells I included several methods which defined tumorous from non-
tumorous tissue (see Methods). In this way I was able to distinguish the cells in the tumor that
have true EWSR1::FLI1-low activity signature, from adjacent non-tumorous tissue that has no
fusion expression at all. Furthermore, it has been described in the literature that leading tumor
edge has a unique set of molecular signatures and is enriched in genes related to EMT, MMPs,
TGF-B, EGF and invasive immunosuppressive signaling (Arora et al., 2023; Bastola et al.,
2020; Quail & Joyce, 2013; Wu et al., 2021). Also, gene expression profile of the leading edge
is often conserved across different cancer types, reflecting common mechanisms of invasion,
while the profile of the tumor core is more tissue-specific (Arora et al, 2023). Pathway spatial
analysis of the EwS patient sample also revealed higher enrichment of TGF-f, TNFa and
EGEFR signaling in EWSR1::FLI1-low activity area.

Pathways expressed at invasive tumor front of EwS are related to cell movement, actin
and integrin binding, immunosuppressive programs. Namely, TNFa, EGFR, TGFp, JAK-
STAT and NFxB pathways all regulate genes and proteins that control cell movement,
including integrins, actin-binding proteins, and MMPs (Margadant & Sonnenberg, 2010; Misra
et al,, 2012; Wu & Zhou, 2010; Xue et al., 2023). In addition, TGF-$ along with other
chemokines, establishes an immunosuppressive microenvironment that promotes metastasis

and tumor progression in EwS (Kumar et al., 2025).

Zonular expression of transcriptional programs would implicate possibility of dual
anticancer treatment where tumors with such transcriptionally distinct programs would need at
least two combined therapies for successful treatment. One that would target cells from the
leading edge and one that is targeting tumor core. Indeed, in silico modeling in oral squamous
cell carcinoma showed that drug response predictions differ between tumor core and leading
edge, suggesting that these regions may require distinct therapeutic strategies (Arora et al.,
2023). Hence, it is tempting to speculate that optimal effect in EwS would be gained in firstly
applying the treatment targeting the leading edge with special focus on TGF-, EMT and
immune TME, after which targeted therapy for tumor core would be applied such as hypoxia-
targeted agents, chemotherapy, or targeting cancer unique markers of more proliferative EwS
cells. Such concept would then also be applicable to any solid malignancy that has spatially
and transcriptionally distinct phenotypes. Targeting both zones can address the heterogeneity

within tumors and reduce the risk of drug resistance. EWSR1::FLI1-low and high signatures
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have been known as contributing factors in EwS tumorigenesis as well as being phenotypically
and functionally distinct (Chaturvedi et al., 2012; Franzetti et al., 2017; Willis et al., 2013), but
so far, have never been recognized as two spatially separate transcriptional programs. In order
to confirm zonal expression pattern of EWSR1::ETS on a larger cohort of patients, future
efforts should include spatial transcriptomic profiling of additional patient samples, ideally
from both soft tissue and bone localized EwS which are recognized to have different impact on

overall patient survival (Applebaum et al., 2011).

5.3. EWSRI1::FLI1 regulation of metastasis relevant genes

The EWSR1::FLII fusion protein acts as an aberrant transcription factor (Jo, 2020) that has
both activating and repressive functions in EwS cells that drive oncogenesis (Riggi et al, 2014).
While research has mainly focused on EWSR1::FLI1 gene-activating (neo-enhancer) functions
(Gangwal et al., 2008; Johnson et al., 2017; Orth et al., 2022), some studies have highlighted
EWSRI1::FLI1-repressive role that is also critical to the EwS tumor biology (Riggi et al., 2014;
Sankar et al., 2013). EWSR1::FLI1 has both direct and indirect mechanisms of gene repression
(Yasir et al., 2023). It can directly repress transcription by binding to canonical ETS motifs and
displacing wild type ETS transcription factors from mesenchymal enhancers (Riggi et al.,
2014). Some earlier described indirect mechanisms of gene repression involve the activation
of transcriptional repressors like NKX2-2 (Owen et al., 2008) or recruiting repressive protein

complexes (Tomazou et al., 2015).

On the example of LMO7 it was shown that its expression in EwS cells in not regulated
through direct EWSR1::ETS binding in the proximity of LMO7 TSS. However, LMO7 had
significant changes in expression dependent on EWSRI1::FLII oscillations. LMO7 was
enriched in a EWSR1::FLI1-low cell state, both at the RNA and protein level (Figure 4.4). But
in two reanalyzed ChIP-seq datasets (Patel et al., 2012; Riggi et al., 2014) and HIChip data,
there was no direct EWSR1::FLI1 binding signals in the vicinity of LMO?7 TSS, neither in the
condition with/witout EWSRI::FLII KD. Similar observations were also recorded when
cloning ETS-core sites found in the proximity of LMO7 TSS, upstream of luciferase gene and
expressing it in the conditins with/witout EWSR1::FLII KD (Figure 4.5). However, it has been
described by Riggi et al. (2014) that EWSRI1::FLII interacts with p300, a transcriptional
coactivator with histone acetyltransferase activity that can epigenetically regulate gene

expression through histone acetylation. They observed strong p300 signals in activated
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EWSRI1::FLI1 binding sites and dynamic changes in p300 occupancy that were closely
coordinated with decreases in H3K27ac in activated sites and increases in H3K27ac at
repressed sites upon depletion of the fusion (Riggi et al., 2014). This prompted me to
investigate if LMO? is transcriptionally regulated through histone modifications, which have
been shown on a large genome scale, as a common mechanism of regulation of EWSR1::FLI1-
repressed genes (Riggi et al., 2014). Fusion binding sites are classified as repressed if
EWSRI::FLII depletion results in increased H3K27ac and p300 signals, and those were also
enriched for ETS motives. When re-analyzing the ChIP-seq datsets from Ebegboni et al.
(2024), in the vicinity of LMO7 TSS, there was an enrichment of H3K27ac upon EWSRI1::FLI1
KD. As well, proximity of LMO7 TSS was enriched with ETS motives.This would chategorize
LMO7 as a EWSRI1::FLI1-repressed gene. In sum, results of this thesis show that LMO?7 is not
directly regulated by EWSR1::FLI1 binding in the vicinity of TSS, but rather suggest it is
epigenetically regulated EWSR1::FLII target through histone acetylation.

Recent studies in EwS have shown that pharmacological inhibition of p300/CBP
histone acetyltransferases reduces H3K27ac in EwS and could show effective results both in
vitro and in vivo (Wei et al., 2024). Also, target genes of p300 in EwS have been linked to
worse patient outcome (Wei et al., 2024). Thus if LMO7 gene activation is regulated via p300
acetyltransferase activity and H3K27ac, then pharmacological inhibition of p300 would also
reduce the expression of LMO7 and cause a phenotypically similar effect to LMO7 KD.
Reanalysis of RNA-seq data from Wei et al. (2024) (GEO, SRA: PRINA1161150), with special
attention to LMO?, indicated significant downregulation of LMO7 expression in all three tested
EwS cell lines upon treatment with p300/CBP inhibitor (iP300w) and could be an indication
of regulatory mechanism upstream of LMO7 in EwS, that could be pharmacologically targeted.
Future endeavors should include testing p300/CBP inhibitor on PDX models that have distinct
LMO7 expression levels (high vs. low) or on metastasis and localized EwS tumor derived PDXs

to compare whether the efficiency of this drug is dependent on LMO7 expression levels.

5.4. LMO7 gene body methylation

Yet another epigenetic layer regulating LMO7 expression in EwS is gene body DNA
methylation. DNA methylation in promoters is well known to silence genes and is the
therapeutic target of methylation inhibitors (Yang et al., 2014). In human genomes, Rauch et

al. (2009) and Maunakea et al. (2010) first confirmed that methylated gene body regions
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correlated with higher levels of gene transcription (Wang et al., 2022). Similarly, in cancer,
gene body methylation is frequently associated with transcriptional activation, not silencing
(Jjingo etal.,2012; Wang et al., 2022). Gene body methylation is important cellular mechanism
because it can affect processes such as histone modification (Jeziorska et al., 2017), alternative
splicing (Faustino & Cooper, 2003), and spurious transcription (Neri et al., 2017). In EwS,
studies have mapped methylation patterns across the genome and discovered that EwS-specific
hypermethylated CpG islands overlapped with developmental regulators of various lineages,
including polycomb-repressed regions in pluripotent stem cells, AP-1 binding sites, and
binding sites of various developmental transcription factors (Sheffield et al., 2017), though it
was not clearly specified whether these changes included promoter regions exclusively or gene
bodies as well. The results of this thesis show that several CpG islands within the LMO7 gene
body are significantly correlated with its higher expression in EwS patient samples.
Additionally, there was one CpG in the proximity of LMO7 TSS that was outside gene body
but also associated with LMO7 higher expression in a set of patient samples. This particular
CpG island could serve a regulatory role and have similar function like the one earlier described
in the literature of glioblastoma, where LMO?7 promoter methylation caused upregulation of
LMO?7 expression (Oyinlade et al., 2018). It is also important to highlight that LMO7 higher
expression was also significantly associated with worse patient outcome and development of
metastatic disease in EwS patients. Such results would indicate that methylation near the LMO7
TSS as well as LMO7 gene body methylation could be important for fueling the LMO?7-related
metastatic phenotype in EwS. Still, further comparative methylation studies done in healthy
and EwS cells, as well as CRISPR-based tools to experimentally alter the methylation status
(Vojta et al., 2016) would be need to fully elucidate this mechanism.

DNA methylation is a complex process, and usage of DNA methylation inhibiting
agents in EwS can not only reduce promoter DNA methylation of silenced tumor suppressors
like p53 and many others (Cristalli et al., 2022; Hossain & Ray, 2014; Ryland et al., 2016), but
could also be used to reduce the methylation of gene bodies of genes like LMO?7, that are have
methylation associated with higher gene expression and are metastasis promoting genes in
EwS. Studies performed in other cancers show that DNA methyltransferase (DNMT) inhibition
tends to reverse EMT and inhibit tumor metastasis (Bu et al., 2018; Cui et al., 2018; Galle et
al., 2020). In EwS such agents are currently in the research stage (Cristalli et al., 2022).
Nevertheless, other genes relevant for the development of EwS might have different

methylation patterns than what we know now, thus extensive research (also including gene
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body methylation) should be done prior to further clinical applications of DNA methylation

inhibiting agents in EwS.

5.5. EMT/MET plasticity and metastatic processes in EwS

In tumors, EMT is a cellular process in which cells lose their epithelial characteristics and
acquire mesenchymal features (Pastushenko & Blanpain, 2019). EMT is a fundamental process
for cancer progression, particularly metastasis (Allgayer et al., 2025). Cells undergoing EMT
acquire mesenchymal traits such as increased motility, invasiveness, and resistance to apoptosis
which are associated with aggressive tumor behavior and poor prognosis (Kong et al., 2011).
In many tumors it is known that high EMT score has worse prognosis for the patient (Kahlert
et al., 2017; Li et al., 2022; Xiao et al., 2022). EMT has long been viewed as a binary process
with two distinct cell populations, epithelial and mesenchymal (Hay, 1995). It is often defined
by the loss of the epithelial markers like E-cadherin, and gain of the mesenchymal markers
expression like vimentin (Yamashita et al., 2018). However, recent research reveals that EMT
occurs gradually through multiple cellular states. These states express varying degrees of
epithelial and mesenchymal markers and can exibit intermediate morphological,
transcriptional, and epigenetic characteristics. Such intermediate states, often termed hybrid or
partial EMT, exist between fully epithelial and fully mesenchymal cell phenotypes (Nieto et
al., 2016; Pastushenko et al., 2018). Hybrid epithelial/mesenchymal states have been identified
as particularly tumorigenic and metastatic, with some evidence suggesting they may be even
more aggressive than fully mesenchymal phenotypes (Chakraborty et al., 2020). Interestingly,
cells exhibiting partial EMT were spatially localized at the leading edge of the tumor in the

patient cohort of head and neck squamous cell carcinoma (Puram et al., 2017).

However, in sarcomas, hybrid epithelial/mesenchymal state might be the default state
since those tumors normally express both epithelial and mesenchymal markers (Sannino et al.,
2017), and especially pediatric and soft tissue sarcomas are among the most aggressive
malignancies known (Damerell et al., 2021). Furthermore, in EwS there is a genetic fusion that
might be fueling those hybrid epithelial/mesenchymal states even more, being itself
heterogeneously expressed and influencing the shifts between more epithelial and more
mesenchymal phenotypes (Silveira et al., 2023; Wiles et al., 2013). Here, I showed with the
example of LMOQO7, a gene highly enriched in the more mesenchymal/migratory-like

EWSRI1::FLI1-low state (Franzetti et al., 2017), that LMO?7 is an important factor fueling EMT
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and metastatic phenotype in EwS. Namely, LMO7 KD caused significant downregulation of
the EMT pathway at both the transcriptomic and proteomic level (Figure 4.9). EMT being the
most downregulated pathway upon LMO?7 KD, could indicate that LMO?7 is likely an important
positive regulator of the EMT process in EwS. Such dual proteotranscriptomic decrease in
EMT underscores that the effect is robust and not limited to post-transcriptional or post-
translational regulation, suggesting that LMO7 acts either directly in the EMT network or in a
critical upstream signaling pathway. Transcriptomic analysis of LMO7 KD cells further
highlighted significant downregulation of metalloproteinases (namely, MMPI and MMP?2),
which are one of the most important factors for the disassembly of the ECM and its
constituents, are elevated in most cancer types, and are frequently associated with poor

prognosis (Fares et al., 2020).

Integrative analysis of transcriptomic and proteomic datasets upon LMO7 KD further
highlighted TGF- stimulated EMT as being most commonly downregulated, while oxidative
phosphorylation pathways being most commonly upregulated. This could indicate that TGF-3
signaling has a strong influence on EMT in EwS and that decrease of LMO7 expression causes

reduction of such signaling, as well as metabolic shift towards oxidative phosphorylation.

Firstly, TGF-B plays a dual and context-dependent role in normal tissues and tumors,
where it maintains tumor suppressor effects in normal cells and early carcinomas, but its
cytostatic effects are often lost during the progression of the disease and then it promotes EMT-
driven progression and metastasis (Lebrun et al., 2012). TGF-J further supports cancer growth
and progression by activating tumor angiogenesis and cancer-associated fibroblasts and
enabling the tumor to evade inhibitory immune responses (Hao et al., 2019). Genes promoting
EMT and TGF-p signaling often also suppress interferon responses and immune surveillance,
facilitating immune escape and tumor progression via immunosuppressive tumor
microenvironment, resistance to cytotoxic T cells and NK cells (Tseng et al., 2022). This would
further also be supported with the results of both transcriptomic and proteomic analysis of
LMO7 KD in EwS cells, where upon LMO7 KD, there was an increase in interferon a and vy
signaling. Those results would strongly suggests that LMO7 plays a suppressive role on
interferon-mediated immune responses and is a key mediator of immune evasion in EwS.
Recent work from Daley et al. (2025), further supports this with findings in EwS TME being
highly immunosuppressive due to the high TGF-f, low interferon, and low human leukocyte

antigen (HLA) class I expression.

81



DISCUSSION

Proteomic analysis of LMO7 KD cells further suggested a significant downregulation
of many non-canonical TGF-f branches (KEGG Medicus, MsigDB pathway analysis,
Supplementary figure 7.3), like downregulation of signaling in c-Jun N-terminal kinase
(JNK), ERK and Ras homolog family member A (RhoA), as well as downregulation of talin-
vinculin signaling. To further support findings that LMO7 promotes EMT through mainly
affecting non-canonical TGF-f signaling in EwS, future studies should aim to test canonical vs
non-canonical separation (Clayton et al., 2020). Perform time-resolved western blots after
TGF-B1 stimulation for p-Smad2/3 and p-Smad-independent arms (p-JNK, p-ERK, p-p38 and
phosphorylated myosin phosphatase target subunit 1, p-MYPTT1) (Sheikh et al., 2025) in EwS
cells with/without LMO7 KD. Additionally, reduced number of focal adhesions in confocal
microscopy (anti-vinculin staining) upon LMO7 KD, could further reflect disruptions in this
mechanotransduction platform that connects mechanical force sensing with TGF-B non-

canonical pathway activation driving metastasis and EMT progression (Xu et al., 2017).

Secondly, LMO7 causes a shift in EwS cell metabolism. EwS cells have significantly
more glycolytic activity compared to their non-malignant counterparts (Dasgupta et al., 2017).
The Warburg effect uses glycolysis as a source of energy, even in well-oxygenated
environments (Hanahan & Weinberg, 2011), and enables cancer cells to avoid excess reactive
oxygen species generation from mitochondrial respiration and thus gain increased anoikis
resistance and survival advantage for metastasis (Lu et al, 2015). Enhanced glycolysis in
tumors supports not only tumor growth but also invasion, metastasis, drug resistance, and
immune evasion, through acidification it is impacting the TME, affecting stromal and immune
cell function, and is recognized as a poor prognostic feature across multiple cancer types (Zhao
et al.,, 2024; Zhou et al., 2022). In EwS, increased glycolysis and the Warburg effect is
associated with increased cancer progression (Jiang et al., 2022). Also, high expression of
glycolytic genes in EwS is associated with worse patient outcome (unpublished data from 196
EwS patient cohort, analyzed by a Master student of our lab, David Wolthart). LMO7 KD
showed a significant reduction in glycolysis in transcriptomics and metabolic shift towards
oxidative phosphorylation in proteomic analysis. Additionally, P300 earlier described in this
thesis as likely upstream regulator of LMO?7 expression is one of the key transcriptional
coactivator contributing EMT through various signaling pathways including TGF-f (Ko et al.,
2013; Liao et al., 2013), Wnt/B-catenin (Inoue et al., 2016; Sun et al., 2000) and hypoxia
inducible factor 1 subunit alpha (HIF-la) (Shao et al., 2023). p300/CBP are essential

coactivators that bind HIF-1o, which is necessary for HIF-la-mediated transcription of
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hypoxia-inducible genes. This includes about 30-50% of HIF-la downstream targets
responsible for responses to low oxygen, such as EMT and metabolic reprogramming (Luo &
Wang, 2018). Thus, p300 alongside HIF-1a is involved in the transcriptional activation of
glycolytic genes to shift cancer cells toward glycolysis (the Warburg effect), a metabolic
phenotype that supports EMT and cancer metastasis (Zhang et al., 2021b). Upon LMO7 KD, a
likely downstream effector of p300/CBP in EwS, there was a reduction in glycolytic pathways,
a metabolic shift towards oxidative metabolism and suppressed EMT. Nevertheless, the classic
distinctions between glycolytic and oxidative tumors must be carefully reconsidered because
hybrid phenotypes may confer more adaptable behaviors for soft tissue sarcoma cells (Miallot
et al., 2021). To further follow up on previous discoveries, it would be desirable for future
studies to preform a Seahorse experiments on EwS cells with/without LMO7 KD to directly
measure cellular metabolism, specifically the rates of oxygen consumption and extracellular

acidification (Caines et al., 2022).

Lastly, both transcriptomic and proteomic analysis revealed significant influence of
LMO7 KD on mitotic spindle. This suggests that LMO7 supports both cell proliferation (via
mitosis) and EMT-driven invasive phenotypes. Also, the role of LMO7 in cell division was
earlier described in the literature, where overexpression of LMO7 caused a spindle assembly
checkpoint defect (Tzeng et al., 2018). Here, [HC analysis of mouse xenograft tumors showed
LMOY7 staining colocalized with mitotic spindles in actively dividing cells, and confirmed

decrease of mitotic cells upon LMO7 KD in H&E staining.

The integrative approach employed in this thesis further highlighted the influence of
LMO7 on ACTB, a key cytoskeleton protein, important in EwS fusion-low cells for
cytoskeleton remodeling, invasion and metastasis (Chaturvedi et al., 2014; Franzetti et al.,
2017; Katschnig et al., 2017). Previously mentioned, TGF-B-induced EMT, also involves
extensive actin cytoskeleton reorganization. TGF-f} signaling through both Smad-dependent
and Smad-independent pathways induces the dissolution of epithelial structures, formation of
actin stress fibers, increased cell motility, formation of invadopodia (Katsuno et al., 2013; Xu
et al., 2009). IF imaging further strengthened the influence of LMO7 on cytoskeleton in EwS
cells. Here, the colocalization area of LMO7 and filamentous actin (stained with phalloidin)
was to great extent overlapping, and diminished upon LMO?7 KD (Figure 4.10). This provides
direct spatial evidence that the LMO?7 is associated with actin cytoskeleton structures. Such
colocalization is typical for actin-binding proteins, adaptor proteins, cytoskeletal regulators, or

signaling molecules that modulate or are modulated by actin dynamics (Haynes et al., 2011;
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Nurmagambetova et al., 2023), and was also earlier described in the literature in the context of
LMOY7 interaction with F-actin network in other cell types (Du et al., 2019; Matsuda et al.,
2022; Zhen et al., 2022).

In sum, those results would indicate that LMO7 is a critical positive regulator or
mediator of the TGF-B-driven EMT pathways and cytoskeletal rearrangements in EwS. LMO7
corroborates interference with the cytoskeletal remodeling required for the mesenchymal
transition, indicating an influence on of cell motility and metastatic potential. Altogether, this
observations would align with phenotypical changes in vitro and in vivo upon LMO7 KD,
where it significantly influenced primary tumor growth and completely abrogated metastasis

formation in vivo, supporting its importance in EwS tumorigenesis.

5.6. Limitations of the study and future perspective

This study was envisioned as one with translational cancer research potential. As such, it
ideally serves for bridging the gap between fundamental cancer biology and clinical oncology,
with strong potential to test research questions directly on patient derived data and facilitate
the application of results toward future clinical practice (Luo et al., 2025). In order to use the
most available source of patient tumor material, FFPE samples available from pathology
archives (Patel et al., 2007) and for the purpose of analyzing them with spatial transcriptomic,
a suitable method needed to be chosen. 10x Visium CytAssist enabled processing of FFPE
samples available from the archival tumors. It allowed the analysis of gene expression across
whole transcriptome, not limited to predefined panel of genes (Lim et al., 2025). However,
transcripts in this method are assigned to a 55 um? diameter, typically capturing transcripts
from 1-10 cells (for EwS, this method captures ~5 cells/spot), giving relatively high spatial
resolution for most tissue contexts (Zhu et al., 2023). Therefore the resolution is not truly
single-cell, because each spot contains a composite signal, the total counts for each gene are a
sum from the different cell types present in that location (Lim et al., 2025). Bioinformatics
methods like deconvolution are a processing step to resolve cell type heterogeneity within each
spot and recover near single-cell resolution information (Kleino et al., 2022). Reference-based
deconvolution method uses single-cell RNA sequencing data from the similar source, ideally
from the same patient or a closely matched cohort, as a reference to estimate the proportions
of different cell types that would best explain the overall expression profile of a given spot

(Wang et al., 2025). This reliance on single-cell transcriptomics references constrains the

84



DISCUSSION

spatial mapping of cell types to those in the reference (especially problematic is heterogeneity
between patients), which may present limitations if there are missing cell types, mismatched
cell types, perturbations, and batch effect differences between the single-cell transcriptomics

reference and spatial transcriptomic data to be deconvolved (Miller et al., 2022).

Recently, several reference-free deconvolution methods emerged, that do not fully rely
on the single cell data, while in practice, many researchers try both approaches or use reference-
free methods initially and then refine results with single-cell references when such are available
(Miller et al., 2022). However, single-cell RNA sequencing from the same patient tissue or
similar cohort wasn’t available and I opted for using the readout from few EwS cells localized
in one spot to get insight in spatial expression patterns of genes of interest. Thus, I applied
processing steps similar to what reference-free deconvolution method would do, but to
determine the tumor border (separate tumor cells from tumor-adjacent tissue) which was
important to define for my research question. For that purpose several steps for characterizing
the tumor area have been utilized: number of transcript counts (tumor cells, especially
aggressive tumors like EwS have several times higher global transcription rates than normal
tissues (Zatzman et al., 2022)), tumor marker genes, in addition to histology defined tumor
border to separate the tumorous from tumor adjacent tissue. It has been also known from the
literature that defining the tumor border can be especially challenging in tumors with
infiltrative growth patterns and that many tumors in pan-cancer studies have shown subtle or
gradual transitions in gene expressions between tumor and adjacent non-tumor tissue that often
result in intermediate or overlapping gene expression states (Aran et al., 2017). This can further
blur the distinction in gene expression profiles in cell types and it becomes difficult or
impossible for reference-free deconvolution methods to tell them apart. So, ideally the future
efforts that would intend to study transcriptional programs in different cells of EwS TME, or
interactions between EwS and tumor stroma should include single-cell scale resolution spatial
transcriptomic methods like 10x Visium HD or Stereoseq (Lim et al., 2025). Additionally, in
the future, if there is availability of such patient material, bearing in mind the rarity of EwS
cases on | million people (Chakraborty et al., 2018), single-cell sequencing of primary,
metastatic and circulating tumor cells from the same patient could be utilized to further
elucidate the changes in EWSR1::ETS expression on the spatial and single-cell resolution scale
during the progression of the disease. Furthermore, the research of this thesis revealed the
importance of LMO7 for EwS invasion and metastasis, and in the previously suggested studies

it would be attractive to explore possible differences in LMO7 expression on the single-cell
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resolution scale in named paired patient material. Such project design would enable deeper
understanding of metastatic dissemination beyond EwS that is applicable to other, especially

fusion-driven tumor entities.

Additionally, it would be interesting to observe if there are possible differences in
LMO7 nuclear and cytoplasmic cellular roles (both in healthy and tumorous cells like EwS).
According to previous results in EwS cells, LMO7 had both nuclear and cytoplasmic
localization (Figure 4.10). The localization in EwS cells has been determined through IHC and
IF staining, using different brands of antibodies and additionally using the method of cellular
fractionation to rule out the non-specific staining. However, the limitation is that both brands
of antibodies were polyclonal antibodies targeting the same epitope of LMO7 and were the
only ones available on the market. Unfortnately, a third antibody tested, a mouse monoclonal
antibody aginst LMO7 (B-7, #sc-376807, Santa Cruz), did not work in our hands. Also, cellular
fractionation was yielding very low protein concentrations for cytoplasmic and whole-cell
protein fraction since the used kit (Nuclear Extract Kit, Active Motif) was mainly designed for
extraction of nuclear protein fraction. Still, dual localization of LMO7 has been already
recognized in other cell types (Holaska et al., 2006; Possidonio et al., 2016) and also suggested
due to the structure of its protein domain containing nuclear localization signal (Gomes et al.,
2021). While LIM domain can have both nuclear and cytoplasmic roles in cells (Sala & Ampe.
2018), CH domain of LMQO7 is responsible for actin binding in the cytoplasm (Du et al., 2019).
Still, there are new studies emerging, that are showing the presence of actin also in the nucleus
(Serebryannyy & de Lanerolle, 2020), although direct binding to nuclear actin via CH domain

needs further investigation.

Such dual localization reflects that LMO7 is a multifunctional and possibly shuttle
protein with roles in both cellular compartments. Additionally, LMO7 staining pattern was
different depending on its location. In the nucleus, LMO7 had specular (punctate) and in the
cytoplasm, fibrous staining pattern. Cytoplasmic fibrous staining and actin colocalization often
denotes a role in actin filament organization and cytoskeletal remodeling, key for migration,
invasion, and morphology in EMT (Haynes et al., 2011). Punctate nuclear pattern suggests
regulation of gene expression, likely associated with transcriptional complexes (Davis et al.,
2013), chromatin remodeling (Zaidi et al., 2005), participation in nuclear bodies (Shishido-
Hara, 2010) or nuclear speckles (Voss & Wang, 2023). If those roles are cell type specific, or
if and how they have an impact on various diseases in which LMO7 was earlier described

(EDMD (Holaska et al., 2006), hearing loss (Du et al., 2019), pancreatic cancer (Liu et al.,
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2012), breast cancer (Hu et al., 2011)) could be a focus for further investigations. For that
purpose, one could generate LMO7 mutants, targeting the nuclear localization signal (Gomes
et al., 2021; Notaro et al., 2021) and a mutant that won’t be able to bind actin (Moriyama et al.,
1992) requiring a mutation in CH domain of LMO7 (Du et al., 2019). Further, phenotypically
characterize, as well as transcriptome and proteome profile the mutants in comparison to
wildtype LMO7 to see which pathways/functions have been compromised upon introducing

the mutations.

As already mentioned previously, LMO7 was described in many diseases beyond
cancer, but to my knowledge, there are no drugs currently available that can target LMO7
directly. Thus, knowing the localization and consequences of mutating each protein domain
are essential for directly pharmacologically targeting LMO7. Alternatively, an upstream or
downstream protein of LMO7 pathway in EwS cells could be drug targeted to generate a
phenotypic effect similar to LMO7 KD. For that purpose, according to the previously provided
evidence (Figure 4.6d), an inhibitor of p300/CBP was suggested, which is and upstream
regulator of LMO7 transcription. While p300/CBP inhibitor (iP300w) is effective in
downregulating LMO7 expression, has shown promise in EwS preclinical studies (Wei et al.,
2024), and is being explored as a potential therapeutic, it has not yet progressed to clinical trials
in humans. However, there is potential in other drugs targeting LMO7 downstream pathways
like cytoskeleton disrupting drugs that may act on actin cytoskeleton depolymerization.
Cytochalasin D can reduce cell size and F-actin content and reverse EMT by causing the loss
of the mesenchymal markers in various metastatic cell lines (Jay Shankar & Nabi, 2015). Still,
Cytochalasin D is not approved for clinical use and is primarily a research tool due to toxicity
(Jay Shankar & Nabi, 2015). Additionally, there are other drugs like Celecoxib, that inhibited
EwS cell migration via actin modulation (Behr et al., 2015), and is currently included in several

clinical trials for other cancers (Totoczko-Iwaniuk et al., 2019).

Finally, the discovery of circLMO7 expression in EwS is tightly connected to the
availability of parental gene LMO7 transcript, thus could have prognostic value in EwS disease
course and would make a promising candidate for non-invasive liquid biopsies, namely blood
samples in suspected EwS patients. circLMO7 has been found as part of exosomes in
osteosarcoma (Luo et al., 2024) and is important for gastric cancer progression (Cao et al.,
2021). However, the limitation of this project was that circLMO?7 has not been isolated directly
from exosomes where circRNA is most abundant (Dou et al., 2016) but from xenograft tumor

tissue that included tumor cells and surrounding stromal components. Isolating circRNA
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exclusively from exosomes would be a direct proof of communication between the tumor, its
surrounding and distal organs. Still, bodily fluids for isolating exosomes, like blood from mice
models where tumors were growing, are very low in volume (usually 100-200 uL per sample,
to avoid harming the mouse or affecting its physiology) and would thus yield extremely low
RNA concentrations. And EwS patient blood samples were not available for this study.
Additionally, there might be limitations of background noise if there is endogenous mice
circRNA that could complicate signal detection. Thus, future endeavors could consider
circLMO7 and/or LMO?7 expression profiling in exosomes and CTCs from EwS patients’
blood. CTCs and exosomes are the key for transitioning and preparing tumor
microenvironment for local invasion and metastatic spread (Shi et al., 2024), and if there is a
marker of such process, it would enable capturing metastatic dissemination in an earlier time
point and in a non-invasive way. Better stratification of patients at diagnosis would indicate

better treatment options and higher rates of survival.
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6. CONCLUSION

Metastasis is the leading cause of cancer related death, and in sarcomas, this is no different
(Nandra et al., 2015). Despite many advances in multi-omics technologies and translational
cancer research, the mechanisms driving metastasis in EwS remain incompletely understood.
Single-cell and spatial technologies are of remarkable use in EwS research because of their
ability to dissect the expressional heterogeneity of the FET::ETS fusion (Franzetti et al., 2017),
the main driver of EwS tumorigenesis (Flores & Grohar, 2021). Using spatial transcriptomic
profiling of EwS patient tumor, this study elucidated that EWSR1::ETS-high and -low cells
have zonal expression within the tumor mass, showing spatially and transcriptionally distinct
programs. The EwS tumor core has a predominantly EWSRI1::FLI1-high activity signature,
while the invasive front (leading edge) of the tumor has a predominantly EWSR1::FLI1-low
activity signature. Thus, the invasive front contains more migratory and metastatic-like cells,
that are considered to be important for EwS metastatic spread (Franzetti et al., 2017). Analysis
of genes enriched in EWSR1::FLI1-low cells showed high expression of the clinically relevant
gene LMO?7, which is significantly associated with worse overall patient survival and
development of metastatic disease in a larger EwS patient cohort (n = 196). Integration of the
data from two EwS studies (Aynaud et al., 2020; Orth et al., 2022) as well as functional
experiments in cell lines with Dox-inducible EWSRI::ETS KD, resulted in finding that
EWSRI1::ETS is having a repressive effect on LMO7. Additionally, re-analysis of ChIP-seq
data from Ebegboni et al. (2024) indicated that LMO?7 expression could be epigenetically
regulated through presence of activating H3K27ac marks only in the condition of
EWSRI::FLII KD. This axis, regulating LMO7 expression, has the potential to be
pharmacologically exploited utilizing inhibitor of histone acetyltransferase complex p300/CBP
(1IP300w), that has previously shown effective results both in vitro and in vivo in EwS cells
(Wei et al., 2024), and also showed significant downregulation of LMO?7 expression in

comparison with untreated cells.

Integrative transcriptome and proteome profiling of EwS cells upon LMO7 KD,
highlighted LMO7 as an important factor associated with EMT and cytoskeleton remodeling
in EwS cells. Among the commonly and significantly downregulated genes and proteins upon
LMO7 KD was ACTB. Additionaly, IF imaging in EwS cells displayed colocalization of
LMO7 and F-actin, further emphasizing the impact of LMO7 on actin remodeling. Moreover,
transcriptomic and proteomic pathway analysis showed that LMO7 KD also reduced the
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immunosuppressive TME and metabolic shift towards glycolytic metabolic activity which are
known to be associated with increased cancer progression in EwS (Jiang et al., 2022).
Functional experiments proved that LMO7 KD decreases the capacity of EwS cells for
clonogenic growth and migration in vitro. Additionally, LMO7 KD significantly slowed down
primary tumor growth, and caused complete absence of metastasis in vivo. These findings
underscore the potential of LMO7 as a prognostic biomarker for better stratification of EwS
patients at diagnosis, while there is also potential for therapeutic targeting of p300-LMO7-actin
axis that could limit tumor growth and prevent metastasis, improving clinical outcomes of EwS

patients (Figure 6.1).

In sum, these results identify LMO?7 as clinically relevant key downstream target of
FET::ETS fusions in EwS, and provide an example of how the integration of functional, spatial,
and clinical data can shed light on mechanisms by which local invasiveness contributes to

metastatic dissemination in cancer.
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Figure 6.1. Schematic representation of the proposed role of LMO7 on EwS local invasiveness
and metastatic spread. a. Localized EwS tumor has spatially and transcriptionally distinct programs
fueling primary tumor growth and metastatic spread. Signatures enriched in tumor invasive front are
EWSRI1::FLI1-low activity and LMO7-high expression, both associated with worse patient outcome in
EwS patient cohort (n = 196). b. In the cells with EWSR1::FLI1-low activity, histone acetyltransferase
complex p300/CBP causes transfer of activating H3K27ac marks in the proximity of LMO7 TSS and
enhances LMO7 transcription. Then, LMO7 enhances EMT transcriptional programs in EwS cells,
colocalizes with F-actin and impacts actin cytoskeleton remodeling. Such changes in the cells of leading
tumor edge are supportive of local tumor invasiveness and metastatic spread and are mirrored in
phenotypic assays in vitro and in vivo.
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rwSMART-TRE3G-LMO7-  *
mCMV-TETON3G-Puro
12,497 bp

Supplementary figure 7.1 Representative plasmid maps of cloned constructs. All in silico cloning
and plasmid maps of this thesis were generated in SnapGene (version 7.2.1). a. Tet-pLKO-puro
(Addgene, #21915) with integrated shRNA sequence targeting LMO?7. Here shown sequence (indicated
in blue) was cloned in the plasmid using shLMO7 491 primers (Table 3.1) and restriction enzymes
Agel-HF and EcoRI-HF. b. pGL3-Fluc (Promega, #E1761) with integrated DNA fragment that contains
the 1% ChIP-seq FLI binding peak (indicated in R2 browser as hg19, chr13: 76,195,324-76,195,697).
Here shown sequence (indicated in dark green) was cloned in the plasmid using NEBuilder HiFi DNA
assembly protocol and primers with overhangs indicated in the table Table 3.1. Same protocol was used
for cloning of 2" ChIP-seq FLI peak (indicated in R2 browser as hg19, chr13: 76,340,783-76,341,217),
primers in Table 3.1. ¢. pGL4-10 (Promega, #9PIE665) with integrated fragment that contains the distal
LMO?7 promoter (hgl9 coordinates: chrl3: 76,140,731-76,140,978). Here shown sequence (indicated
in dark green) was cloned in the plasmid using NEBuilder HiFi DNA assembly protocol and primers
with overhangs indicated in the table Table 3.1. d. rwSMART-TRE3G_LMO7-mCMV-TETON3G-
Puro plasmid with integrated LMO7 transcript variant 1 (NM_005358.5) indicated in blue, generated
with the help of the Cellular Tools Core Facility (DKFZ, Heidelberg).
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Supplementary figure 7.2 RT-qPCR validation of LMO?7 expression upon 55 h siPOOL treatment
in RNA samples for Affymetrix transcriptome profiling. LMO7 expression normalized to
housekeeping gene RPLP(. Analysis done in 3 EwS cell lines: A-673, MHH-ES1 and TC-32. n =4
biologically independent experiments. Horizontal bars represent the mean and whiskers the SD. Two-

tailed Mann-Whitney test.
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Suplementary figure 7.3 Integrated transcriptomics and proteomics of LMO7 downstream
pathways. a. Cluster profile plot of Cluster 1, from of proteomic analysis in two conditions (NC and
LMO7 KD) in three EwS cell lines (A-673, MHH-ES-1 and TC-32). Oscilations in protein expressions
in this cluster correspond to n = 336 proteins. b. Most significantly differentially expressed pathways
from proteomic analysis in two conditions (NC and LMO7 KD) in three EwS cell lines (A-673, MHH-
ES-1 and TC-32) from curated gene sets KEGG Medicus (MSigDB). Red represents higher and blue
represents lower —logjo adjusted P-value. [NES | > 1.5, Pug;< 0.05. c¢. A GSEA enrichment plot of EMT
and glycolysis pathways from curated gene sets (Hallmark, MSigDB) of transcriptomic analysis upon
LMO7 KD in three EwS cell lines (A-673, MHH-ES-1 and TC-32) displaying a running enrichment
score (green) of a given gene set over the ranked gene list. The black vertical lines indicate the specific
genes from the Hallmark set that appear at different positions in the ranked gene list and a red dashed
line indicating the location of maximum enrichment score. d. Most significantly differentially
expressed pathways from transcriptomic analysis in two conditions (NC and LMO7 KD) in three EwS
cell lines (A-673, MHH-ES-1 and TC-32) from curated gene sets WikiPathways (MSigDB). Red
represents higher and blue represents lower —logio adjusted P-value. [NES|>1.5, P.g < 0.05. e.
Correlation plot between gene and protein expression from commonly expressed genes and proteins in
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transcriptomic and proteomic analysis (n = 6,438) in two conditions (NC and LMO7 KD) in three EwS
cell lines (A-673, MHH-ES-1 and TC-32). Filtered retained commonly expressed genes/proteins from
limma analyses were utilized for producing the correlation plot. Person’s r = 0.594, P <0.0001. f. Venn
diagrams showing commonly significantly downregulated (left panel) and upregulated (right panel)
genes/proteins in both datasets, [log,FC| > 1 for genes, [log,FC| > 0.5 for proteins, P.q < 0.05 for both.
For more clarity, genes/proteins from the interception of Venn diagrams are shown in Supplementary
table 7.5.
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Supplementary Table 7.1 Initial filtering and integration of transcriptomics ESCLA data (Orth
et al., 2022) and 196 EwS patient cohort data. Most DEGs in 5 EwS ESCLA cell lines (A-673, MHH-
ES-1, SK-N-MC, TC-71 and TC-106) with EWSR1::FLI1/ERG KD (FC > 2.5) and significance of each
gene for EwS patient survival 196 EwS patient cohort.

DEG in 5 EwS Significance

cell lines with for EwS Best
g)ene Gene name E‘g?ll}é:gTSS) SD Sl?:if?\t;l (n lg) :(l)'z(;ntlle Significance

ESCLA, (Orth =196) P- size (%)

et al., 2022.) value
4015 LOX 5.022 3.416 0.044 79 low gene expression
4907 NTSE 4.548 3.709 0.305 75 low gene expression
133 ADM 4.106 3.188 0.138 24 high gene expression
3488  IGFBPS 3.979 2.376 0.045 77 high gene expression
3490 /GFBP7 3.966 2.789 0.05 35 low gene expression
5806 PTX3 3.955 5.482 0.082 21 high gene expression
22943 DKKI 3.907 5.720 0.125 79 low gene expression
57522 SRGAPI 3.452 1.720 0.102 64 high gene expression
5228 PGF 3.369 1.693 0.185 57 low gene expression
633 BGN 3.347 2.788 0.44 77 high gene expression
27063 ANKRDI 3.344 4.580 0.224 64 low gene expression
10252 SPRYI 3.266 3.264 0.048 31 high gene expression
1281 COL3Al 3.249 1.081 0.062 48 low gene expression
1410 CRYAB 3.204 3.722 0.000285 20 high gene expression
5122  PCSKI 3.169 3.173 0.585 78 high gene expression
5054  SERPINEI  3.139 3.480 0.165 24 low gene expression
22822 PHLDAI 3.117 3.103 0.063 43 low gene expression
55691 FRMD4A4 3.101 1.356 0.267 77 low gene expression
51050 PII5 3.017 3.777 0.016 58 low gene expression
5328 PLAU 2.995 3.752 0.15 35 low gene expression
27303 RBMS3 2.993 0.971 0.152 22 low gene expression
649 BMPI 2.992 1.810 0.027 80 low gene expression
51200 CPA4 2.975 4.445 0.062 80 low gene expression
4256 MGP 2916 3.155 0.029 30 high gene expression
2200 FBNI 2.890 2.939 0.088 73 high gene expression
4008 LMO7 2.870 1.624 0.005 22 low gene expression
4811  NIDI 2.827 1.851 0.074 63 high gene expression
3371  TNC 2.760 1.112 0.232 63 high gene expression
22795 NID2 2.697 1.599 0.026 54 low gene expression
2012 EMPI 2.696 2.167  0.502 80 high gene expression
30846 EHD2 2.636 1.614 0.163 23 high gene expression
3491  CYRo6! 2.629 2.826 0.006 25 low gene expression
4016 LOXLI 2.593 1.630 0.078 40 low gene expression
10079 ATP94 2.589 1.810 0.933 20 low gene expression
4897  NRCAM 2.588 1.707 0.131 59 low gene expression
10608 MXD4 2.572 1.119 0.000385 21 high gene expression
9411  ARHGAP29 2.569 3.528 0.041 25 high gene expression
84159 ARIDSB 2.562 0.905 0.002 79 high gene expression
9052  GPRC54 2.548 3.393 0.166 35 low gene expression
7057  THBSI 2.523 3.171 0.077 20 low gene expression
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Supplementary table 7.2 Pearson’s correlation of spatial gene expression and EWSR1::ETS-high
and -low activity signature imputed from Orth et al. (2022). Shown values are for those gene

candidates that passed previous filtering steps in bioinformatics pipeline, and are calculated considering

candidate’s gene expression only within defined tumor borders in the EwS patient sample.

Gene Gene Person’s. Povalue Pa Pearson.’s Povalue Pag
ID name correlation correlation

High EWSR1::FLI1 score Low EWSRI::FLI1 score
4008 LMO7 —0.525 1.47E-193 8.83E-193 0.383 2.76E-96 1.10E-95
4015 LOX —0.330 2.52E-70 7.57E-70 0.375 4.50E-92 1.35E-91
22795 NID2 —-0.278 9.41E-50 2.26E-49 0.330 3.90E-70 9.37E-70
649 BMP] —0.206 1.81E-27 2.71E-27 0.241 2.32E-37 3.10E-37
51050 PII5 0.267 1.32E-45 2.27E-45 -0.146 1.87E-14 2.24E-14
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Supplementary table 7.3 Output from the differential expression analysis (limma) of Affymetrix
data. Most differentially expressed genes from transcriptomic analysis in two conditions (NC and
LMO7 KD) in three EwS cell lines (A-673, MHH-ES-1 and TC-32), |[FC |>1.3.

Gene logFC AvgExpr P-value Pagj

LMO7 -3.834 9.486 6.405E-23 1.326E-18
SYTI11 -2.920 11.687 5.538E-13 1.431E-10
MMP2 -2.501 10.465 1.243E-22 1.326E-18
BGN -2.360 11.047 1.233E-12 2.987E-10
PFKP -2.271 14.338 7.926E-15 5.452E-12
MAP3KI12 -2.186 8.220 1.979E-15 1.919E-12
GJAI -2.032 12.311 4.278E-18 1.825E-14
FABP3 -1.961 5.459 4.869E-08 1.909E-06
ELK3 -1.896 9.494 1.501E-11 2.354E-09
NEK7 -1.851 11.130 1.149E-18 6.123E-15
RCN2 -1.847 13.382 6.795E-18 2.415E-14
SFXN3 -1.780 8.496 1.424E-13 4.744E-11
GFRA2 -1.769 9.779 6.827E-16 8.088E-13
LMANI -1.702 14.879 1.976E-13 6.194E-11
RPS6KCI -1.698 8.623 7.911E-14 3.183E-11
SNX27 -1.672 13.459 1.800E-17 4.799E-14
MFAP4 -1.671 13.203 6.024E-16 7.557E-13
ACTB -1.637 12.863 3.442E-11 4.993E-09
NFU1 -1.637 10.484 8.429E-16 8.988E-13
ACSL4 -1.635 9.390 7.658E-16 8.595E-13
MOCS2 -1.631 10.838 5.906E-12 1.145E-09
TMEMG64 -1.627 9.296 2.105E-10 2.088E-08
RASSFS§ -1.606 9.924 1.172E-14 7.351E-12
FAM73A4 -1.600 9.143 1.592E-13 5.143E-11
ARPCIB -1.576 10.412 1.118E-13 4.090E-11
ATXN7L3B -1.570 9.587 1.079E-16 1.913E-13
MCLI -1.569 13.855 1.875E-14 9.752E-12
NAVI -1.559 12.116 2.443E-15 2.265E-12
PADI2 -1.548 9.615 2.004E-13 6.194E-11
MCFD2 -1.547 12.086 1.132E-13 4.090E-11
DENNDG6A -1.541 10.800 2.249E-16 3.426E-13
EIF542 -1.532 10.591 1.187E-17 3.617E-14
LOX -1.522 8.046 7.699E-12 1.398E-09
AZIN1 -1.515 13.570 2.061E-17 4.883E-14
RABIIFIP2 -1.473 9.437 1.184E-13 4.140E-11
TNFRSFI124 -1.464 11.801 2.731E-12 6.131E-10
CALM1 -1.462 16.218 4.942E-16 6.586E-13
CASP7 -1.461 10.703 3.143E-14 1.426E-11
PLEKHA3 -1.449 11.376 4.895E-16 6.586E-13
DCLREIA -1.431 11.262 1.054E-09 7.441E-08
TGFBI -1.427 9.291 8.865E-08 3.217E-06
TRIM37 -1.407 9.601 1.166E-16 1.913E-13
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NTS5E -1.404 10.264 3.879E-09 2.230E-07
CASB -1.386 9.715 1.388E-15 1.409E-12
RGS7BP -1.383 7.750 2.004E-09 1.266E-07
LRPS8 -1.376 9.228 3.715E-12 7.617E-10
DDAH1 -1.370 12.719 1.124E-11 1.915E-09
RABSB -1.350 10.691 7.336E-14 3.008E-11
LRRC58 -1.348 12.046 3.732E-15 2.932E-12
ILIRAP -1.339 13.742 2.353E-14 1.103E-11
TCF4 -1.337 13.599 2.480E-17 5.288E-14
TMOD3 -1.328 13.468 3.815E-13 1.043E-10
N4BP2 -1.328 10.105 5.779E-12 1.141E-09
SGOL2 -1.322 10.125 1.127E-11 1.915E-09
ARHGEF40 -1.320 6.998 9.152E-11 1.049E-08
LZIC -1.319 11.806 8.196E-15 5.462E-12
CcPD -1.312 9.109 6.885E-12 1.299E-09
ABHD3 -1.305 8.376 2.199E-13 6.699E-11
SYTLS5 -1.301 9.362 8.407E-11 9.796E-09
CNN2 1.306 13.430 3.245E-06 6.524E-05
CD24 1.309 6.479 2.291E-06 4.955E-05
SLC2A43 1.332 10.925 3.965E-14 1.725E-11
AMBN 1.338 7.819 2.589E-08 1.131E-06
EPHA4 1.345 11.740 4.193E-14 1.788E-11
RNFI122 1.362 8.433 1.975E-10 1.981E-08
PSATI 1.437 15.878 4.005E-13 1.081E-10
FI1IR 1.464 8.313 1.428E-10 1.522E-08
MYDS8S 1.466 9.881 2.174E-08 9.687E-07
SCAMPI1 1.513 10.237 2.427E-13 7.289E-11
OCLN 1.527 12.588 5.996E-09 3.204E-07
C120rf73 1.528 8.147 1.215E-10 1.357E-08
NARF 1.548 11.627 8.572E-10 6.301E-08
NEB 1.588 12.079 2.784E-09 1.677E-07
LOC647859 1.606 12.896 3.156E-09 1.869E-07
DKK1 1.723 7.413 1.737E-08 8.017E-07
SLITRK6 1.779 7.414 2.000E-08 9.037E-07
ARLG6IPI 1.787 14.242 2.147E-14 1.063E-11
STK40 1.831 11.232 2.192E-14 1.063E-11
TXNIP 3.414 8.696 3.032E-20 2.155E-16
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Supplementary table 7.4 Output from the differential expression analysis (limma) of proteomics
data. Most differentially expressed proteins from proteomic analysis in two conditions (NC and LMO7
KD) in three EwS cell lines (A-673, MHH-ES-1 and TC-32), |[FC|> 1.

Protein logFC AvgExpr P-value Pagj

RPS6KC1 -2.162 17.137 1.205E-02 1.204E-01
LMO7 -1.891 16.442 3.867E-08 1.093E-05
CTSS -1.649 16.693 5.421E-02 2.953E-01
KIAA0232 -1.644 16.510 6.889E-02 3.353E-01
GTF2A1 -1.622 15.959 5.727E-03 7.637E-02
SETD1B -1.425 16.115 2.850E-03 4.675E-02
C18orf32 -1.348 16.279 1.075E-03 2.483E-02
NEK?7 -1.290 17.549 2.680E-02 1.936E-01
MCURI1 -1.286 16.973 7.210E-02 3.440E-01
PLEKHA3 -1.275 15.561 1.261E-03 2.761E-02
ASHIL -1.233 15.931 3.835E-03 5.727E-02
ATXN7L3B -1.209 16.890 7.759E-07 1.037E-04
YIPF4 -1.093 17.116 1.631E-02 1.444E-01
GOLT1B -1.054 15.968 1.408E-03 2.965E-02
TBC1D9 -1.024 15.942 1.116E-02 1.144E-01
LATS1 -1.020 17.422 4.967E-03 6.841E-02
TMEM120B 1.002 20.063 1.076E-01 4.282E-01
DMAC1 1.012 17.466 1.437E-01 4.950E-01
ARLG6IP1 1.013 18.652 4.244E-08 1.155E-05
TMA7 1.057 16.104 2.549E-01 6.414E-01
RET 1.073 15.674 1.426E-01 4.942E-01
KRT18 1.153 17.300 2.195E-01 5.984E-01
VKORCI1 1.173 17.559 2.446E-02 1.841E-01
RNF10 1.184 17.754 1.499E-02 1.365E-01
AIFM2 1.188 20.045 2.181E-01 5.967E-01
MAN2A2 1.241 17.535 1.159E-01 4.452E-01
GULP1 1.280 15.407 2.607E-02 1.908E-01
HMGXB3 1.439 16.915 1.322E-01 4.785E-01
RECQLS 1.489 18.540 1.459E-01 4.992E-01
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Supplementary table 7.5 Most significantly concordantntly up- or downregulated genes and their
proteins covered in both transcriptomic and proteomic datsets. Interesection of Venn diagrams
listed in the table for clarity. Integrated analysis of transcriptomic and proteomic datasets performed in
two conditions (NC and LMO7 KD), in three EwS cell lines (A-673, MHH-ES-1 and TC-32).
Significantly concordantly differentially downregulated or upregulated genes and proteins, |[log2FC| >
1 for genes, |log2FC| > 0.5 for proteins, Padj < 0.05 for both.

Gene and Protein Common category

CAB39 Upregulated

NABI1 Upregulated

CUux1 Upregulated

HCCS Upregulated

CNN2 Upregulated

PSAT1 Upregulated

SCAMP1 Upregulated

NARF Upregulated

ARLG6IP1 Upregulated

LMO7 Downregulated
PFKP Downregulated
RCN2 Downregulated
LMAN1 Downregulated
SNX27 Downregulated
ACTB Downregulated
NFU1 Downregulated
ACSL4 Downregulated
MOCS2 Downregulated
ATXN7L3B Downregulated
MCFD2 Downregulated
CASP7 Downregulated
PLEKHA3 Downregulated
RABSB Downregulated
IL1IRAP Downregulated
N4BP2 Downregulated
LZIC Downregulated
TRIM2 Downregulated
ETNK1 Downregulated
THUMPD1 Downregulated
PALM3 Downregulated
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