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Zusammenfassung

Das CIC::DUX4-Sarkom ist eine seltene Art von Sarkomen, die durch eine chromosomale
Translokation gekennzeichnet ist, bei der die Gene CIC und DUX4 fusionieren. Die
Untersuchung des Lipidstoffwechsels in CIC::DUX4-Sarkomen kann wertvolle Erkenntnisse
tiber die metabolischen Verdnderungen liefern, die der Pathogenese dieser bdsartigen
Erkrankung zugrunde liegen und moglicherweise die Entwicklung zielgerichteter
therapeutischer Ansétze unterstiitzen. In dieser Studie hatten wir das Ziel, das Lipidprofil der
CIC::DUX4-Sarkom-Zelllinie MUG CIDUS zu charakterisieren und mit der EWING Sarkom
Referenzzelllinie MHH-ES-1 (EWSRI::FLII Fusion) zu vergleichen.

Die Lipidom-Analyse wurde unter Verwendung massenspektrometrischer Techniken an
Lipidextrakten beider Zelllinien durchgefiihrt. Eine umfassende Profilerstellung ermdglichte die
Identifizierung und Quantifizierung verschiedener Lipidarten, einschlieBlich Phospholipiden,
Sphingolipiden und Cholesterin.

Die Ergebnisse zeigten signifikante Unterschiede in den Lipidprofilen zwischen der
CIC::DUX4-Sarkom-Zelllinie MUG CIDUS und der Referenzzelllinie MHH-ES-1. Es wurden
Verianderungen in den Spiegeln bestimmter Lipidarten beobachtet, was auf eine Dysregulation
der Lipidstoffwechselwege im Zusammenhang mit dem CIC::DUX4-Fusionsgen hindeuten
kann. Diese Ergebnisse liefern Hinweise auf charakteristische Lipidmuster im CIC::DUX4-
Sarkom, die moglicherweise zum Verstidndnis seiner einzigartigen Pathogenese beitragen
kdnnen.

Dariiber hinaus ermoglichte der Vergleich der Analysen die Identifizierung von Lipidmarkern,
die die CIC::DUX4-Sarkom-Zelllinie von der Referenzzelllinie unterscheiden. Diese
Lipidmarker konnten potenzielle Ziele fiir die Entwicklung therapeutischer Strategien sein, die
speziell darauf abzielen, den Lipidstoffwechsel im CIC::DUX4-Sarkom zu storen.
Zusammenfassend liefert diese Studie neue Erkenntnisse zum Lipidprofil der CIC::DUX4-
Sarkom-Zelllinie MUG CIDUS und hebt signifikante Unterschiede im Vergleich zur
Referenzzelllinie MHH-ES-1 hervor. Diese Ergebnisse tragen zum Verstdndnis der
metabolischen Verdnderungen bei, die mit dem CIC::DUX4-Sarkom verbunden sind und
konnen wichtige Implikationen fiir die Entwicklung zielgerichteter Therapien haben. Weitere
Untersuchungen zur funktionellen Bedeutung der identifizierten Lipidarten und ihrer Rolle in

der Pathogenese des CIC::DUX4-Sarkoms sind erforderlich.

i1



Abstract

CIC::DUX4 sarcoma is a rare subtype of sarcoma distinguished by a recurring chromosomal
translocation, which leads to the fusion of the CIC and DUX4 genes. The study of lipid
metabolism in CIC::DUX4 sarcomas can provide valuable insights into the metabolic alterations
underlying the pathogenesis of this malignancy and potentially guide the development of
targeted therapeutic approaches. In this study, we aimed to characterize the lipid profile of the
CIC::DUX4 sarcoma cell line MUG CIDUS and compare it with the reference EWING sarcoma
cell line MHH-ES-1 (EWSRI::FLII fusion).

Lipidomic analysis was performed using mass spectrometry-based techniques on lipid extracts
obtained from both cell lines. Comprehensive profiling allowed the identification and
quantification of diverse lipid species, including phospholipids, sphingolipids, and cholesterol.
The results revealed significant differences in the lipid profiles between the CIC::DUX4
sarcoma cell line MUG CIDUS and the reference cell line MHH-ES-1. Specifically, alterations
were observed in the levels of specific lipid species, suggesting dysregulation in lipid
metabolism pathways associated with the CIC::DUX4 fusion gene. These findings provide
evidence for distinct lipid signatures in CIC::DUX4 sarcoma, potentially contributing to the
understanding of its unique pathogenesis.

Furthermore, the comparative analysis allowed for the identification of lipid markers that
distinguish the CIC::DUX4 sarcoma cell line from the reference cell line.
These lipid markers have the potential to be utilized as targets for the creation of therapeutic
approaches, specifically focused on interfering with lipid metabolism in CIC::DUX4 sarcoma.

In conclusion, this study provides novel insights into the lipid profile of the CIC::DUX4 sarcoma
cell line MUG CIDUS, highlighting significant differences compared to the reference cell line
MHH-ES-1. Further investigation into the functional significance of the identified lipid species

and their role in the pathogenesis of CIC::DUX4 sarcoma is necessary.
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1. Introduction

1.1 Soft Tissue Sarcoma (STS)

Sarcomas are a diverse group of tumors that arise from mesenchymal tissues such as bone,
muscle, cartilage, and other connective tissues (1) (Figure 1). The heterogeneity of these tumors
is evident in the identification of over 100 different subtypes, which differ in their pathology,
clinical presentation, molecular characteristics and response to treatment (2). Soft tissue
sarcoma (STS) account for 80% of sarcomas, while bone sarcomas and gastrointestinal stromal
tumors (GIST) account for 15% and 5%, respectively (3,4). Despite being relatively
uncommon, sarcomas can be life threatening and are responsible for a significant loss of years
of life, especially in childhood cancer cases (5). The global incidence of STS is approximately
3-4/100,000 persons annually, comprising 1% of all solid malignant tumors in adults and over
20% of pediatric cancers (5,6). It is possible that the incidence of sarcomas is lower than
expected because those arising in organs with parenchyma are often attributed to the affected
organs themselves rather than to the adjacent connective or supportive tissue (7). Sarcoma
management presents significant challenges in clinical practice due to the difficulty in
distinguishing them from other cancers, delayed diagnosis resulting from the lack of symptoms,
their diverse nature, highly aggressive behavior, and poor response to available therapies.
According to the National Sarcoma Survey 2020, conducted by Sarcoma UK in conjunction
with Quality Health, a substantial number of the asked 1117 patients (23%) commenced
treatment for an unrelated illness before being diagnosed with sarcoma (8). An additional study
by Raut et al. found that as many as 25% of sarcomas received conflicting histopathological
diagnoses, and over half had significant clinical implications on their management with delayed
referrals to sarcoma specialists due to the absence of signs and symptoms (9-11). The
effectiveness of conventional treatments such as surgery, radiation and chemotherapy varies
greatly due to the heterogeneity of different sarcoma subtypes. Only surgery combined with pre-
or post-operative therapies has shown promising results for localized sarcomas (12). However,
metastatic sarcomas respond poorly to radiation and chemotherapy, leading to high recurrence
rates and low survival rates (12). While a molecular targeted approach to treatment is being
explored, the molecular mechanisms behind sarcoma cell transformation are not yet fully

understood.



SOFT TISSUE (STS) AND BONE SARCOMAS
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Figure 1 Various types of soft tissue and bone sarcomas (Damerell et. al. Molecular mechanisms
underpinning sarcomas and implications for current and future therapy, Fig.1)
Soft tissue sarcoma can manifest in a wide variety of regions.

Sarcomagenesis is driven by fusion oncoproteins and/or mutations which activate oncogenes or
disable tumor suppressors. Simple karyotypes, found in 15-20% of sarcomas, are caused by
chromosomal translocations that create oncogenic fusion proteins (13). Complex karyotypes
are associated with various genetic and chromosomal abnormalities, including mutation and
amplification (14-16). The exact origin of sarcomas is not yet fully understood, however recent
research suggests that mesenchymal stem cells (MSC) may be responsible for initiating these
tumors (17,18). MSCs are a versatile type of stromal/stem cell present in various human tissues
and can differentiate into different cell types, including chondrocytes, adipocytes, osteocytes,
skeletal myoblasts, neural cells, and fibroblasts. Sarcomas are classified based on their similarity
to a particular tissue type and lineage of cells. Two theories have been proposed for the

development of sarcomas (Figure 2) - one suggests that they arise from primitive MSCs that



acquire mutations, while the other theory proposes that mutations occur in progenitor cells at
different stages of differentiation, leading to a block of terminally differentiated cells and the
tumor development (17). Further study is needed to fully understand the genetic alterations in

sarcoma development.
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——
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Differentiated
Figure 2 The differentiation of mesenchymal stromal/stem cells (MSCs) and its relationship to

sarcomagenesis. (Damerell et al. Molecular mechanisms underpinning sarcomas and implications for
current and future therapy Fig. 6)

Variety of cells, derived from one stem cell. This explains, why sarcoma can appear in different kinds of connective
tissue. There are some theories, at which level of differentiation the malignant transformation takes place. In some
cases, Ewing sarcomas can show a neural differentiation (19).

1.2 Ewing sarcoma and EWSR1-non-ETS fusion round cell sarcomas

Ewing sarcoma is a rare type of soft tissue sarcoma that accounts for less than 1%. It typically
affects the metaphysis of long bones, with around 80% of cases occurring in the first and second
decades of life (20). While it can manifest in adults as well, in this particular context, it tends
to arise within the deep soft tissues of the paravertebral region, as well as the proximal segments
of both, the upper and lower extremities (21). Ewing sarcoma can also appear in visceral
locations such as the kidney (22), pancreas (23), and meninges (24), and as a primary cutaneous
lesion (25). In most cases, Ewing sarcoma (ES) is characterized by the fusion of the EWSR1
gene, which belongs to the FET family of genes containing an RNA binding domain (26), with
the FLI1 gene on chromosome 11g24. FLI1 is a member of the ETS family of transcription
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factors (27). Other fusion transcripts involving EWSR1 or FUS with members of the ETS
family (such as ERG, ETV1, ETV4, and FEV) have also been observed in ES (11-14) EWSR1
and FUS are functionally interchangeable. Routine detection of these genetic abnormalities has
improved diagnostic accuracy (28). Currently, the 5-year overall survival rate for localized
Ewing sarcoma is approximately 70 to 82% (29), but it drops to around 30% in cases where the
cancer has metastasized (30). The prognosis for extra skeletal Ewing sarcoma remains poor,
but the use of multimodal therapy — including surgical resection, radiation therapy, and

chemotherapy — has led to an increase in long-term survival rates from less than 10% to around
30-40% (30).
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Figure 3 Combinations of Ewing, non-Ewing, CIC, and BCOR, and their partners. 5° partners in blue and

3'in red. (Salguero-Aranda et al. Breakthrough Technologies Reshape the Ewing Sarcoma Molecular
Landscape, Fig. 1)

The manifold fusion partner, which can be found in ES.



Undifferentiated round cell sarcomas with rearrangements other than the mentioned gene
fusions can further be divided into three main subgroups based on the gene rearrangements that
underlie them: EWSRI sarcomas that are not fused with ETS, CIC and BCOR rearranged
sarcomas (31). Round cell sarcomas with rearrangements in the EWSR1 gene (or FUS)
involving non-ETS fusion partners are an uncommon subset of ES (32). The genes affected by
EWSRI1/FUS fusions include NFATc2 (which encodes a member of the NFAT-transcription
factor family or SMARCAS, a gene involved in chromatin reorganization) (33,34), and PATZ1
(35,36). EWSRI1/FUS::NFATc2 sarcomas are mainly found in the metaphysis or diaphysis of
long bones (33,37), while EWSRI1::PATZI occur in the deep soft tissue of the chest wall and
abdomen (35,36). From a clinical perspective, although complete surgery appears to provide
relatively good control, about one third of patients with non-ETS-fused round cell sarcomas
experience relapse or metastatic spread (35,36,38). Response to chemotherapy is typically poor,

but given the rarity of these Tumors, experience is limited (39).

Pierron and colleagues identified BCOR::CCNB3 fusion-positive sarcoma in 2012 as a new,
rare member of the "Ewing-like" family of tumors (40). These sarcomas with BCOR
rearrangements occur more frequently in bone than in soft tissues, representing approximately
4% of round cell sarcomas. There is a noticeable male predominance, with a peak incidence in
the second decade. BCOR::CCNB3 sarcoma more commonly affects the pelvis, lower limbs,
and paraspinal region, while visceral involvement is rare (41). BCOR::CCNB3 fusions make
up 60% of BCOR gene alterations, resulting from a paracentric inversion on the X-chromosome
and splicing the BCOR coding sequence with the CCNB3 exon 5 splice acceptor site. This
creates an oncogenic fusion protein composed of full-length BCOR and the C-terminus of
CCNB3, a cyclin involved in meiosis. In vitro studies indicate that this fusion protein drives
proliferation in BCOR::CCNB3 sarcoma, a rare type of round cell sarcoma that occurs more
frequently in bone than in soft tissues. Recently, alternative fusion partners of BCOR have been
identified, including MAML3 and ZC3H7B (42). Although BCOR::CCNB3 sarcoma shares
clinical and pathological similarities with Ewing sarcoma, gene profiling and SNP array
analyses have shown that they are biologically distinct (43) and since WHO 2020 an own entity
(44). Notably, patients with BCOR-rearranged sarcoma tend to have a more indolent clinical
course than those with Ewing sarcoma, with longer overall survival linked to the location of the
primary tumor in the extremities versus axial skeleton and soft tissues (41). As an overview, all
mentioned fusions are shown in

Figure 3.



1.3 CIC::DUX4 sarcoma

Although CIC-rearranged sarcomas are an own entity (44), they have been a target of discussion
of how to treat them (29). The most common CIC-rearranged sarcoma harbours the distinct
CIC::DUX4 gene fusion, giving the name of the disease. CIC::DUX4 sarcomas (CDS) are small
round blue cell sarcomas of the connective and supporting tissues and bones (31). The five-
year probability of survival without metastasis is between 42% and 49% (45). With lung
metastasis, the most patients survival 1-2 years (46). According to current knowledge, CDS is
treated with the same regimen as Ewing sarcomas - with a poor outcome in terms of five-year
survival, although CDS has already been established as a separate entity (29). Recent literature
has already shown that the median age is 32 - 35 (29,47) years, but in principle can occur at
any age. The same was shown for the disease as a function of gender, which shows a slight
dominance on the part of men (55%/45%) (45). The tumor is mainly diagnosed in the deep
connective tissue (86%) with organ involvement being possible, but less common (48-50).
Bones such as the hip bone are affected with a probability of 3% (29). The skin can also be
affected (51). These sarcomas are diagnosed by using molecular methods (RNA sequencing).
As mentioned, the sarcoma is named after the fusion between the CIC and the DUX4 gene. The
CIC gene translates for a transcriptional repressor, i.e. a protein that is supposed to prevent
unwanted cell division or other commands that lead to transcription of DNA. Specifically, CIC
(gene) is located on chromosome 19q13 (52) and its natural function is to block the pathway of
receptor tyrosine kinases to protect the transcription factor from activation without the receptor
being activated (53). To manage this, CIC (protein) sits on the DNA via its HMG motifs. If the
receptor tyrosine kinase is activated properly, the MAPK pathway is activated, CIC is
phosphorylated and binds to 14-3-3 protein and is degraded proteasomal after being excluded
from the cell nucleus (54). In the process, sequences are also released which in turn slow down
the MAPK pathway. This ensures that transcription only occurs via receptor activation. One can
see this function as a filter that prevents activation by background noise. Many carcinomas like
lung, gastric and prostate cancer have been described in which a CIC alteration is also present
(Figure 5).

The fusion partner DUX4 is located on chromosome 4q35 or 10g26 (55). This is a "double
homeobox" as an open reading frame in the D4Z4 locus of the chromosomes mentioned. Its task

is to ensure proper axial development during embryonic development. DUX4 is considered a
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transcription activator (56). After embryonic development it is epigenetically silenced except
for activity in the germ cells of the testis and while HSV-1 infection (56). It is reported to act
as a transcriptional activator. Initially, it has been identified in studies exploring the FSHD.
Deletions in an array, related to the DUX4, lead to an aberrant expression in the skeletal muscle.
This activation causes FSHD (57). Combined, this leads to a massive gain-of-function mutation
with enormous malignant potential (58). This affects around~90% of the CIC gene and a small
C-terminal part of DUX4 without its double homeodomain, but it includes its transactivation
domain and its p300 binding site (59). CIC retains its HMG box and thus the ability to bind and
activate at all binding sites of native CIC (60). For completeness, CIC::DUX4 is not the only
fusion of CIC. More rarely there are CIC::NUTM1 (61,62) and 2 and CIC::FOXO4 (47,63)
fusions as small round blue cell sarcoma and CIC::LEUTX as angiosarcoma (64).

CIC in Cancer

Normel Lungand GBM  Gastric Cancer  Prostate Cancer Glioma Shrdar
YepeE) (derepression) (derepression) (derepression) (derepression) (Activator)
~30% microdeletion Codeletion
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Figure 4 CIC in cancer (adapted from Ji Won Kim et al., Trends Cancer, 2021, January, page 77-86, Fig. 1)
(1) Initiation of the MAPK-ERK Pathway: This sets off a cascade, leading in the phosphorylation of CIC. This
phosphorylation prompts CIC's exit from the cell nucleus with an eventual activation of genes downstream, among
them ETVI and ETV4. (2) Genetic Disruption: The loss and mutation of specific genes lead to the impairment of
CIC's normal function. Resulting those downstream genes, including MET and CD44, become activated. (3)
Deletion at 19q13 Locus: The removal of genetic material at the 19q13 site triggers the activation of genes further
down the line, such as SOX9 and GLI1. (4) Co-Deletion of 1p19q: Oligodendroglioma demonstrates the functional
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loss of CIC through a simultaneous deletion of genetic material on chromosomes I and 19. This event prompts the
activation of downstream genes, including IDHI and TERT. (5) Fusion Protein CIC::DUX4:This fusion protein
prompts the activation of downstream genes, including NROBI and MYC.

1.4 Importance of lipids in cancer and therapy

1.4.1 Membrane composition

The flexibility of cell membranes is crucial for the survival of cells in all stages, as it contributes
to mechanical durability during cell division and reduces shear force, which can occur during
cell division (65). Cancer cells adapt by reorganizing their plasma membranes to maintain
proliferation, evade apoptosis, and resist anticancer drugs (66). This resistance is often due to
decreased free diffusion of drugs through the plasma membrane (67-69), which is caused by
higher levels of total cholesterol in multidrug-resistant (MDR) cells (70,71). An increased
quantity of cholesterol in the membrane results in a membrane that is more inflexible and less

permeable (72,73).

MDR CANCER CELLS

'LIPID RAFTS

Quter leaflet

THICKNESS

Inner leaflet RIGIDITY

i PC l SM L PE L PS J Pl § Cholesterol
Figure S The membrane architecture of multi-drug resistant cancer cells (adapted from Preta et al. New
Insights Into Targeting Membrane Lipids for Cancer Therapy, Fig. 1)
In cancer cells with MDR, there is an elevated concentration of PS and PE on the outer membrane surface, despite
their typical localization on the inner leaflet. The abundance of CHOL in these cancer cells contributes to

augmented membrane thickness and stiffness. Furthermore, MDR cancer cells showcase heightened levels of SFA
chains within their membrane lipids, which has been associated with an increased presence of lipid rafis.

MDR cells also have low ceramide levels and increased sphingomyelin (SM) synthesis, which

decreases the ceramide-enriched lipid rafts involved in inducing cell death (74). Additionally,
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MDR cells have increased surface expression of PS and PE, which are normally found on the
inner leaflet of cell membranes (75).
The disruption of phosphatidylserine's asymmetrical distribution could be linked to a decrease
in ATP-dependent phospholipid translocase activity or an increase in phospholipid scramblase
activity, likely caused by elevated intracellular calcium levels (76). Alterations in ceramide
(CER) metabolism have also been described as an effective drug resistance mechanism, with
tumors having low CER levels due to increased sphingomyelin synthesis or prevention of CER
degradation (77,78). Figure 5 illustrates the membrane lipid composition and organization in

MDR cancer cells.

1.4.2 Lipid droplets

Lipid droplets (LDs) are organelles in the cytoplasm of cells that contain a core of neutral lipids,
mainly triacylglycerol (TAG) and cholesteryl esters (CHOLSs), surrounded by a monolayer of
phospholipids and coated with structural proteins from the PAT family (79-82). The content of
proteins in LDs varies depending on the cell and the conditions that stimulate their formation.
The accumulation of LDs in cancer cells is a complex process that involves increased lipid
uptake, de novo lipid synthesis and remodeling, as well as regulation of lipolysis. In particular,
cancer cells rely heavily on fatty acid (FA) synthesis for the building blocks needed to create
more complex lipids (83). The pathways that initiate lipogenesis in tumors ultimately lead to
the buildup of recently created LDs (84-93). Research suggests that the mobilization of fat
between stromal and cancer cells is necessary for metastasis and cancer aggressiveness. For
example, in ovarian cancer, adipocytes in the omentum release cytokines and provide FAs to
cancer cells, leading to increased LD formation and B-oxidation (94). This mechanism is
dependent on FABP4 and the FA translocator CD36, which confers a more aggressive
phenotype in cancer cells (94,95). Inhibition of CD36 reduces LD accumulation in cancer cells,
limiting tumor growth and invasion both in vitro and in vivo (95). CD36 expression is also
associated with poor prognosis in various types of cancer, including oral squamous cell
carcinoma, lung squamous cell cancer, bladder cancer, and luminal A breast cancer (96).

The abnormal buildup of LDs is positively linked to chemoresistance in solid tumors like CRC,
OvCA, and cervical cancer (97,98). In CRC cells, increased LD production facilitated by

lysophosphatidylcholine acyltransferase 2 leads to resistance to 5-fluorouracil combined with
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oxaliplatin, which prevents stress-induced apoptosis and reduces tumor-infiltrating CD8+ T
cells (97). As aresult, inhibitors of lysophosphatidylcholine acyltransferase 2 or LD biogenesis
can significantly enhance tumor regression induced by dual chemotherapy and increase mice
survival. Similarly, studies have shown that treating mice with ovarian and cervical tumors with
carboplatin or paclitaxel, along with an inhibitor of the glycolytic enzyme PFKFB3, results in

comparable outcomes by indirectly blocking LD biogenesis and lipophagy (98).

1.4.3 Cholesterol metabolism

Both, the heightened endogenous production of cholesterol and exposure to elevated circulating
cholesterol levels promote cancer advancement. CHOL serves as a vital structural element of
lipid rafts, which are dynamic regions of the plasma membrane that are abundant in RTKs and
MDR efflux transporters (99). Doxorubicin resistance, for instance, has previously been
associated with increased cholesterol levels in lipid rafts. Due to the chemical property of
doxorubicin, it stays in the vicinity of cholesterol. Cholesterol surrounds P-gp, transporters that
can pump substances out of the cell making more doxorubicin molecules available to these
transporters reducing the intracellular concentration (100). Interestingly, treatment of MDR
colorectal cancer cells with DHA and EPA was able to break this cholesterol arrangement and
shift the P-GP to lower-CHOL areas, which provided them with less substrate and thus showed
a higher doxorubicin concentration in the cell (101).

In vitro models of doxorubicin-induced resistance have revealed the upregulation of the
mevalonate (MVA) pathway, also known as the Chol biosynthetic pathway, through Gene
Ontology analysis. Upregulated genes belong to both the upstream MV A pathway, such as 3-f-
hydroxy-3-B-mehyl glutaryl coenzyme A synthase 1 (HMGCSI), and the downstream MVA
pathway, such as farnesyl-diphosphate farnesyltransferase 1 (FDT1), and 7-dehydrocholesterol
reductase (DHCR7), which are responsible for isoprenoid and cholesterol biosynthesis (102).
The elevation of both isoprenoids and cholesterol is observed in multidrug-resistant cells,
including colon cancer (103), malignant pleural mesothelioma (104), non-small cell lung
cancer (105), and breast cancer (106). Additionally, other proteins controlling Chol
metabolism, such as Progesterone receptor membrane component 1 (PGRMCI1), are
overexpressed in drug-resistant cells. PGRM1 modulates Chol biosynthesis by regulating
SREBP cleavage activating protein (SCAP). PGRMI is overexpressed in doxorubicin-resistant
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MES-A/DxR uterine sarcoma cells, and its knockdown has synergistic effects with the P-gp
transport inhibitor verapamil, indicating that PGRMI-driven mechanisms collaborate to

maintain high activity or expression of P-gp (107).

1.4.4 Lipid peroxidation

Polyunsaturated fatty acids (PUFAs) present in cell membranes can be easily oxidized by
reactive oxygen species (ROS), triggering a chain of events known as LPO (108,109). This
process produces various reactive aldehydes as end products that can modify cellular proteins,
either by stimulating or inhibiting several transduction pathways. Among these aldehydes are
4-hydroxy-2-nonenal (HNE), 4-ox0-2-nonenal (ONE), and 4-hydroxy-2-hexenal (HHE), which
have been shown to activate several pro-survival and anti-apoptotic pathways (109-123).For
instance, they can activate EGFR-dependent (109) signaling and c-myc transcriptional program,
promoting tumor growth and proliferation (124). They can also induce TGFf production,
making cells insensitive to growth inhibition, activate NF-xB activity, which controls cell
survival, inflammation (125), and immune reactions, activate the PI3K/Akt pathway, allowing
cells to escape apoptosis, and increase the expression of anti-oxidant enzymes and ABC
transporters through the Nrf2/Keap1 pathway (126-128).

The collective impact of these reactive aldehydes on these pathways results in increased
resistance to oxidative stress and chemotherapy (124). Moreover, as cancer cells increase in
malignancy, they decrease their PUFAs content, which removes potential ROS-damaged
substrates and leads to a change in the lipid profile that further enhances drug resistance (129-
132). Although reactive aldehydes support the MDR phenotype, it is essential to note that the
change in the lipid profile contributes to an increase in drug resistance (124). The relationships

are shown in the Figure 6.
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Figure 6 Lipid peroxidation (Kopecka et.al, Drug Resistance Update, March 2020, Volume 49, Fig. 2)
PUFA can easily oxidised by ROS, triggering the lipid peroxidation with a lot of end products like HNE, ONE, and
HHE, MDA, ACR. ACR is also a degradation product of cyclophosphamide (ENDOXAN®). These aldehydes can
stimulate a lot of pathways with a survival benefit for the cells. A switch to more stable SFA is performed by cancer
cells for removing potentially substrate, which can damaged by ROS and lead to a damage of the cancer cell. This
can enhance the drug resistance.

1.4.5 Ceramides

Ceramides (CER) belong to the sphingolipids and consist of a sphingosine, an unsaturated
amino alcohol and a fatty acid bound to each other via an amide group. The OH group of the
amino alcohol can form a bond with other groups. If this is glucose, it is called a
glucosylceramide, the most common of all glycosphingolipids. CER are formed in the
endoplasmic reticulum, whereas in the cis-Golgi apparatus, they become glucosylceramides by
the synthase of the same name. Glucosylceramide is the starting point of over 300 types of
glycerophospholipids. Conversion to sphingomyelin in the trans-Golgi is also possible (133).
While CER are considered proapoptotic, meaning an increase in CER levels leads to apoptosis,
this is not the case with glucosylceramides. It is possible that multidrug-resistant cells also
escape apoptosis by efficiently and rapidly reducing rising CER levels induced by
chemotherapeutic drugs through glucosylceramide synthase (134). Inhibition of

glucosylceramide-synthase is possible and often described, portraying a potential therapeutic
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target (135,136). An increase in glucosylceramides has been reported in many tumor cell lines.
In addition, increased concentrations of P-gp (pumps cell toxins out of the cell under ATP
consumption) protein and RNA have been documented (136,137). These observations suggest
that there is a link between glucosylceramides and P-gp. As an example, the multiple increase
in sensitivity to chemotherapeutic agents has been observed in a glucosylceramide synthase
reduced MCF-7 breast cancer cell line (135). One possibility for inhibition is via PDMP (1-
phenyl-2-decanoylamino-3-morpholino-1-propanol). With PDMP as an inhibitor of
glucosylceramide (GlyCer) synthase, CER levels should be increased subsequently inducing
apoptosis. However, several studies were not able to report this effect (138-140).

Resistance to doxorubicin in leukaemia cell line (K562, K562/A02) was reduced by inhibition
of GlyCer synthase (133,141,142). Furthermore, there are reports of an inhibition of mTOR
(mammalian target of rapamycin) in cells with GlyCer synthase inhibition. This could be an
important mechanism, as high mTOR activity is considered to be unfavourable in cancer
(138,143-146). mTor belongs to the protein kinases and regulates, among other things, the
growth of some metabolic pathways. Because mTOR's catalytic domain is similar to that of
PI3K, it belongs to the PI3K-related kinases. mTOR also forms the core component of so-called
mTOR complexes (mMTORC) (144,145). Dysregulation of mTOR has a potentially strong
growth advantage for cancer cells. Specifically, there are descriptions that mTOR upregulates

sphingolipid synthesis (133,147).

1.5 Hypoxia induced drug resistance

Cancer cells divide rapidly, outpacing the growth of blood vessels that supply them with
nutrients and oxygen. As a result, the tumor is often deprived of oxygen and nutrients, creating
hypoxic conditions within it. Despite this, cancer cells require significant amounts of building
blocks, such as energy, proteins, and cell wall components, to sustain their rapid growth.
Therefore, many tumors exhibit increased de novo synthesis of fatty acids to meet these
demands (148,149). Tumor cells can promote angiogenesis by producing hypoxia-inducing
factor (HIF), which has a dual effect. Firstly, it helps the tumor cells to adapt their metabolism
to the hypoxic state, and secondly, it promotes the formation of new blood vessels to supply the
tumor with nutrients (150).

The regulation of HIF is a straightforward process: The protein is continually synthesized, and
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it contains an oxygen-dependent binding site that can be enzymatically hydroxylated under
normoxia. An enzyme called HIF-PHD acts as an "oxygen sensor" and can only hydroxylate
HIF under normoxic conditions. Another enzyme, with the same function is FIH (151). HIF
binds to pVHL (Van Hippel Lindau tumor suppressor protein). This protein can ubiquitinate
HIF and leads to a proteasomal degradation. However, under hypoxia, the HIF complex cannot
be hydroxylated. It accumulates in the nucleus, activating numerous genes that affect survival
under hypoxic conditions (152). This occurs through hypoxia responsive elements (HRE) in
promoters of the genes (153).

In recent years, a contribution of HIF-1 to drug resistance has been observed in a wide spectrum
of neoplastic cells (154-162). The significance of HIF-1 in chemosensitivity of cancer cells
under normoxic conditions remains a subject of debate due to conflicting findings in available
data. Some studies have failed to demonstrate any effect of HIF-1 inactivation on drug response
in the presence of oxygen, such as in the case of neuroblastoma and lung adenocarcinoma cells
(163-165).
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Figure 7 Hypoxia and Oxygen signalling (Yang et.al, Hypoxia and Oxygen-Sensing Signaling in Gene
Regulation and Cancer Progression Int J Mol Sci. 2020 Nov; 21(21): 8162, fig. 1)

HIF can hydroxylated under normoxic state from PHD. The hydroxy group is necessary for binding to the pVH,
an ubiquitin. HIF can be degraded proteasomal. Under hypoxic state, PHD cannot hydroxylate, so HIF
accumulates and activates HRE in the promotor regions of the DNA. Another pathway for hydroxylation is the
FIH.

Under normal oxygen conditions, blocking HIF-1 has been found to increase the susceptibility
of fibrosarcoma, gastric cancer, and breast carcinoma cells to standard chemotherapy drugs
(154,156,166-168).
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The results of some studies suggest that HIF-1 may mediate drug resistance under normoxic
conditions in certain types of human cancers. In general, HIF-1 appears to promote drug
resistance in cancer cells, but there are also conflicting reports that suggest overexpression of
HIF-1 can enhance tumor cell susceptibility to chemotherapy. For example, a recent study by
Evens et al. found that HIF-1 expression correlated with better progression-free survival and
overall survival in patients with diffuse large B-cell lymphoma treated with standard

anthracycline-based chemotherapy and rituximab (169).

1.6 Aim of the Thesis

Aim of the thesis is to gain a more comprehensive understanding of two fusion-translocated
sarcoma types, namely Ewing sarcoma and CIC::DUX4 sarcoma as both sarcoma types,
although similar in histological and molecular features, significantly differ in outcome and
therapeutic response. A variety of molecular mechanisms regarding drug resistance is discussed
focusing mainly on lipid metabolism and its role in resistance to anticancer therapy. In order to
elucidate molecular mechanisms of drug resistance and malignancy, lipid profiles of the
respective tumor entities are generated by mass spectrometry using 2D cell culture.
Furthermore, impact of hypoxic conditions on the same tumor cells is studied in an analogous
manner. For the experiments, cell lines MUG CIDUS, a patient-derived CIC::DUX4 sarcoma
continuous cell line and MHH-ES-1, an Ewing sarcoma cell line obtained from the American

Type Culture Collection (ATCC) are used, serving as model systems.
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2 Material and Methods

2.1 Declaration

The study was approved by the ethics committee of the Medical University of Graz (vote 31—
457 ex 18/19).

2.2 Cell culture

For all experiments the patient-derived CIC::DUX4 sarcoma cell line MUG CIDUS was used.

The commercially available Ewing sarcoma cell line MHH-ES-1 was obtained from the
American Type Culture Collection (ATCC, USA). The origin of MHH-ES-1 is gained from
ascites of a 12-year-old boy with Ewing's sarcoma (type 2) of the left pelvis (with peritoneal
metastasis), the cells carry the characteristic EWS.:FLII fusion gene (170). Unless otherwise
stated in the individual experiments, cells were cultivated in RPMI 1640 medium (Gibco,
Carlsbad, CA) supplemented with 10% foetal bovine serum (FBS, Biowest, France), L-
glutamine (Gibco) and 1% penicillin/streptomycin (Gibco, Darmstadt, Germany). Cells were in
general kept in a 5% CO2 atmosphere at 37°C. For hypoxic conditions, cells were maintained
in a hypoxic bench (Xvivo System, BioSperix, USA) at 1.6% O2, ambient pressure of 760
mmHg and 12 mmHg O: partial pressure according to idealised conditions reported in literature
for soft tissue sarcoma (171). Confluency was observed using the Eclipse Ti2 inverted
microscope (Nikon, Tokyo, Japan), 10 x magnification, and pictures take with the numerical
aperture 0.30 with a DS-Fi2 camera (Nikon, Tokyo, Japan). Pictures were analyzed with the
NIS-Elements BR 5.02.00 software (Nikon, Tokyo, Japan). For cell counting cells were stained
with 0.4% Trypan Blue solution (Bio-Rad, California, USA) and cell number subsequently
determined using the Cellometer Auto T4 (PEQLAB®, VWR International, Inc., Erlangen,
Germany). Cell lines were regularly checked for mycoplasma and authenticated with STR

analysis.
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2.3 Mass-spectrometry

Chemicals

Acetonitrile, ammonium formate (LC/MS grade), isopropanol, methanol and tert-methyl-butyl,
ether (MTBE) (all Chromasolv grade), were obtained from Sigma-Aldrich (St. Louis, MO,
USA), while chloroform and formic acid were purchased from Merck (Darmstadt, Germany).
An in-house MilliQ Gradient A10 system (Millipore, Billerica, MA, USA) supplied deionized

water.

Lipid extraction
Used samples: MHH-ES-1, Passage: pZB+14, Mycoplasm tested, STR profile: MHH-ES-1

MUG CIDUS, Passage: 27, Mycoplasm tested, STR Profile: MUG CIDUS

Each sample contains the lysate of 1*#10° cells (see in appendix Table 1).

A modified version of the lipid extraction protocol originally published by (172) was used in
this study. Sarcoma samples (1 mL of methanol) were mixed with 0.5 mL of methanol and 2.5
mL of MTBE in 12 mL glass tubes with Teflon-lined caps. The samples were homogenized for
30 seconds using an Ultra-Turrax tissue homogenizer (IKA Works Inc., Wilmington, N.C.,
USA). After adding 2.5 mL of MTBE and shaking for 10 seconds, the mixture was incubated in
an ice-cooled ultrasound bath for 10 minutes. After the addition of 1.25 mL of deionized water
and shaking the mixture overhead for 10 minutes, it was centrifuged at room temperature for 10
minutes at 1350 g. Subsequently, the upper phase was carefully transferred into a new glass
tube. The lower phase was subjected to a second extraction using 2 mL of
MTBE/methanol/deionized water (10:3:2.5, v/v/v) from the upper phase. Subsequently, the
upper phase obtained from this extraction was pooled with the upper phase collected in the initial
extraction. The combined upper phase was then dried using a vacuum centrifuge (Thermo Fisher
Scientific, Waltham, MA, USA). The resulting residue was dissolved in 1000 uL of
chloroform/methanol (1:1, v/v) and stored at -80 °C.

For quantification, a mixture of internal standards was added to 30 pL of the extract.
Subsequently, the solvent was evaporated using a gentle stream of nitrogen, and the resulting
residue was reconstituted in 90 pL  of injection solvent composed of

isopropanol/chloroform/methanol (90:5:5, v/v/v).
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LC method - lipids
The chromatographic separation was carried out following the method described in (173). In

brief, a Waters BEH C8 column (100 x 1 mm, 1.7 um) was used and thermostatted to 50 °C in
a Dionex Ultimate 3000 RS UHPLC system (Waters, Milford, MA, USA). Mobile phase A
consisted of deionized water containing 1 vol% of 1 M aqueous ammonium formate (final
concentration 10 mmol/L) and 0.1 vol% of formic acid as additives, while mobile phase B was
a mixture of acetonitrile/isopropanol 5:2 (v/v) with the same additives. The gradient elution
started at 50% mobile phase B and increased to 100% B over 15 minutes, with 100% B being
held for 10 minutes. The column was then re-equilibrated with 50% B for 8§ minutes before the
next injection. The flow rate was maintained at 150 L/min, the samples were kept at a

temperature of 8 °C, and the injection volume was set at 2 pL.

MS method - lipids
The Orbitrap Velos Pro hybrid mass spectrometer (Thermo Fisher Scientific Inc., Waltham,

MA, USA) was operated in Data Dependent Acquisition (DDA) mode for every sample, using
positive polarity mode and a HESI II ion source. The ion source parameters were set as follows:
Source Voltage: 4.5 kV, Source Temperature: 275 °C, Sheath Gas: 25 arbitrary units, Aux Gas:
9 arbitrary units, Sweep Gas: 0 arbitrary units, Capillary Temperature: 300 °C. The target value
for automatic gain control was established at 106 ions, which were allowed to enter the mass
analyzer with a maximum ion accumulation time of 500 ms. In positive ion mode, full scan
profile spectra were obtained using the Orbitrap mass analyzer, covering the m/z range from
320 to 1050, with a resolution setting of 100,000 at m/z 400. In the MS/MS experiments, the
ten most abundant ions (Top 10) from the full scan spectrum for further analysis was selected.
These chosen ions were then sequentially fragmented in the ion trap, utilizing helium as the
collision gas (CID), and the following specific parameters were applied: Normalized Collision
Energy: 50, Isolation Width: 1.5, Activation Q: 0.2, Activation Time: 10, and centroid product
spectra were collected at a normal scan rate of 33 kDa/s. The LC/MS data were processed
utilizing the Lipid Data Analyzer (LDA) software (174,175), which utilizes a three-dimensional
algorithm. This algorithm takes into account the dimensions of m/z, retention time, and intensity
to accurately integrate peaks, while also considering the isotopic distribution. MS/MS spectra

were also used to confirm lipid structures based on characteristic head group and fatty acyl
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fragments.

2.4 Statistical Analysis

Statistical significance was calculated by the Mann-Whitney-U test without the assumption of
a normal distribution of the dependent variable in the two groups. Evaluation was performed
using the SPSS Statistics 26 software (IBM, USA). All data were reported as mean + standard
deviation, n denoting the number of independent experiments. P<0.05 were considered as

significant (* 0.01 to 0.05, **0.001 to 0.01, *** < 0.001)
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3 Results

3.1 Patient History

The cell line MUG CIDUS had been isolated from tumor tissue available as surgical specimen
of the following patient. In October 2019, a 60-year-old male patient was referred to the
Department of Orthopaedics and Trauma at the Medical University of Graz due to severe pain
in the right groin. Magnetic resonance imaging (MRI) of the pelvis revealed an 11 cm tumor in
the right iliac muscle. A biopsy performed in November 2019 confirmed a high-grade
undifferentiated round cell sarcoma involving the CIC::DUX4 fusion gene. Further chest CT
showed multiple metastases in both lungs. In the following month, due to drug-resistant pain
and the patient's request, surgery was performed to remove the primary tumor. The
histopathological evaluation confirmed the biopsy diagnosis, but revealed a marginal (R1)
resection. The sample, from which the cell line was established, was taken on 09.12.2019. In
January 2020, chest CT showed progression of the lung metastases, and the patient started
palliative chemotherapy with vincristine, adriamycin, ifosfamide, alternating with vincristine,
actinomycin D, and ifosfamide at the Division of Clinical Oncology. In April 2020, chest CT
showed partial remission of the lung metastases, and the patient was pain-free. The
chemotherapy continued for a total of 11 cycles until August 2020, when it was stopped at the
patient's request. Pelvic MRI showed no signs of tumor progression, and chest CT revealed
ongoing partial remission with only residual lung metastases. However, in October 2020, the
patient experienced recurrence of pain in the right groin, and imaging confirmed local recurrence
of the primary tumor and progression of lung metastases. Palliative radiation therapy of the right
iliopsoas muscle area was performed in the following month. Additionally, chemotherapy with
vincristine, adriamycin, ifosfamide, alternating with vincristine, actinomycin D, and ifosfamide
was reinitiated, resulting in partial remission after 4 cycles in March 2021. At this stage, the
chemotherapy was discontinued due to cardiac toxicity. Subsequently, the patient underwent
maintenance treatment with cyclophosphamide and celecoxib. However, in April 2021, this
treatment was halted due to disease progression in the lung metastases, and was switched to
irinotecan and temodal. After three cycles in June 2021, the chemotherapy was changed again
to topotecan and cyclophosphamide as the primary tumor continued to progress. Three months
later, a pelvis MRI and chest CT revealed progressive disease (Figure 8 A-F). As a result,

chemotherapy with gemcitabine and docetaxel was initiated. In November 2021, the patient
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presented with symptoms such as headache, confusion, and coordination disturbances. A brain

MRI revealed a 5 cm solitary brain metastasis in the left posterior lobe (Figure 8 G-H).

Figure 8 Patient examinations

Initial MRI examination of the pelvis (November 2019) in T2-weighted FS coronal image (A) and axial T1-weighted
image (B) after intravenous application of Gadolinium (contrast agent), shows a heterogenous soft-tissue
expansive intramuscular lesion in the right iliac muscle with a maximal diameter of 11cm and a high signal in
fluid-sensitive sequence, corresponding to myxoid tissue (A). Postcontrast, central necrotic parts are demarcated
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with peripheral contrast-enhancement (B). Eleven months after marginal palliative resection, the patient developed
a 7 cm local recurrence in the right thigh along the postoperative scar with infiltration of the femoral vessels and
nerves, so as infiltration of quadriceps muscle, seen on coronal T2-weighted image (C). Heterogeneous contrast-
enhancement of the lesion with infiltration of the joint capsule (D). Initial high resolution CT-staging examination
(November 2019) in the lung window showed the presence of bilateral lung metastasis (E), progressive on follow-
up examination in 6-weeks-interval (F). At MRI examination of the brain two years after initial diagnosis, the
patient developed a 5 cm cerebral metastasis in the left posterior lobe with peripheral contrast enhancement (G).
The lesion was resected, following with nodular relapse at the resection margin 6 months after the operative
treatment (H).

& L
Figure 9, Histologic images of the patient
Small and round cells in a solid, nodular growth pattern and perivascular cell preservation, multiple foci of
necrosis could be found (4, C). A strong membranous CD99 (B) and nuclear WT'1 (D) expression could be observed
in the tumor. The tumor is composed of tumor cells with round nuclei and “plasmacytoid” morphology. The nuclei
are excentrically located and surrounded by eosinophilic cytoplasm. The individual nuclei are enlarged. Necrotic
cells are seen (C). Scale bars depicted are 1000 um (4), 100 um (B) and 50 um (C, D).

The brain metastasis was surgically removed, followed by local postoperative radiation therapy.
Subsequently, the patient's neurological symptoms improved. The histopathological report
confirmed that the brain metastasis was consistent with the previously diagnosed CIC::DUX4
fusion gene-associated sarcoma. In February 2022, the patient received chemotherapy with
caelyx (doxorubicin) and ifosfamide. However, after three months, the patient experienced
recurrence with two brain metastases, which were treated with stereotactic radiation therapy.
Additionally, the patient reported increasing pain in the right groin, which was managed with a

high-dose morphine-based pain therapy. Meanwhile, next-generation sequencing (NGS) testing
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with FoundationOne Liquid CDx was conducted, revealing an ATM + RADS51C mutation and
a high tumor mutational burden (TMB-H), a marker who is not fully understood to predict
response to immune checkpoint blockade (176) . Given that ATM-mutant cells are known to
have defective DNA repair and are predicted to be sensitive to platinum drugs (177) that induce
double-strand DNA breaks. Previous existing clinical data supporting the use of TMB as a
predictive biomarker for immune checkpoint inhibitors (178), a combination treatment with
carboplatin, etoposide, and pembrolizumab was begun in June 2022 when a progress in disease
was identified in the pelvis MRI and chest CT. Unfortunately, this treatment had to be
discontinued after 2 cycles due to disease progression. By this time, the patient required a
wheelchair due to extensive progression of the primary tumor. In September 2022, the patient
received one cycle of trabectedin and underwent whole brain irradiation for progressive cerebral

metastases. However, the patient passed away in the same month due to multi-organ failure.

3.2 Study Design

All experiments were performed using cell culture as an in vitro model system. As CIC::DUX4
sarcoma are ultra rare, the cell line used, MUG CIDUS, resulted from in-house generation,
whereas the Ewing Sarcoma cell line MHH-ES-1 was chosen as it is commercially available,
frequently used and well established in literature. Both cell lines still harbour their characteristic
tumor-driving gene fusion, CIC::DUX4 and EWS::FLII. Morphological differences between

the cell lines are elucidated in Figure 9.

Figure 10 Cell morphology
CIC::DUX4 sarcoma cell line MUG CIDUS (a) and Ewing Sarcoma cell line MHH-ES-1 (b). Scale bars depicted
are 100 um.
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For lipid profiling LC/MS was used to quantify a variety of lipid classes including triglycerides
(TG). The phospholipids phosphatitylcholine (PC), phosphatitylethanolamine (PE)
phosphatylserine (PS), sphingomyelin (SM), ceramides (CER) and cholesterol (CHOL) in lipid
extracts of these two cell lines. Lipid classes that were analysed are depicted in Figure 10 as
well as the specific distribution of individual species per class detected. In addition to the two
cell lines, two growth conditions per cell line were also analysed. Once under atmospheric

conditions and once under tissue-typical partial pressure of a soft tissue sarcoma at 1.6%
(hypoxia).

lipid count per species

CER,11

SM, 13 3 .
triglycerides

phosphatidylcholine
phosphatidylerthanolamine
PE, 8 phosphatidylserine
sphingomylein
ceramides

cholesterol
PE, 15

PC, 23

Figure 11 Distribution of lipid classes

Lipid classes and respective count of representative molecular species per class detected in the study. Analysis was
performed analogously for both cell lines, detecting triglycerides (TG), phospholipids (PL), ceramides (CER) and
cholesterol (CHOL).

3.3 Influence of hypoxia on the lipid signature of sarcoma cells

In order to achieve a general overview of the lipid composition of the cell line MUG CIDUS
and MHH-ES-1, we performed LC-MS. To enable better comparison between those two, the
same cell number, namely 1 x 10° cell were used for lipid extraction and subsequent experiment.
To mimic the physiological environment of the tumor cells in vitro, lipidomes were compared
not only under normoxic, but also hypoxic conditions. Interestingly, hypoxia altered the lipid
metabolism of MUG CIDUS by increasing all TG and CER species, but only a few phospholipid

species with most of them, showing decreased values compared to normoxia. On the other hand,
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MHH-ES-1 only showed a prominent increase for all CER species, whereas for all other lipids
no overall trend could be observed. In contrast to MUG CIDUS, increase in TG was only evident
for shorter fatty acid residues, whereas the majority of long-chain TG decreased under hypoxia.

CHOL levels did not change under hypoxic conditions, neither in MUG CIDUS nor in MHH-
ES-1.

MUG CIDUS MHH-ES-1

169 2 FC {hypoxia:nomiosia) 1ag 2 FC {hypaxiznomoxial

Figure 12 Impact of hypoxia on the lipidome
MUG CIDUS (left) and MHH-ES-1 (right). Data are portrayed as log2FC and represent mean of five replicates.

3.4 Long chain triglycerides accumulate in MUG CIDUS under hypoxic

conditions

To specify the analysis, we next looked at the lipid species separately and compared these
directly between the two cell lines. Interestingly, MUG CIDUS cells only portrayed
significantly higher TG levels per 1 x 10° cells than MHH-ES-1 under hypoxic conditions. Also,
hypoxia affected only long-chain (C>54) and saturated MUG CIDUS TG, yielding in increased
levels compared to MHH-ES-1, whereas under both normoxic and hypoxic conditions MHH-

ES-1 dominantly exhibited higher levels for shorter fatty acid chain lengths (Figure 13).
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3.5 Phospholipids

Next, we evaluated the phospholipid (PL) and the respective fatty-acid composition of the cell
lines. The same analytical approach used for the previous lipid classes, was applied for analysis
of the phospholipid contents and comparison between the cell lines. Results for individual
species of PC, PE, PS and SM species are presented in Figure 14.

PC species were overall more abundant in MUG CIDUS, especially under normoxic conditions.
However, under hypoxic conditions several PC levels decreased for MUG CIDUS but we found
only one PC species (PC 36:1) to be significantly increased in MHH-ES-1 compared to MUG
CIDUS.

Again, almost all PE species were more abundant in MUG CIDUS under normoxic conditions,
which changed in a hypoxic atmosphere. In both PE profiles, four discriminating species (34:1,
34:2,36:2, 38:5) were identified, with elevated levels characteristic to MUG CIDUS. However,
PE levels in total did decrease under hypoxia for some of the mentioned species, but the overall
trend persisted. Interestingly, although the trend remained the same for these respective PL
levels, there were additional species elevated under hypoxic conditions, but for MHH-ES-1. In
context, SM 36:1, SM 38:4 and SM 40:6 were the only ones affected by hypoxia in MHH-ES-
1, increasing significantly, whereas under normoxic conditions for these species no differences
between the cell lines were detected (Figure 14, b).

For PS, only three species, PS 34:1, 36:1 and 36:2, were observed to significantly differ between
the cell lines under hypoxic conditions. PS 36:1 and PS 40:6 are the only species out of the
mentioned four, that are more abundant in MHH-ES-1 compared to MUG CIDUS. Furthermore
they are also the only species that increase under hypoxic conditions in MHH-ES-1 cells.
Although MUG CIDUS depicts the same trend under both conditions for PS 34:1, 36:1 and
36:2, the total amount of these respective molecular species decreases in all three cases. Longer
FA chain species, except PS 40:6, do not seem to be affected by hypoxia and show similar
patterns for both tumor cell lines (Figure 14, ¢).

Similar to PS, MUG CIDUS reduces the accumulation of the as significant marked SM species
(SM 34:1, 36:1, 42:2) under hypoxia. In contrast, MHH-ES-1 enhances its amount for the same
species and additionally for SM 42:1. Under normoxic conditions, MUG CIDUS forms a
significant higher amount of SM in total (Figure 14, d).
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Figure 14 Phospholipid profile
Amount of phospholipids over the chain length. Results represent the mean and + standard deviation.
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3.6 Ceramides and cholesterol levels minimally differ in CDS and ES cell lines

CER levels only showed significant differences for CER species 34:1 and 42:2 under both
conditions. However, under normoxic conditions MUG CIDUS exhibits generally elevated
levels compared to MHH-ES-1, whereas under hypoxic conditions the opposite is true. In
addition, hypoxic conditions especially increase levels of CER 42:1 for MHH-ES-1 significantly
(Figure 15a). For CHOL, no significant differences between the cell lines could be observed

neither under hypoxia nor under normoxia (p = 0.15 and 0.54, Figure 15b).
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4 Discussion

In the current WHO Soft Tissue and Bone Tumor (2020), a new chapter of undifferentiated
small round cell sarcomas of bone and soft tissue has been introduced. Desoite Ewing Sarcoma,
three additional molecularly defined tumor groups have been included (a) Round cell sarcoma
with EWSR1 — not ETS fusions, (b) CIC — rearranged Sarcoma and (c) Sarcoma with BCOR
alterations (44).

They consistently appear to be less chemo-sensitive than the classic Ewing sarcoma, but are still
managed by the same treatment regimen. The high frequency of relapse in localised disease,
poor treatment response and fatal outcome further elucidates the distinct clinical outcome of
CIC-rearranged sarcoma in comparison to Ewing sarcoma (179).

Several different chemotherapeutic agents have already been tested in preclinical studies (180-
182). The standard treatment protocol for CDS is doxorubicin together with vincristine or
cyclophosphamide alternating with ifosfamide and etoposide (179) as the North American
regime or the Euro-Ewing trial with vincristine, doxorubicin, ifosfamide and etoposide (183).
According to Oyama et al., doxorubicin has demonstrated notable effectiveness in a well-
established in vitro model of CDS (184). However, it is important to note that, overall,
doxorubicin yields unsatisfactory outcomes in patients. This study, therefore, tried to find an
explanation why CIC::DUX4 sarcoma, in particular, is more resistant to chemotherapeutic
agents in comparison to Ewing sarcoma, another member of the small, blue round cell group of
sarcomas. In Ewing sarcoma, the use of chemotherapy improved the 5 year overall survival of
patients with localized disease from 10 to 70% (185). One way to build up a chemoresistance
is an altered lipid metabolism (186). To investigate this, lipid profiling by mass spectrometry
of cell lines, MUG CIDUS (CDS) and MHH-ES-1 (ES) representative of the two tumor entities
was carried out. Furthermore, to assess the impact of the hypoxic environment on lipid
metabolism, all cell lines were also analysed under hypoxic conditions. Recent literature
suggests, that a lack of oxygen forces the tumor to adapt and use another metabolic pathways
and the origin tumor microenvironment was mimicked too (187).

The lipidomic study revealed an accumulation of all TG in hypoxic MUG CIDUS cells, whereas
in MHH-ES-1 both increases and decreases in TG levels could be observed depending on the
condition. This indicates the accumulation of excess FAs in cellular TG stores. These

observations raise the possibility of lipid droplet (LD) formation, as the core of those mainly
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consists of TG and sterol esters. Yosef et al. demonstrated the aberrant accumulation of LDs in
KRAS and BRAF mutated colon cancer associating the formation of the respective to erlotinib
resistance (188). Also, in breast cancer, myeloid leukaemia and lung cancer, drug sequestration
into LDs (189-191) was reported to promote chemoresistance by reducing cytoplasmic drug
concentrations.

Compounds exhibiting pronounced hydrophobicity might become trapped within accumulating
lipid droplets (LDs), compromising their anti-cancer efficacy and explaining their lack of impact
in vivo. However, to truly establish a correlation with drug resistance, it is imperative to provide
concrete evidence of LD accumulation in MUG CIDUS rather than solely observing an increase
in TG levels.

Next, we evaluated phospholipid profiles. Phospholipids are the main component of the lipid
bilayer directly, contributing to the cellular structure. Hypoxia induced severe decreases in all
PL classes of MUG CIDUS, especially PE, PC and SM, which was not the case in MHH-ES-1.
An increase in CER under hypoxia could be detected in both cell lines, but in MHH-ES-1 the
increase was significantly higher (L2FC ~ 3). Of note, hypoxia induced in MUG CIDUS an
increase in CER, but a decrease in SM, whereas in MHH-ES-1 induced a decrease only in 3 out
of 10 detected SM species. CER can be generated by SMAs (sphingomyelinase), which cleave
PC or PE from SM. Under cellular stress, e.g.,chemotherapy, especially therapy resistant tumour
cells try escaping apoptosis by decreasing the activity of this enzyme, as the release of CER
usually has anti-cancer properties and leads to cell death by apoptosis (192). Although both cell
lines were able to produce CER, MUG CIDUS generated significantly less CER under hypoxia
than MHH-ES-1, indicating that MUG CIDUS is less sensitive to cellular stress than MHH-ES-
1. As described in Chapter 1.4.1, this is a characteristic of MDR cells. To further validate this
hypothesis, levels of SMAs activity should be analyzed under hypoxia..

Last, the influence of CHOL on resistance could be refuted in comparison to MHH-ES-1. No
significant difference could be detected between the two cell lines MUG CIDUS and
MHH-ES-1, neither under hypoxia (p=0.151) nor under normoxia (p=0.548), which resulted in
the conclusion that cholesterol metabolism did not play a significant role in differentiating

between ES and CDS in regards to their drug sensitivity.

Normalization and reliable comparison between cell lines is complex, so it is important to

35



mention, that the study has several limitations. First, normalization of the quantified lipids was
based on cell number, however no protein levels were additionally determined for a more
comprehensive evaluation. Although the used cell lines are similar, to verify and optimize
comparability, it would still be necessary to assess aspects like a variety of levels on the
molecular level (DNA, RNA, protein), cell size and doubling time as the growth behaviour is
associated with metabolic activity as well. Furthermore, only one cell line of the CIC::DUX4
sarcoma and one Ewing sarcoma cell line were used, reflecting only two patients, respectively.
The cell lines do carry their molecular characteristic and tumour driving oncogene. The Ewing
sarcoma cell line MHH-ES-1 has the most frequent (85%) fusion but other forms of oncogenic
fusions exist, which could have an impact on lipid metabolism, meaning that a subtype of the
same histologic tumour entity could show different results (193). This is further limited by the
rarity of these subtypes, making it difficult to expand the cohort of the study.

The study indicates an association of lipid metabolism involved in drug resistant behaviour of
CIC::DUX4 sarcoma, but more experiments are needed to underpin this hypothesis. Next,
doxorubicin sensitivity should be evaluated under normoxic and hypoxic conditions for both
cell lines. Transcriptomic profiling of the same cell lines could also give further information on
gene expression alterations associated with lipid metabolism under hypoxia. Also, the
differences in lipid signatures between normal healthy cells and tumor cells should be
investigated to gain a better understanding of the importance of lipid metabolism in CIC::DUX4
sarcoma. Altogether, the study portrays a fundament for future experiments and gives insight
into the characteristics of the ultra-rare CIC::DUX4 sarcoma, for which novel therapeutic

options are desperately needed.
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Appendix

Sarkom.

2020;

Available

at:

dark fields are filled in by the

Project / Institute |Rinner
Name (contact person)|Florian Zemijc operator: VB
Phone. Nr. 6- Project ID:|MS 21-008
il t date of receipt:|17.03.2021
sample return after analysis no analyte Lipidprofile
note: stored samples will be discarded after 6 months ! storage of the samples in the lab: |-80 °C
date of sample return, sign:
- sample name or number - proceeding before sample
internal quantity
number ( =tube name) material (Sarcoma cells) (cellnumber) delivery (lipid extraction e.g. MTBE, | sample storage before delivery note
min. 3 letters!! Bligh&Dyer)
1 1 MHH-Es-1 - FBS - Hypoxia (1,5% 02) 1,00E+0| 17 1~P €1y matc degradation > i Meoh o
2 2 MHH-Es-1 - FBS - Hypoxia (1,5% 02) 1,00E-+0| 17 1P encymatc degracation > i Meoh o
3 3 MHH-Es-1 - FBS - Hypoxia (1,5% 02) 1,00E-+0| 17 1~P €1y matic degradation > i Meoh o
4 4 MHH-Es-1 - FBS - Hypoxia (1,5% 02) 1,00E-+0| 17 P encymatic degradation > i Meoh o
5 5 MHH-Es-1 - FBS - Hypoxia (1,5% 02) 1,00E-+0| 17 1P encymatic degradation > i eoh o
3 6 MUG CIDUS - FBS - Hypoxia (1,5%) 1,00E-+0| 17 1P encymatic degradation > mi Meoh o
7 7 MUG CIDUS - FBS - Hypoxia (1,5%) 1,00E-+0| 17 P encymatc degracation > mi Meoh o
s 8 MUG CIDUS - FBS - Hypoxia (1,5%) 1,00E-+0| 17 P encymatic degradation > mi Meoh o
9 9 MUG CIDUS - FBS - Hypoxia (1,5%) 1,00E-+06| 17 P encymatic degradation > mi Meoh v
10 10 MUG CIDUS - FBS - Hypoxia (1,5%) 1,00E-+0| 12 P encymatic degradation > mi Meoh o
16 16 MHH-Es-1 - FBS - Normoxia 1,00E:+06)' 0P encymatic degradation > imi Meoh
’ given [E
It 17 MHH-Es-1 - FBS - Normoxia 1,00E:+06)' 0P encymatic degradation > imi Meoh
’ given =
18 18 MHH-Es-1 - FBS - Normoxia 1,00E:+06)'3 0P encymatic degradation > imi Meoh
’ given [E
19 19 MHH-Es-1 - FBS - Normoxia 1,00E:+06)'3 0P encymatic degradation > imi Meoh
’ given [E
2 20 MHH-Es-1 - FBS - Normoxia 1,00E:+06)' 40P encymatic degradation > imi Meoh
’ given [
2 21 MUG CIDUS- FBS -Normoxia 1,00E-+0| 12 P encymatic desradation > mi Meoh
4°Cc
2 22 MUG CIDUS- FBS -Normoxia 1,00E-+0| 12 P encym2tic desradation > mi Meoh
4°Cc
2 23 MUG CIDUS- FBS -Normoxia 1,00E-+06| 12 P encymatic desradation > mi Meoh
4°Cc
2 24 MUG CIDUS- FBS -Normoxia 1,00E-+0| 12 oP encymatic desradation > mi Meoh
4°Cc
2 25 MUG CIDUS- FBS -Normoxia 1,00E-+0| 12 oP encymatic desradation > mi Meoh
4°Cc
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samples
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lipidomic
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