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Summary

Glioblastoma is the most common central nervous system malignancy in adults with a very poor
outcome due to its invasiveness, intratumoral heterogeneity, poorly differentiated features, and
immunosuppressive microenvironment. Previous work suggested that Branched-chain amino
acid transaminase 1 (BCAT1) is often highly expressed in glioblastoma and multiple modes of
action for its oncogenic potential have been proposed. In this thesis, | focus on investigating a
novel role of BCAT1 in maintaining mitotic fidelity, and how it impacts the cellular plasticity of
glioblastoma cells and the tumor immune microenvironment.

We have found that BCAT1 localizes to the key mitotic structures during cell division as well as in
the nucleus during interphase. Using co-immunoprecipitation mass spectrometry, | showed that
BCAT1 associates with many components of the mitotic spindle and the kinetochore during
mitosis. Through proteomic and phosphoproteomic analysis | showed that the central kinases of
the spindle assembly checkpoint, TTK and AURKB, showed significantly decreased activity during
mitosis upon BCAT1-KO.

By analyzing the expression patterns of human and mouse glioblastoma cells and tumor samples
of the TCGA-GBM cohort, | found that BCAT1 expression is strongly correlated with the cellular
state of glioblastoma, with high expression being indicative of a mesenchymal phenotype and low
or no expression with a neuronal cellular state. | further confirmed these observations through a
series of differentiation experiments of murine glioblastoma stem cells where the Bcat1-KO
showed a much higher tendency towards differentiation and lacked the plasticity of the control
cells. Consistently, in vivo findings corroborated these results with a complete lack of tumor
outgrowth of the Bcat1-KO cells in immunocompetent mice, and a significant growth delay in
immunodeficient mice.

Lastly, | explored the impact of tumor BCAT1 expression on the immune microenvironment. |
found that low BCAT1 expression was associated with a higher immune infiltration of both myeloid
and T-cells in human tumor samples. These findings were additionally confirmed in in vivo
experiments in immunocompetent mice. Furthermore, Bcat1-KO tumors did develop in the
immunodeficient NSG and Rag2KO mouse models, highlighting the importance of the immune
compartment in completely abrogating their growth.

In conclusion, the data presented here confirm the novel role of BCAT1 in maintaining mitotic
fidelity of glioblastoma cells. Furthermore, it shows that BCAT1 expression is necessary for
maintaining the plasticity of glioblastoma cells and an immunosuppressive tumor
microenvironment.



Zusammenfassung

Das Glioblastom ist die haufigste bosartige Erkrankung des zentralen Nervensystems bei
Erwachsenen und hat aufgrund der Invasivitat, intratumoralen Heterogenitat, geringen
Differenzierung und immunsuppressiven Mikroumgebung eine sehr schlechte Prognose.
Frihere Arbeiten haben gezeigt, dass die Branched-Chain Amino Acid Transaminase 1
(BCAT1) in Glioblastomen haufig stark exprimiert wird, und es wurden mehrere
Wirkmechanismen flir ihr onkogenes Potenzial vorgeschlagen. In dieser Arbeit
beschreibe ich eine neuartige Rolle von BCAT1 in der Aufrechterhaltung der mitotischen
Genauigkeit sowie in der Beeinflussung der zellularen Plastizitat von Glioblastomzellen
und der immunologische Mikroumgebung des Tumors.

Wir haben herausgefunden, dass BCAT1 wahrend der Zellteilung an den mitotischen
Schlusselstrukturen und wahrend der Interphase im Zellkern lokalisiert ist. Mit Hilfe von
Co-Immunprazipitation-Massenspektrometrie habe ich gezeigt, dass BCAT1 wahrend
der Mitose mit vielen Komponenten des mitotischen Spindelapparats und des
Kinetochors assoziiert ist. Durch proteomische und phosphoproteomische Analysen
konnte ich zeigen, dass die Spindelaufbaukontrollpunkts, TTK und AURKB, zeigten bei
BCAT1-KO eine deutlich verringerte Aktivitat wahrend der Mitose. Diese in silico-
Ergebnisse wurden von unserer Gruppe weiter validiert.

Durch die Analyse der Expressionsmuster von humanen und murinen Glioblastomzellen
und Tumorproben der TCGA-GBM-Kohorte habe ich herausgefunden, dass die BCAT1-
Expression stark mit dem zellularen Zustand des Glioblastoms korreliert, wobei eine hohe
Expression auf einen mesenchymalen Phanotyp und eine niedrige oder fehlende
Expression auf einen neuronalen zellularen Zustand hindeutet. Ich bestatigte diese
Beobachtungen durch Differenzierungsexperimente mit murinen Glioblastom-
Stammzellen , bei denen die Bcat1-KO-Zellen eine starkere Tendenz zur Differenzierung
zeigten und die Plastizitat, die in Kontrollzellen beobachtet wurde, verloren ging. In vivo-
Befunde bestatigten diese Ergebnisse, denn die Bcat1-KO-Zellen entwickelten keine
Tumore in immunkompetenten Mausen, und die Tumore in immundefizienten Mausen
wuchsen deutlich langsamer.

Schlieflich untersuchte ich die Auswirkungen der BCAT1-Expression des Tumors auf die
immunologische Mikroumgebung. Ich fand heraus, dass eine niedrige BCAT1-
Expression mit einer hdheren Immuninfiltration sowohl von myeloischen als auch von T-
Zellen in menschlichen Tumorproben verbunden war. Diese Ergebnisse wurden
zusatzlich in invivo-Experimenten an immunkompetenten Mausen bestatigt. Dartber
hinaus entwickelten sich Bcat1-KO-Tumore auch in den immundefizienten NSG- und
Rag2KO-Mausmodellen, was die Bedeutung des Immunsystems fur die vollstandige
Unterdrickung ihres Wachstums verdeutlicht.

Zusammenfassend bestatigen die hier vorgestellten Daten eine neue Rolle von BCAT1
bei der Aufrechterhaltung der mitotischen Prozesse von Glioblastomzellen. AuRerdem
zeigen sie, dass die BCAT1-Expression fur die Aufrechterhaltung der Plastizitat von
Glioblastomzellen und einer immunsuppressiven Tumormikroumgebung notwendig ist.
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1. Introduction
1.1. Glioblastoma

1.1.1. Clinical and epidemiological aspects

Glioblastoma is a malignant tumor of the central nervous system (CNS) localized within the brain.
According to the recent WHO (World Health Organization) classification of CNS tumors,
glioblastomas are characterized as stage IV primary gliomas with a wildtype isocitrate
dehydrogenase 1 (IDH1) gene (IDH"T) (Louis et al. 2021).

Glioblastoma accounts for almost 50% of all CNS malignant tumors diagnosed in adults with an
incidence of 3.2 per 100.000 within the US population and a mean age of diagnosis of 64 (Ostrom
et al. 2013). It has a similar impact in both males and females, with a slightly higher incidence in
men (Ostrom et al. 2018).

Glioblastomas are typically diagnosed through brain imaging after the onset of symptoms, at
which point tumor development is usually advanced. Further characterization of the tumors and
a final diagnosis is performed through molecular testing for markers such as epidermal growth
factor receptor (EGFR) amplification, chromosome 7 gain and chromosome 10 loss, and others
(Melhem et al. 2022). Even in case of the lack of typical histological features, a diffuse IDHWT
glioma can be classified as a glioblastoma by means of detailed molecular characterization (Brat
et al. 2018).

Glioblastoma is an incurable malignancy with an extremely poor prognosis. Regardless of the
mode of treatment, the 5-year survival rate post diagnosis remains below 5%, with a median

survival of only 15 months (Tamimi and Juweid 2017; Koshy et al. 2012).

1.1.2. Treatment strategies and novel therapies

Currently, the first line treatment for glioblastoma entails an aggressive, trimodal approach of
surgical resection, temozolomide (TMZ) administration and radiation. Maximal safe surgical
resection remains the most effective way of treating glioblastoma (Molinaro et al. 2020). However,
despite the aggressive approach, in most cases the tumors recur and become refractive to further

treatment.
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TMZ is a DNA-alkylating chemotherapeutic agent that was shown to provide some improvement
in glioblastoma patient survival in comparison to radiation treatment alone (12.1 and 14.6 months
median survival, respectively) (Stupp et al. 2005). However, even though statistically significant,
this improvement was only marginal and did not affect the overall survival rates. One of the key
confounding factors for determining the efficacy of TMZ treatment was the promotor methylation
status of the MGMT (O-6-methylguanine-DNA methyltransferase) gene, with high promotor
methylation associated with a better response (Esteller et al. 2000). Unfortunately, approaches of
dose-dense and dose-intensive TMZ application did not contribute to an increased survival time,

regardless of the MGMT promotor methylation status (Gilbert et al. 2013).

Lack of an efficient treatment of glioblastoma has prompted many clinical trials examining the
efficacy of small molecule inhibitors, commonly based on personalized medicine approaches, or

immunotherapeutic approaches which have shown promising results in some cancer entities.

Because of the high frequency of receptor tyrosine kinase (RTK) mutations (in particular EGFR,
platelet-derived growth factor receptor (PDGFR) and vascular endothelial growth factor receptor
(VEGFR)), glioblastoma was thought to be a good candidate entity for small kinase inhibitor
treatments. However, multiple trials using different inhibitors have failed to show any improvement
in patient survival, which was especially surprising for those targeting the EGFR receptor (Pollack
et al. 2007; Peereboom et al. 2010).

Recently, immune checkpoint inhibitors, cell-based vaccines and other immuno-modulatory
therapies have been tested in the context of glioblastoma in multiple clinical trials, however these
attempts have also shown underwhelming results, likely due to the immunosuppressive nature of

the tumors (for a detailed overview of conducted trials, see (Medikonda et al. 2021)).

1.1.3. Glioblastoma subtypes

Due to observations of consistent genomic aberrations on the level of individual genes or larger
genomic regions, the question of associating glioblastoma characteristics with specific molecular
markers became an important aspect of glioblastoma research. One of the first molecular
classifications of glioblastoma derived from the TCGA-GBM database of sequenced tumors was
performed by Verhaak et al (Verhaak et al. 2010). The authors used gene expression data to
classify glioblastomas as neural, proneural, mesenchymal and classical. Based on the molecular

classification proposed, some subtype-specific phenotypic characteristics could be observed, for

2
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example proneural glioblastomas had an overall longer survival time, whereas the classical ones
showed a better response to treatment. On the other hand, mesenchymal tumors were associated

with poor survival, aggressive features, and an inflammatory response.

A few years later, Wang et al (Q. Wang et al. 2017) argued that only the proneural, classical and
mesenchymal subtypes reflect the molecular characteristics of the tumor cells, and that the neural
subtype is generally an artifact of bulk sequencing which includes a portion of the tumor

microenvironment cells of neuronal origin.

More recently, advances in sequencing technologies, more detailed datasets including region
specific samples and single cell sequencing techniques have blurred the line between the 3
canonical subtypes. Instead, new data points towards a high intratumoral heterogeneity with
multiple molecular subtypes being detectable in a single tumor sample (Couturier et al. 2020) and
common subtype switching upon treatment and resection (Phillips et al. 2006). Based on these
findings, further attempts have been made to classify glioblastoma cells based on pathways and
developmental programs to get a better understanding of the mechanisms driving glioblastoma

development and progression (Neftel et al. 2019; Garofano et al. 2021).

1.1.4. Tumor microenvironment

It has been shown many times that studying cancer in a physiologically meaningful way requires
the additional study of the non-malignant cellular populations that constitute the tumor
microenvironment (TME) (Jin and Jin 2020). Throughout carcinogenesis, tumor cells co-opt the
non-malignant cells of their environment into providing sustenance for growth and expansion such
as growth factors, metabolites or even forming blood vessels (Baghban et al. 2020; Jin and Jin
2020; Farc and Cristea 2021).

Many studies have been published on the effects of tumor associated fibroblasts and their roles
in promoting tumor growth of cancer entities such as liver cancer through paracrine signaling
(Sahai et al. 2020). Furthermore, ongoing efforts into researching the mechanisms of tumor
angiogenesis which depend on the interaction of tumor cells with endothelial cells, pericytes and
other cell types, have resulted in novel anti-angiogenic therapies with promising outcomes in

some cancer entities (De Palma, Biziato, and Petrova 2017; Lopes-Coelho et al. 2021).
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Another major cellular population in the TME are the cells of the immune system. Namely, the
components of the innate immune system, primarily the myeloid cells, are often found not only
present, but actively expanded within different tumor entities (Binnewies et al. 2018). Commonly,
the tumor cells reprogram myeloid cells of the TME into an immunosuppressive phenotype which
promotes tumor growth and restricts the antigen presenting capacity of the innate immune system
to the adaptive components such as effector T-cells (Noy and Pollard 2014; Xiang et al. 2021).
Furthermore, the immunosuppressive myeloid cells of the microenvironment can prevent the
activation and cause exhaustion of the tumor infiltrating T lymphocytes (TILs), hampering any
immune regulation of the tumor cells even in the cases of antigen recognition and clonal

expansion (Ravi et al. 2022).

Glioblastomas are tumors of the brain that do not disseminate to other parts of the body. That,
together with the tight regulation of cell types present in the brain limits the diversity of cellular
types of their TME. Novel studies exploring glioblastoma using single cell sequencing techniques
often describe 5 populations of TME cells aside from the malignant cells: astrocytes,
oligodendrocytes, neurons, myeloid cells and T-cells. Notably, smaller populations of neural stem
cells (NSC) or oligodendrocyte-precursor cells (OPC) have also been reported (Couturier et al.
2020; Abdelfattah et al. 2022; Yeo et al. 2022).

Astrocytes are glial cells of the brain initially believed to simply form the parenchyma of the brain
tissue. However, the role of astrocytes has been shown to be far more extensive, with involvement
in mechanisms such as synaptic regulation, metabolic shuttling, synaptic transmission, injury
response and inflammation and others (Liu et al. 2021; Schiweck et al. 2021; Perez-Catalan, Doe,
and Ackerman 2021). Because of this, it is not surprising that astrocytic cells have a considerable
impact on glioblastoma growth, likely through their paracrine influence of growth factor secretion,
cytokine secretion and metabolic shuttling or even through promoting immunosuppression
(Brandao et al. 2019; Henrik Heiland et al. 2019). Much less is known regarding the influence of
neurons and oligodendrocytes in the glioblastoma microenvironment. However, there are studies
showing that neuronal-cancer cell signaling promotes tumor growth and migration in glioblastoma
(Venkatesh et al. 2019; Venkataramani et al. 2019).
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1.1.5. Glioblastoma-associated myeloid cells and their role in immunosuppression

Myeloid cells, or more specifically glioblastoma-associated myeloid cells (GAM), constitute a large
portion of the glioblastoma microenvironment, reported to account for 30% to 50% of all of the
cells of the tumor mass (Rossi et al. 1987; Morantz et al. 1979). The origin of the GAMs is a highly
contested topic. Namely, brain myeloid cells — microglia, are specialized macrophages that
originate from the yolk sac and populate the brain during early development (Ginhoux et al. 2010).
The microglial compartment was later shown to be self-sufficient in maintaining the innate immune
system of the brain as little to no repopulation by blood-derived myeloid cells of the brain could
be observed in homeostatic conditions (Huang et al. 2018). However, it is clear that in the context
of the glioblastoma TME, the myeloid compartment is greatly expanded but the origin of GAMs
remains a disputed topic with contradicting evidence implying a dominant microglial or monocyte-
derived origin (Parney, Waldron, and Parsa 2009; A. Miller et al. 2015). Because of this, many

studies refer to these cells as glioblastoma associated myeloid cells or simply macrophages.

Glioblastoma cells not only attract and promote the expansion of myeloid cells, but also promote
their reprogramming to a highly immunosuppressive phenotype. Canonically, macrophage
activation has been described as a transition to either pro-inflammatory M1 macrophages or
immunosuppressive, alternative, M2 macrophages (Mantovani et al. 2002). Even though GAMs
are generally described as M2 type macrophages due to their immunosuppressive capacity, their
expressional profile does not fall clearly into the M1 - M2 polarization paradigm (Szulzewsky et
al. 2015).

GAMs have been proposed to promote glioblastoma growth and progression through different
mechanisms. Firstly, the immunosuppressive myeloid cells secret cytokines and growth factors
related to wound healing cellular programs, such as transforming growth factor B (TGFB) and
many others (Feng et al. 2015; Coniglio et al. 2012; Markovic et al. 2009)(Figure 1). These factors
can be used by glioblastoma cells to promote their survival, proliferation and invasion either
through directly remodeling the extracellular matrix through metalloproteinases or through
providing invasion-stimulating signaling (Markovic et al. 2009). Furthermore, the injury-based
response of the microglia results in enhanced angiogenesis which is crucial for tumor growth and

nutrient supply (Brandenburg et al. 2016).
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Figure 1 Example modes of action of macrophage-dependent glioblastoma growth. A) Tumor-associated macrophages (TAM)
promote glioblastoma invasion and proliferation through the secretion of cytokines such as interleukin 6 (IL-6), interleukin 1b (IL-
1b) and growth factors such as TGFB. B) TAMs increase the invasive potential of glioblastoma cells through direct extracellular
matrix (ECM) remodeling mediated by matrix metalloproteinases (MMPs) such as MMP9, MMP2, and others. Figure was adapted

from (Hambardzumyan, Gutmann, and Kettenmann 2016)

1.1.6. T-cellsin the glioblastoma microenvironment

Despite the considerable number of myeloid cells in the TME, glioblastomas are generally
considered “immune cold” tumors. The main reason for this is the very low lymphoid and in

particular T-cell infiltration (H. Wang et al. 2021).

T cells are the main effector cells of the adaptive immune system, and the CD8"* T-cells are
generally attributed with the role of immune surveillance and tumor cell clearance (Farhood,
Najafi, and Mortezaee 2019, 8). Because of this, many of the novel strategies for treating cancer
rely on immunotherapeutics that increase tumor T-cell infiltration, prevent T-cell exhaustion or
interfere with their suppression by the tumor or myeloid cells through immune checkpoint
blockade (Raskov et al. 2021).

Due to the severe immunosuppressive characteristics of the glioblastoma myeloid
microenvironment, effector T-cell infiltration into these tumors is very low to begin with, and the
T-cells which are present are often exhausted and unable to target tumor cells (Woroniecka and
Fecci 2018). Attempts to enhance the T-cell response in glioblastoma through immune checkpoint
blockade or various vaccination strategies have not shown promising results in clinical trials so
far (Medikonda et al. 2021).
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1.2. Cell division and cancer

1.2.1. The cell cycle in homeostasis

In order to maintain homeostasis, the tissues of the body are constantly replenished with new
cells through cellular division, a process of a single somatic cell dividing into two daughter cells
with near identical genetic material (Schafer 1998). However, poorly regulated cell division would
quickly be detrimental for the body and result in neoplasm development (Matthews, Bertoli, and
de Bruin 2022).

Simplified, the cell cycle consists of 2 phases termed the interphase (G1, S and G2) and the M
phase. However, only a very small percentage of cells in the human body is capable of active
division, whereas the large majority of the cells went through a process of terminal differentiation

commonly referred to as the GO phase (Nurse 2000; Matson and Cook 2017).

G1, or Gap 1 phase, is a phase of the cell cycle that directly follows cell division. During this phase
the cell grows and acquires necessary nutrients and building blocks for further divisions. The S
phase, or the synthesis phase, refers to a portion of the cell cycle in which the genetic material of
the cell is duplicated (Nurse 2000). The G2, Gap 2, phase is another growth phase in which
organelles of the cell and other supramolecular structures grow and increase in numbers to be
subdivided into daughter cells. Finally, the M phase of the cell cycle, or mitosis, is the dynamic
process of cellular division, in which one cell divides its genetic material, organelles and

membranes (cytokinesis) into two daughter cells (Kapoor 2017).

1.2.2. Cell cycle regulation

It is imperative that cell division and by extension the cell cycle remains under tight control
throughout life in order to avoid aberrant cell growth or an accelerated accumulation of division-
related genomic alterations (Matthews, Bertoli, and de Bruin 2022). Because of this, the cell cycle
is regulated at multiple stages often referred to as checkpoints, at which cell intrinsic and
exogenous signals converge to indicate whether a cell can and should proceed through the further

stages of the cell cycle (Sudakin, Chan, and Yen 2001).
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The major cell cycle checkpoints described so far are the G1/S, S, G2/M and M checkpoints,

referring to the stage of the cell cycle which they regulate.

G1/S checkpoint is mainly associated with cell growth and the availability of exogenous growth
signals (Rubin, Sage, and Skotheim 2020). In non-dividing cell, a major S-phase inhibiting protein
Rb (retinoblastoma protein) actively represses E2F (E2 factor)-mediated transcription. Once the
cell receives sufficient pro-mitotic signals, a combination of Cyclin D (CycD) dependent kinases
CDK2 and CDK4 will hyperphosphorylate and inhibit Rb, allowing the cell to continue through to
S phase and DNA replication (Narasimha et al. 2014).

The S-phase checkpoint is a mechanism devoted to preventing cell division in case of excessive
DNA damage. The S-phase checkpoint; unlike the rest of the cell cycle, is not directly mediated
through Cyclins and CDKs, but rather DNA-damage-sensing kinases and proteins such as ATR
(Ataxia telangiectasia and Rad3 related) and CHK2 (Checkpoint kinase 2) (Segurado and Tercero
2009). Upon detecting DNA damage or the lack of nucleotides for further DNA synthesis, a
cascade of phosphorylation events culminating in the activation of CHK2 triggers the checkpoint
response, preventing the cell from continuing through the cycle unless the damage is mediated
(Alcasabas et al. 2001, 1).

The progression through G2 into M phase is regulated through the G2/M checkpoint. The main
drivers of M-phase entry are CDK1 (cyclin dependent kinase 1) and a G2-specific cyclin, CycB
(Gould and Nurse 1989, 2). Once CDK1 is activated by CycD, a series of phosphorylation events
involving CDC25A-C (cell division cycle 25 A-C), AURKA (Aurora kinase A) and PLK1 (polo-like

kinase 1) results in the transition into M-phase (Seki et al. 2008).

1.2.3. Mitosis

Mitosis is the process of cellular division in which the duplicated genomic DNA, all of the cellular
organelles and membranes are divided into two new daughter cells. Even though it is a small part
of the cell cycle, mitosis is an extremely complex process that can be further subdivided into
prophase, prometaphase, metaphase, anaphase, telophase and cytokinesis (Mclntosh 2016)
(Figure 2)

During prophase, the chromosomes condense, facilitated through protein complexes such as

condensins (Figure 2A) (Hudson, Marshall, and Earnshaw 2009). In prometaphase, the nuclear
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envelope disintegrates by forming smaller vesicles (Cooper 2000) while the kinetochore
microtubules organized at the centrosomes extend towards the condensed mitotic chromosomes
and begin forming kinetochore structures at the centromeres (Santaguida and Musacchio 2009).
The microtubule cytoskeletal machinery responsible for the further separation of the
chromosomes throughout mitosis is referred to as the mitotic spindle (Walczak and Heald 2008).
During metaphase, through a ‘trial and error’ mechanism, the microtubules of the mitotic spindle
attach to all of the chromosomes and complete forming kinetochores, while aligning the
chromosomes along the middle of the dividing cell (Kapoor 2017) (Figure 2E). Once the cell
completes metaphase, the anaphase promoting complex (APC) ubiquitinates and thus promotes
the degradation of the protein securin, which in term releases the separase protease from
inhibition and initiates the separation of sister chromatids (identical DNA copies of each of the
chromosomes) in anaphase (J.-M. Peters 2006) (Figure 2D). Once the sister chromatids are
separated, they begin traveling to the opposite poles of the dividing cell through the activity of the
mitotic spindle (Figure 2E). During telophase, the final stage of mitosis, the new daughter cells
begin the process of cell membrane and cytosol separation — cytokinesis, while the chromosomal
material decondensates and the nuclear envelopes reform (Figure 2F) (Barr and Gruneberg
2007).
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Figure 2 Schematic representation of the phases of mitosis. Chromosomes are represented with orange lines, interpolar and
kinetochore microtubules with blue and red line, respectively. Dashed orange line represents the contractile cytokinetic ring. A)
prophase, b) prometaphase, c) metaphase, d) and e) anaphase f) telophase. Figure adapted from (Scholey, Brust-Mascher, and
Mogilner 2003)

1.2.4. Spindle assembly checkpoint (SAC)

The main regulatory point of progression through mitosis occurs during the metaphase and is
referred to as the spindle-assembly checkpoint (SAC). SAC is a pathway which halts mitosis in

case of incomplete or aberrant spindle formation(Musacchio and Hardwick 2002).

The SAC mainly functions through the mitotic checkpoint complex made out of MAD1 and MAD2
(mitotic arrest deficient 1 and 2), BUB1 (budding uninhibited by benzimidazole 1) BUB1B (BUB1
mitotic checkpoint serine/threonine kinase B) and BUB3 (BUB3 mitotic checkpoint protein). This
complex acts on CDC20 to prevent it from activating the APC/C and thus keeping separase
inactive and securin intact (Sudakin, Chan and Yen 2001). Once the chromosomes are bioriented
and all of the kinetochores properly attached, the inhibition on APC/C is released and mitosis can

continue.
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The SAC includes other crucial kinases such as TTK1 (MPS1, multipolar spindle 1) and AURKB
(Aurora kinase B). These kinases function as additional signal regulators of the SAC and their
impairment leads to severe mitotic defects (Kallio et al. 2002; Morrow et al. 2005; Murata-Hori,
Tatsuka, and Wang 2002; Abrieu et al. 2001, 1; E. Weiss and Winey 1996, 1).

1.2.5. Cell division in cancer

Cancer is a disease of aberrant cell growth and proliferation that relies on constant proliferative
signaling facilitated intrinsically by the cancer cells or through the TME. Furthermore, cancer cells
need ways of bypassing regulatory mechanisms and checkpoints of the cell cycle introduced in
the previous sections. This is often achieved through mutations in key pathways regulating S
phase, mitotic entry and mitotic exit (Sanchez-Vega et al. 2018; Lecona and Fernandez-Capetillo
2018; L. Wang et al. 2015, 20).

Even though proteins regulating cell cycle checkpoints are often found mutated in cancer (Figure
2, red), proteins that are related to mitotic stress response and the SAC, such as the APC /C
complex and AURKB typically are not (Figure 2, blue). This is likely due to the high proliferative
capacity of cancer cells. In this context, mutations of proteins regulating the spindle assembly and
chromosome segregation would quickly lead to disastrous mitotic events which are not compatible
with further growth. In fact, maintenance of spindle protein activity might be beneficial for tumor
growth (Borah et al. 2021; J et al. 2019; Kallio et al. 2002).

11
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Figure 3 Overview of mitotic regulatory pathways affected in cancer. Proteins that are often mutated in cancer entities are shown
in red, while proteins that are rarely mutated are shown in blue. The regulatory pathways of the proteins are shown below, while

the main signaling contributing to checkpoint activation at each stage are shown on top of each pathway. Figure was adapted

from (Matthews, Bertoli, and de Bruin 2022).
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1.3. Cell differentiation in glioblastoma

1.3.1. Neural stem cell differentiation

Neural stem cells (NSCs) are a population of multipotent cells from which lineages of glial
(oligodendrocytes and astrocytes) and neuronal cells can be derived (Ma et al. 2009). It was long
thought that brain cells, primarily neurons, remain unchanged throughout life, and that most
neurogenesis and gliogenesis occurs early during development (D. B. 1930). However, findings
of NSCs in the adult human and mouse brain disputed these claims, and raised new questions

about neuronal plasticity and regeneration (Gage 2000; Ming and Song 2005).

Currently, it is believed that adult NSCs localize to two specific regions of the brain: the
subventricular zone (SVZ) of the lateral ventricles (Doetsch et al. 1999) and the subgranular zone
(SGZ) of the dentate gyrus (Kuhn, Dickinson-Anson, and Gage 1996) (Figure 4A). Even though
there have been studies showing successful isolation of NSCs from other brain regions, this has
not been widely accepted (S. Weiss et al. 1996; Seri et al. 2006).

One of the defining features of adult NSCs is their ability to self-renew and differentiate in multiple
lineages which they retain under in vitro conditions as well (Nurcombe et al. 1993). There are two
current models for their differentiation, a hierarchical model of differentiation into lineage-restricted
progenitors (Hack et al. 2005) and a single-lineage model of intrinsically diverse NSCs with
different differentiation potentials (Merkle, Mirzadeh, and Alvarez-Buylla 2007) (Figure 4B and
4C).

Anatomically, NSCs of the SVZ and the SGZ reside in NSC-specific niches which promote the
self-renewal and help maintain NSC pluripotency within the brain (Ma, Ming, and Song 2005).
However, the capacity of these cells to self-renew and proliferate raises obvious questions about

their potential to form tumors if the regulation of these processes is disrupted.

13
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Figure 4 Neural Stem Cells in the Adult brain. A) Schematic localization of adult neural stem cells (NSCs) in the mouse brain
subventricular zone (SVZ) and the subgranular zone (SGZ) B) Neural stem cell differentiation model of intrinsically diverse neural

stem cells and C) lineage-restricted progenitors. Figure adapted from (Ma et al. 2009)

1.3.2. Glioblastoma cell of origin

The exact cell of origin in glioblastoma, i.e., the normal cell from which the tumor originates
through genetic modifications, remains an important point of discussion today. To answer this
question, multiple studies using lineage specific mouse models have been developed. In these
models, cell type-specific promotors are used to knockout tumor suppressor genes which are
commonly inactivated in glioblastoma: TP53 (tumor protein 53), PTEN (phosphatase and tensin
homolog) and NF1 (neurofibromatosis type 1), in a temporally regulated lineage-specific manner
(Korber et al. 2019).

Using nestin-creER (Cre recombinase estrogen receptor) mouse models, it was shown that the
knockout of tumor suppressor genes in adult mouse NSCs results in the formation of
glioblastomas (S. Alcantara Llaguno et al. 2009). Similarly, Ascl1-driven Cre recombinase
expression (restricted to more committed CNS progenitors) also caused the formation of
glioblastomas in mouse models (Galvao et al. 2014). However, even though the overall timeline
of tumor formation in these models was similar, depending on whether the cell of origin was an
adult neural stem cell or a committed progenitor, the resulting tumors showed different
glioblastoma subtype expression patterns (S. R. Alcantara Llaguno et al. 2015). Much less is

known on the ability of post-mitotic CNS cells to form glioblastoma.

These studies largely demonstrate that glioblastomas can form as a result of genetic alterations
of different stem and progenitor cell populations of the brain, highlighting a possible mechanism

for their overwhelming heterogeneity.
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1.3.3. Cell differentiation in glioblastoma

Cell proliferation and poor differentiation are some of the main characteristics of high-grade
cancers, certainly in glioblastoma. Because of this, potential strategies of inducing terminal
differentiation of glioblastoma cells are highly sought for in current research (Fang et al. 2021;
Ferrucci and Zollo 2016; Garnier et al. 2019).

Interestingly, some studies have shown that one of the potential mechanisms underlying IDH
mutant glioma growth is through 2-hydroxyglutarate (2-HG, the metabolic product of mutated IDH)
mediated prevention of differentiation. Furthermore, the inhibition of the mutated enzyme seems

to cause terminal tumor cell differentiation (Turcan et al. 2013; Pusch et al. 2017).

Less research has been done on inducing glioblastoma cell differentiation outside of the context
of IDH mutated tumors, however differentiation therapy either alone or as combination treatment

remains a highly valuable area of research in glioblastoma and cancer biology in general.

1.3.4. DNA methylation as a mechanism of cellular differentiation

DNA methylation is an epigenetic mechanism of transcriptional silencing involving direct
modification of cytosine residues by C5 methylation (5-mC). DNA methylation can occur
throughout the entire genome, but it is highly enriched in regions rich in alternating cytosine and
guanine residues referred to CpG islands (Sun et al. 2021). CpG islands are often found in

promoter regions of genes, and their hypermethylation causes transcriptional repression.

DNA methylation is established by DNA methyltransferases (DNMTs) which transfer a methyl
group form S-adenosyl-I-methionine (SAM) to the cytosine C5 (Goll and Bestor 2005). DNA
demethylation is a more diverse process, which can occur passively, through the loss of 5-mC
during cell divisions in the lack of DNMT activity (Bayraktar et al. 2020), or actively through
enzyme-dependent DNA demethylation. Main mediators of active DNA demethylation are the a-
ketoglutarate (aKG) dependent ten-eleven translocation (TET) methylcytosine dioxygenases
(Pastor, Aravind, and Rao 2013). TETs oxidize 5-mC into 5-hmC (5-hydroxymethylcitosine)
followed by 5-fC (5-formylcitosine) and 5-caC (5-carboxylcytosine). 5-caC is then removed from
the genome through the activity of the thymine-DNA glycosylase (TDG) enzyme and base-
excision repair (BER) (Figure 5) (Nakajima and Kunimoto 2014, 2).
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Figure 5 Schematic representation of the pathway of active DNA demethylation through the activity of the TET enzymes. DNMT —
DNA methyltransferase; BER — base-excision repair; TET — ten-eleven translocation methyl dioxygenase; 5-mC — 5-methylcyosine;

5-fC — 5-formylcytosine; 5-caC — 5-carboxylcytosine. Figure adapted from (Nakajima and Kunimoto 2014, 2)

DNA methylation based repression of gene expression has long been known to define tissue and
cell specific expressional patterns (Bird and Wolffe 1999). In particular, DNA methylation has been
implicated in regulating fate specification and progenitor restriction in different neuronal and glial

cell subpopulations (Stricker and Go6tz 2018; Takizawa et al. 2001).

1.3.5. DNA methylation and TET enzymes in glioblastoma

DNA methylation has long been a topic of research in brain cancers due to the discovery of IDH
mutated gliomas (Nobusawa et al. 2009, 1). IDH mutations cause the accumulation of the
oncometabolite 2-HG which is an effective aKG competitor and blocks the function of aKG-
dependent dioxygenases such as TETs and histone demethylases (Xu et al. 2011) (Figure 6).
This results in a genome-wide alteration of methylation patterns which have been shown to

maintain the undifferentiated state of glioblastoma cells (Pusch et al. 2017; Turcan et al. 2013).
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Figure 6 Mechanism of 2-hydroxygluterate-dependent epigenetic modifications. Figure adapted from (Han et al. 2020)

Even though glioblastomas do not have IDH mutations according to the most recent CNS tumor
classification, the tumor cells remain poorly differentiated. Multiple studies have shown that TET
enzymes restrict tumor growth through cellular differentiation, and mechanisms of how they can
be downregulated or inactivated in tumors have been described (Bray et al. 2021). In
glioblastomas, however, no consensus mechanism on TET inactivation has been found, even
though some studies exploring individual TET enzymes have shown them to be capable of

regulating glioblastoma differentiation when functional (Garcia et al. 2018; T. Mdller et al. 2012).
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1.4. BCAT1 in homeostasis and cancer

1.4.1. Discovery and function

Branched chain amino acid transaminase 1 (BCAT1) is a metabolic, cytosolic enzyme with the
function of catabolizing the branched chain amino acids (BCAA) valine, leucine and isoleucine
into branched chain ketoacids (BCKA) a-ketoisovalerate, a-ketoisocaprotate and a-keto-b-
methylvalerate, respectively (Figure 7). In doing so, BCAT1 transfers an amino-group equivalent
from the BCAAs to aKG, producing glutamate. BCAT1 was initially described as a c-Myc response
gene in fibroblasts (Evan et al. 1992) and later found to be conserved across eukaryotic species

and implicated in the regulation of the cell cycle in yeast (Schuldiner et al. 1996, 39).

NADH

BCAAs FADH2

BCKAs — A, Acetyl-CoA
(Val, Leu, lle) S Succinyl-CoA

BCAT TCA cycle

a-KG Glutamate —» o-KG

TIDH1

Isocitrate Excretion

Figure 7 The metabolic function of BCAT1. BCAT1 converts branched chain amino acids (BCAAs) into branched chain keto acids
(CKAs) thought transamination, exhausting cellular a-ketoglutarate (aKG) and producing glutamate. Figure adapted from (Ténjes

etal. 2013)

BCAT is present in 2 isoforms, BCAT1 and BCAT2. BCAT1 expression is restricted to a few adult
tissues such as the brain, ovaries and the placenta (Sweatt et al. 2004). Interestingly, BCAT1
expression is high during early embryonic development throughout the embryo as a consequence
of c-Myc expression during these stages of development, and c-Myc overexpression in embryonic
stem cells prevents the downregulation of BCAT1 upon their differentiation (Benvenisty et al.
1992). Unlike BCAT1, BCAT2 is a mitochondrial protein, constituent of a metabolic complex that
processes BCAAs. BCAT2 is expressed ubiquitously throughout tissues and does not seem to be
c-MYC regulated (Dhanani, Mann, and Adegoke 2019, 2).

The tissue specificity of BCAT 1-expression raised questions regarding its function, in particular in
the context of brain tissue and neurons. BCAT1 has been successfully isolated from rat and

mouse brains (Hall et al. 1993) and shown to be specifically expressed in neurons, and in
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particular glutaminergic neurons (Hull et al. 2015; 2012). Glutamate is a key neurotransmitter and
it is hypothesized that BCAT1-derived glutamate maintains constant levels of brain glutamate
through the metabolic shuttling between neurons that express BCAT1 and neighboring astrocytes
(Hull et al. 2012) (Figure 8). This is further facilitated by the finding that most of the neuronal
culture glutamate can be labeled through labeling the BCAAs (Yudkoff et al. 1993; 1994).
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Figure 8 Metabolic shuttling cycle of glutamate (Glu) in the brain. The importance of BCAT1 (BCATc) expressed in glutaminergic
neurons in ensuring proper synaptic signaling through metabolite shuttling with the surrounding astrocytes. Figure adapted from

(Hull et al. 2012)

Recently, new insights into BCAT1’s function independent of its metabolic activity have been
proposed (Hillier et al. 2022; Ko et al. 2020). Namely, the BCAT1 protein contains a highly
evolutionarily conserved, redox-active CxxC (Cysteine-X-X-Cysteine) motif which is commonly
found in redox-regulating proteins (Fomenko and Gladyshev 2003). Biochemical assays and cell-
culture experiments have shown that the CxxC motif can potentially play a role in redox equivalent
transfer, similar to other redox proteins such as thioredoxin (Trx) (Myra E. Conway et al. 2008;
Hillier et al. 2022). In our own work, we have shown that the CxxC motif of BCAT1 maintains the
proper functioning of the SAC during mitosis in multiple models of human and mouse cancer and

non-malignant cells (Francois et al. 2022).
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1.4.2. BCAT1 in cancer

As BCAT1 is regulated by the oncogene c-MYC, it is not surprising that its expression is increased
in many different cancer entities including glioblastoma, breast cancer, acute myeloid lymphoma
(AML) and others (Tonjes et al. 2013, 1; Luo et al. 2021, 1; Raffel et al. 2017). However, different
roles of BCAT1 and mechanisms for its oncogenic potential have been proposed for various tumor

entities.

So far, the majority of the studies have focused on the catabolic role of BCAT1 in cancer, and
how the balance of BCAAs/BCKAs and the byproducts aKG/glutamate influence tumor growth
and development. BCAT1 is highly expressed in glioblastoma (Figure 9A) (Tonjes et al. 2013). In
addition, high BCAT1 expression is related to poor survival in the TCGA-GBM dataset (Figure
9B). This was associated with the increased glutamate production and subsequent secretion from
the overexpressing cells (Tonjes et al. 2013). Similarly, BCAT1 expression was found to be crucial
for the growth of breast cancer (Thewes et al. 2017). Interestingly, Wang et al. found that BCAT1
promotes EGFR inhibitor resistance in lung carcinoma cell lines (Y. Wang et al. 2019). These
findings consolidate the importance of BCAT1’s metabolic function but through a different

mechanism involving glutamate-derived glutathione (GSH) and reactive oxygen species (ROS)

protection.
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Figure 9 Expression of BCAT1 in glioblastoma. A) BCAT1 overexpression was evident in IDH"T glioblastomas when compared to
IDH™Yt tumors, normalized to the expression in normal brain tissue (NBr). Adapted from (Ténjes et al. 2013). B) Glioblastoma
patient overall survival from the TCGA-GBM dataset, stratified as BCAT1h9" (blue) and BCTA1'*Y (red) according to the median

expression. The graph was made using the R2: Genomics Analysis and Visualization Platform (http://r2.amc.nl).
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Aside from catabolizing BCAAs and producing glutamate, BCAT1 exhausts cellular aKG. As aKG
is a major regulator of DNA methylation and the hypoxia-induced factor 1a (HIF1a). Our group
previously explored whether BCAT1 overexpression could potentially influence these pathways
in AML (Raffel et al. 2017) and showed that BCAT1 does in fact restrict intracellular aKG levels
which in turn mimics the IDH1 mutant AML in which 2-HG acts as a competitive inhibitor of aKG

instead.

Finally, BCAT1 expression in cancer has been shown to influence the TME, as well. Preliminary
work has shown that the products of BCAT1’s catabolic reactions, BCKAs, can be secreted by
tumor cells and modify the polarization phenotype of the surrounding macrophages (Silva et al.
2017, 1). Conversely, the expression of BCAT1 in the cells of the TME itself, not the tumor cells
specifically, has also been shown to modify tumor growth in a pancreatic ductal adenocarcinoma
(PDAC) model (Zhu et al. 2020).

1.4.3. BCAT1 in cellular differentiation

BCAT1 expression is high and ubiquitous during early embryonic development, as well in
embryonic and induced pluripotent stem cells (Benvenisty et al. 1992; Francois et al. 2022). This,
together with the fact that it modifies some of the key differentiation pathways through aKG, has
prompted studies of the function of BCAT1 in cellular differentiation (Chen et al. 2020; Go et al.
2022).

So far, BCAT1 has been found to modulate cellular differentiation via the same mechanisms as
in cancer cells. Namely, Chen et al. found that BCAT1 expression in mouse embryonic stem cells
maintains their pluripotency through regulating DNA methylation and in particular the expression
of RAS protein activator like 1 (RASAL1) (Chen et al. 2020). Interestingly, in stem cells lacking

BCAT1, the authors describe a tendency towards spontaneous differentiation.
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2. Aims of the Study

In this thesis, | aimed to study two novel roles of BCAT1. In the first part, | used unbiased

proteomics approaches to
¢ elucidate the redox-dependent mechanism of BCAT1 in maintaining faithful mitosis.

In the second part, | explored the role of BCAT1 in an immunocompetent environment and aimed

to:

1. Describe the function of BCAT1 expression in glioblastoma cells and its association with

glioblastoma molecular subtypes

2. Characterize in detail the role of Bcat1 expression in glioblastoma in an in vivo,

immunocompetent mouse model

3. Determine the importance of individual immune cell populations on the development and

growth of glioblastoma cells in the context of Bcat1 knockout
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3. Materials and Methods

3.1. Materials
3.1.1. Antibodies

Table 1 List of primary antibodies

Antibody Distributor Dilution
Anti-5- Active Motif (39770) IF:1:250
hydroxymethylcitosyne
Anti-alphaTubulin Sigma-Aldrich (T9025) WB: 1:5000
Anti-Bcat1 Abcam (ab232700) WB: 1:1000
Anti-BCAT1 BD Biosciences (611271)1 WB: 1:1000
Anti-Cas9 Cell Signaling Technology (14697T) WB: 1:1000
Anti-CD8a R&D Systems (NBP2-52659) IF: 1:100
Anti-GFP Abcam (ab13970) IF: 1:500
Anti-GFP Biocat (ABO11-EV) IF: 1:500
WB: 1:1000
Anti-lba1 FUJIFILM Wako Chemicals Europe (019-1971) IF: 1:250
Anti-Ki67 Abcam (ab15580) IF: 1:250
Anti-TUBB31 Biolegend (MMS-435) IF: 1:100
Anti-V5-tag Cell Signaling Technology (13202S) WB: 1:1000

Table 2 List of secondary antibodies

Antibody Distributor Dilution
Donkey anti-Chicken(H+L) CF488A Sigma (SAB4600031-250ul) IF:1:1000
Donkey anti-Chicken(H+L) CF633 Sigma (SAB4600127-50ul) IF: 1:1000
Donkey anti-Goat(H+L) CF555 Sigma (SAB4600059-250ul) IF: 1:1000
Donkey anti-Rabbit(H+L) CF647 Sigma (SAB4600177-250ul) IF:1:1000
Goat anti-Mouse (H+L) AF647 ThermoFisher Scientific (A3272) IF: 1:1000
Goat anti-Mouse AF488 ThermoFisher Scientific (A32723) IF: 1:1000
Goat anti-Rabbit AF555 ThermoFisher Scientific (A21428) IF: 1:1000
HRP anti-Mouse Cell Signaling Technology (7076S) WB: 1:2500
HRP anti-Rabbit Cell Signaling Technology (7074S) WB: 1:2500
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3.1.2. Buffers and solutions

Table 3 List of Buffers used and their respective recipes

Buffer

Materials and Methods IR

Composition

Blocking buffer
Blotting Buffer
LB Agar
LB medium
Phosphate-buffer saline (PBS)
Tris-buffer saline (TBS)

3.1.3. Cell culture

Table 4 >List of cell culture media and reagents

Name

5% BSA, 0.02% NaN3,0.5% TritonX-100 in PBS

25mM Tris, 200mM glycine, 20% methanol
1.6% (w/V) Agar in LB medium

2.5% (w/V) Lauria Bertani powdered medium

137mM NaCl, 2.7mM KCI, 10mM NazHPO4, 1.8mM KH2PO4

150mM NaCl, 10mM Tris, pH=7.4

Distributor

Accutase
B27 Supplement
Dimethyl Sulfoxide

Sigma Aldrich, Munich, Germany
Life Technologies, GmbH, Carlsbad, CA, USA
Sigma Aldrich, Munich, Germany

Dulbecco’s Modified Eagle’s Medium (DMEM) —

low glucose

Sigma Aldrich, Munich, Germany

Dulbecco’s Modified Eagle’s Medium / F12

Nutrient Mixture (DMEM/F12)
Fetal Calf Serum (FCS)
Human EGF
Human M-CSF

Human recombinant FGFb

Iscove’s Modified Dulbecco’s Medium (IMDM)

N2 supplement
OptiMEM

Penicillin/Streptomycin (Penstrep)

Polyethyleneimine
Stem cell qualified ECM gel
Trypsin-EDTA (0.5%)

Life Technologies, GmbH, Carlsbad, CA, USA

Merck Millipore, Germany
Life Technologies, GmbH, Carlsbad, CA, USA
Miltenyi biotec, Bergisch Gladbach, Germany

PreproTech, 100-18-100
Life Technologies, GmbH, Carlsbad, CA, USA
Life Technologies, GmbH, Carlsbad, CA, USA
ThermoFisher Scientific, Waltham, MA, USA
ThermoFisher Scientific, Waltham, MA, USA

Polysciences Europe GmbH
Sigma Aldrich, Munich, Germany

ThermoFisher Scientific, Waltham, MA, USA
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3.1.4. Cell lines and bacteria

Table 5 List of animal, human and bacterial cell lines
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Cells Distributor
HEK293T ATCC, Manassas, VA, USA
mGB2 Provided by the lab of Prof Peter Angel (DKFZ)
One Shot Stbl3 Chemically Competent E. Coli Life Technologies GmbH
U251-MG ATCC, Manassas, VA, USA
3.1.5. Mice
Strain Source

Non-Obese Diabetic/Severe Combined
Immunodeficiency (NSG)
C57BL/6J
C57BL/6NRj-Rag2tmiCirhe/Rj (Rag2KO)

3.1.6. Kits

Table 6 List of commercial Kits

Kit

Janvier Labs, Le Genest-Saint-Isle, France

Janvier Labs, Le Genest-Saint-Isle, France

Janvier Labs, Le Genest-Saint-Isle, France

Distributor

DNeasy Blood & Tissue Kits
FastDigest (FD)

Pierce BCA Protein Assay
Pierce™ ECL Western Blotting-Substrat
Protoscript Il Reverse Transcription Kit

QIAGEN Plasmid Maxi Kit

QIAGEN Plasmid Mini Kit

QlAquick Gel extraction Kit

QIAquick PCR Purification Kit
Quick Ligation Kit
RNase-Free DNase Kit
RNeasy Mini Kit
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Qiagen, Hilden, Germany
ThermoFischer Scientific, Waltham, MA, USA
ThermoFischer Scientific, Waltham, MA, USA
ThermoFischer Scientific, Waltham, MA, USA

New England Biolabs, Ipswich, MA, USA

Qiagen, Hilden, Germany

Qiagen, Hilden, Germany

Qiagen, Hilden, Germany

Qiagen, Hilden, Germany

New England Biolabs, Ipswich, MA, USA

Qiagen, Hilden, Germany

Qiagen, Hilden, Germany



3.1.7. Plasmids

Table 7 List of commercially available plasmids
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Plasmid Distributor

pLenti PGK V5-LUC Neo #21471 ,Addgene, Cambridge, USA
pMD2.G #12259 ,Addgene, Cambridge, USA
psPAX2 #12250 ,Addgene, Cambridge, USA
TLCv2 #87360 ,Addgene, Cambridge, USA

Table 8 List of plasmids created during the thesis work

Plasmid

Modification

TLCv2_sgRNA_Bcat1
TLCv2_sgRNA_NT

3.1.8. Primers and oligos

Cloned in Bcat1 targeting sgRNA oligo
Cloned in non-targeting sgRNA oligo

Table 9 List of oligonucleotides used for RT-qPCR experiments. Each primer is named based on the gene probed and the direction

of the primer (forward and reverse). The sequences are always given in the 5’-3’ direction

Oligo

Sequence

mAqp4 forward
mAqp4 reverse
mBcat1 forward
mBcat1 reverse
mCspg4 forward
mCspg4 reverse
mGfap forward
mGfap reverse
mMap2 forward
mMap2 reverse
mPostn forward

mPostn reverse
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ATCAGCATCGCTAAGTCCGTC
GAGGTGTGACCAGGTAGAGGA
GAAGTGGCGGAGACTTTTAGG
TGGTCAGTAAACGTAGCTCCA
GCTGTCTGTTGACGGAGTGTT
CGGCTGATTCCCTTCAGGTAAG
CGGAGACGCATCACCTCTG
CGGAGACGCATCACCTCTG
GCCAGCCTCGGAACAAACA
GCTCAGCGAATGAGGAAGGA
TGGTATCAAGGTGCTATCTGCG
AATGCCCAGCGTGCCATAA
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mS100b forward TGGTTGCCCTCATTGATGTCT
mS100b reverse CCCATCCCCATCTTCGTCC
mTbp forward ATGATGCCTTACGGCACAGG
mTbp reverse GTTGCTGAGATGTTGATTGCTG
mTubb3 forward TAGACCCCAGCGGCAACTAT
mTubb3 reverse GTTCCAGGTTCCAAGTCCACC

Table 10 List of oligonucleotides used for cloning experiments. The sequences are always given in the 5’-3’ direction

Oligo Sequence
sgRNA_Bcat1 forward CACCGGCTGACCACATGCTGACG
sgRNA_Bcat1 reverse AAACCGTCAGCATGTGGTCAGCC

sgRNA_NT forward CACCGGTATTACTGATATTGGTGGG
sgRNA_NT reverse AAACCCCACCAATATCAGTAATACC

3.1.9. Reagents and other materials

Table 11 List of consumables

Consumable Distributor
0.22 ym Millex 4mm Durapore PVDF filters Merck Millipore, Darmstadt, Germany
0.45 um Millex 4mm Durapore PVDF filters Merck Millipore, Darmstadt, Germany
96-well plate black Greiner Bio-One GmbH, Kremsmiinster, Austria
96-well plate white Greiner Bio-One GmbH, Kremsmiinster, Austria
Cell culture flasks and multi-well plates Sarstedt GmbH, Nirnbrecht, Germany
Cell culture flasks and multi-well plates for BD Biosciences, Heidelberg, Germany

adherent cells

Eppendorf Safe-Lock microcentrifuge tubes Eppendorf, Hamburg, Germany
(1.5 mL, 2.0 mL)
FACS tubes Becton, Dickinson and Company (BD), Franklin
Lakes, NJ, USA
Falcon tubes (50 and 15 mL) BD Biosciences, Heidelberg, Germany
Nunc Cryo tubes Sigma Aldrich, Munich, Germany
Pipette tips (10 pl, 20 pl, 100 pl, 200 pl, 1000 VWR International GmbH, Darmstadt, Germany
ul)
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Polyvinylidene fluoride (PVDF) transfer
membrane
Superfrost PLUS slides
Ultracentrifuge tubes 14,0 mi

Materials and Methods IR

Merck Millipore, Darmstadt, Germany

Thermo Fisher Scientific, Waltham, MA, USA

Herolab, Heidelberg, Germany

Table 12 List of Chemicals
Chemical Distributor
Ampicillin Carl Roth, Karlsruhe, Germany
Bepanthen Bayer, Leverkusen, Germany
Carprofen

D-Luciferin, potassium salt
Doxycycline
Geneticin (G418 Sulfate)
Isoflurane
Isopropanol
Methanol
NuPAGE 4-12 % bis-Tris 1.5 mm x 10-well
NuPAGE 4-12 % bis-Tris 1.5 mm x 15-well
NuPAGE 4X LDS sample buffer
NuPAGE MOPS SDS Running Buffer 20X
NuPAGE Sample Reducing Agent (10X)
Optimal cutting temperature compound
(OCT)
Paraformaldehyde (PFA)
primaQUANT cybr 2X SYBRGreen
Mastermix
ProLong Gold antifade mounting
Puromycin
Spectra Multicolor Broad Range Protein
Ladder
Spectra Multicolor High Range Protein
Ladder
Sucrose
T4 PNK
Triton X-100
Whole milk powder

BIOZOL, Echnig, Germany
Thermo Fisher Scientific, Waltham, MA, USA
Thermo Fisher Scientific, Waltham, MA, USA

Thermo Fisher Scientific, Waltham, MA, USA
Thermo Fisher Scientific, Waltham, MA, USA
Life Technologies GmbH, Carlsbad, CA, USA
Life Technologies GmbH, Carlsbad, CA, USA
Life Technologies GmbH, Carlsbad, CA, USA
Life Technologies GmbH, Carlsbad, CA, USA
Life Technologies GmbH, Carlsbad, CA, USA

Leica Microsystems, Wetzlar, Germany

Sigma-Aldrich, Munich, Germany
Steinbrenner Laborsysteme GmbH, Wiesenbach,
Germany
Thermo Fisher Scientific, Waltham, MA, USA
Merck Millipore Darmstadt, Germany
Thermo Fisher Scientific, Waltham, MA, USA

Thermo Fisher Scientific, Waltham, MA, USA

Sigma-Aldrich, Munich Germany
New England Biolabs, Ipswich, MA, USA
Sigma Aldrich, Munich, Germany

Carl Roth, Karlsruhe, Germany
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3.1.10. Equipment

Table 13 List of instruments
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Instrument Distributor
10 pL, Model 701 RN SYR, Small Removable Hamilton Company, Reno, NA, USA
NDL, 32 ga

BD FACS Aria Fusion-3
BD FACS Canto TM Il
BD FACS LSR Fortessa
Beckman Ultracentrifuge with SW41 rotor
Centrifuge Heraeus Sepatech Varifuge 3.0R
Eppendorf Thermomixer comfort
EZ-155 Stand-Alone Vaporizer
Forma Steri-Cycle CO2 incubator
HiSeq 2000 v4
iNTAS imager

IVIS Lumina LT Series Il
Leica CM1860 UV
Leica TCS SP8 confocal microscope
MasterCycler EP Gradient S
Mithras LB 940 plate reader
NanoDrop ND-2000c spectrometer
Novaseq 6000 SP
Pipettes (2 pl, 20 ul, 100 pl, 200 pl, 1000 i)
Quantstudio5
Sky Line Orbital Shaker
Stereotact
Tube Roller
Vi-CELL XR 2.03

Zeiss Axioscan 7

3.1.11. Software

BD Biosciences, Heidelberg, Germany
BD Biosciences, Heidelberg, Germany
BD Biosciences, Heidelberg, Germany
Beckman Coulter GmbH, Krefeld, Germany
M&S Laborgerate GmbH, Wiesloch, Germany
Eppendorf, Hamburg, Germany
E-Z Systems,

ThermoFisher Scientific, Waltham, MA, USA
lllumina Inc., San Diego, CA, USA
INTAS Science Imaging Instruments GmbH,
Gottingen, Germany
Perkin Elmer, Waltham, MA, USA
Leica Microsystems, Wetzlar, Germany
Leica Microsystems, Wetzlar, Germany
Eppendorf, Hamburg, Germany
Berthold Technologies, Bad Wildbad, Germany
NanoDrop, Wilmington, NC, USA
lllumina Inc., San Diego, CA, USA
STARLAB International GmbH, Hamburg, Germany
Thermo Fisher Scientific, Waltham, MA, USA
ELMI North America, Newbury Park, CA, USA

STARLAB International GmbH, Hamburg, Germany

Beckman Coulter GmbH, Krefeld, Germany

Carl Zeiss AG, Jena, Germany
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Table 14 List of Software

Software
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Distributor

Affinity Designer
FACS Diva
FlowJo
GraphPad Prism 9.0
ImageJ
INTAS ChemosStar
Living Image
Microsoft Office 365
QuantStudio Design and
Analysis
R 3.6
R Studio
SnapGene

Zotero

3.1.12. R packages

Table 15 List of R packages

Serif (Europe) Ltd., Nottingham, United Kingdom
BD Biosciences, San Jose, USA
FlowJo, LLC., Ashland, USA
GraphPad Software, San Diego, USA
Open Source, National Institute of Health, Bethesda, USA
INTAS Science Imaging Instruments GmbH, Géttingen, Germany
PerkinElmer, Waltham, MA, USA
Microsoft, Redmond, USA
ThermoFisher Scientific, Waltham, MA, USA

Open Source, R Foundation
Open Source, R Foundation
GSL Biotech LLC, San Diego, USA
Roy Rosenzweig Center for History and New Media, Fairfax, VA,
USA

Package Reference/Link
DESeq2 (Love, Huber, and Anders 2014)
DMRcate (T. J. Peters et al. 2021)
dplyr https://dplyr.tidyverse.org
enrichplot https://www.bioconductor.org/packages/release/bioc/html/e
nrichplot.html
fgsea (Korotkevich et al. 2021)
ggplot2 (Wickham 2009)
goseq (Young et al. 2010)

llluminaMouseMethylationmanifest

knitr
limma

Matrix

https://github.com/chiaraherzog/llluminaMouseMethylation
manifest
(“Dynamic Documents with R and Knitr” n.d.)
(Ritchie et al. 2015)

https://cran.r-project.org/web/packages/Matrix/index.html
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minfi (Aryee et al. 2014)
missMethyl (Phipson, Maksimovic, and Oshlack 2016)
org.Hs.eg.db https://bioconductor.org/packages/release/data/annotation/

html/org.Hs.eg.db.html
org.Mm.eg.db https://bioconductor.org/packages/release/data/annotation/

html/org.Mm.eg.db.html

PhosR (Kim et al. 2021)
plotly https://plotly.com/r/
preprocessCore https://github.com/bmbolstad/preprocessCore
RColorBrewer https://cran.r-

project.org/web/packages/RColorBrewer/index.html
stringr http://stringr.tidyverse.org
vsn (Huber et al. 2002)
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3.2. Bioinformatics Methods

All bioinformatics presented in this thesis was performed using R and RStudio software. For a

detailed list of packages used in this thesis see Table 15.

3.2.1. Proteomics and phospoprotomics

All of the proteomics and phosphoproteomics samples used for this thesis were prepared and
processed by L. Francois and the Proteomics Core Facility of the DKFZ. All of the analysis was
performed using the label-free quantification (LFQ) values. The analysis was performed in the
same way (described below) for all of the datasets in order to keep the results consistent. The
majority of the analysis was done using modified or original functions of the PhosR package (Kim
et al. 2021).

First, all potential contaminants and samples which showed significantly less detected peptides
than the rest were removed from any downstream analysis. Data was transformed to logarithmic
data and filtered stringently. During the filtering, all unique proteins which were not detected in at
least half of the replicates in at least one of the groups were removed form downstream
processing. Data was normalized using variance-stabilizing normalization (vsn R package,
(Huber et al. 2002)). Imputation was performed using site- and condition- specific imputation
(sclmp) followed by paired-tail imputation (ptimp) to account for technically and biologically
missing values, respectively. For the sclmp, proteins with 50% or more detections in a group were
considered. For the ptimp, the random drawing was done from a normal distribution mean-left-
shifted by a factor of 2.2 standard deviations and a new standard deviation 30% of the original.

The imputation methods were previously described and modified from the PhosR package.

PCA analysis was performed using the predefined function ‘plotQC’. Differential expression was
determined using the limma R package. Briefly, the data was fit using a model matrix defined only

by the group the samples belong to and every possible contrast was made.

3.2.2. RoKAl analysis

The RoKAI analysis was performed using the freely available online RoKAI tool (Yiimaz et al.
2021). All of the analysis was performed using the default settings of the application with both
PSP and Singor databases.
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3.2.3. GSEA, ssGSEA and GO-term enrichment

GO-term enrichment was analyzed using the goseq R package. Gene IDs were obtained through
the org.Hs.eg.db or org.Mm.eg.db packages for human and mouse, respectively. Upregulated
and downregulated differentially expressed genes with p-value<0.05 were selected for the
enrichment analysis. The enrichment was evaluated against the Biological Process (BP), Cellular

Component (CC) and Molecular Function (MF) terms.

The pre-ranked GSEA analysis was performed using the fgsea R package. Pre ranked gene lists
were constructed from the differential expression analysis, ranked based on Log Fold Change.
The analysis was performed with 1000 permutations against the specified genets. For the pre-
ranked analysis involving glioblastoma molecular signatures, the signature genests were defined
based on relevant publications (Verhaak et al. 2010; Q. Wang et al. 2017; Richards et al. 2021;
Neftel et al. 2019; Garofano et al. 2021).

The single sample GSEA analysis (ssGSEA) was performed using the freely available
ssGSEAZ2.0 for R. The analysis was done on normalized log(LFQ) values for the proteomics data
and CPM values for RNA sequencing data, against the MSigDb genesets (Subramanian et al.
2005; Liberzon et al. 2015) or the curated post-translational modification (PTMSigDB) database
(Krug et al. 2019b). Results are presented as signature-wise normalized z-score heatmaps or

group-based mean normalized enrichment scores (NES).

3.2.4. TCGA data preparation and analysis

The TCGA-GBM data was obtained through the TCGAbiolinks R package, and the data was
queried and processed using TCGAWorkflow and TCGAWorkflowData. For the analysis, legacy
data was used to obtain raw count values for the patients with available llumina HiSeq RNA
sequencing data. IDH mutated samples were excluded based on the reported IDH status and the
remaining samples were normalized and processed according to the RNA sequencing protocol

detailed below.

For the CIBERSORTX analysis, a web-based tool was used (Newman et al. 2019). A previously
published signature of glioblastoma cell types was used as a gene-expression matrix (Mehani et
al. 2022)
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3.2.5. RNA sequencing data preparation and analysis

All RNA sequencing samples in this thesis were total cellular RNA pre-treated with on-column
digestion of genomic DNA. Library preparation and sequencing was performed by the DKFZ
Genomics and Proteomics core facility. Alignment of the rads was performed by the DKFZ Omics
core facility (ODCF). U251-MG cells were sequenced using the HiSeq4000 instrument with read
length of 50bp. mGB2 mouse cells were sequenced using the NovaSeq 6000 SP with read length
of 150bp.

RNA sequencing processing was performed using R packages limma and DEseq?2. Briefly, raw
counts were filtered so that all genes with less than 10 counts per group were omitted from
downstream analysis. Normalization was performed using variance stabilizing normalization,
CPM, and log(CPM) (LCPM) values were calculated based on the normalized values Further
filtering was performed based on the LCPM values to avoid overrepresentation of genes with low
expression. Differential expression analysis was done with model fitting of a group-based model

matrix.

3.2.6. Mouse methylation array analysis

For the mouse methylation array, DNA was collected from the mGB2 cells and isolated using the
Qiagen DNA extraction kit. The sample preparation and chip measurements were performed by
the DKFZ Genomics and Proteomics core facility using the Infinitum Methylation Mouse
BeadChip.

Analysis was performed using the raw idt values provided by the facility. For the analysis, R
packages originally designed for the human methylation array analysis minfi, knitr, DMRcate were
modified to fit with mouse methylation data by utilizing the mouse-specific array annotation and
manifest packages: llluminaMouseMethylationanno.12.v1.mm10 and

lHluminaMouseMethylationmanifest.

The quality of the samples was checked by assessing average p-values for all probes across
each sample. Probes with low quality detection were excluded from downstream analysis.
Methylated and unmethylated data was normalized using quantile normalization. Differential
methylation was calculated based on M-values using the same method as for differential

expression specified in section 2.2.4.
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Correlation of expression and methylation data was performed on significantly differentially
expressed and significantly differentially methylated genes using spearman’s ranked correlation

analysis.

3.3. Laboratory Methods

3.3.1. Cell culturing and conditions

Human glioblastoma cells U251-MG were cultured in DMEM (low glucose) medium containing
10% FCS and 1% Penstrep. The cells were propagated as adherent cultures in 10% CO:
conditions at 37°. After reaching confluence, cells were washed once with PBS and detached
using Trypsin. Cells were either passaged for further culturing or seeded for experiments after

counting using the ViCell automated cell counter.

Mouse glioblastoma cell line mGB2 was cultured in DMEM/F12 medium with the addition of 1%
Penstrep, 1% B27 supplement, 1% N2 supplement, 10ng/mL hEGF and 10ng/mL rhFGF. The
cells were cultured as neurospheres with 5% CO. at 37°C. Medium was exchanged every two
days during culturing. Once the neurospheres reached 200-300um in diameter, the cells were
transferred to a 15mL conical tube, and the spheroids were allowed to settle. The spheres were
dissociated in 300-500ul Accutase with mild agitation and washed using DMEM/F12 medium
without the added growth factors. The cells were either passaged for further culturing or counted

and seeded for experiments using the ViCell cell counter.

3.3.2. Invitro cell differentiation

For the mGB2 cell differentiation experiments, the mGB2 cell line was first attached to the
culturing plates. Culture dishes were coated using 10 times diluted ECM in cold DMEM/F12
medium for 1h at 37°C. When cells were cultured on cover slips, the coverslips were placed in a
24-well plate and sterilized under UV light for 1h prior to coating. Following the incubation, the
appropriate number of cells for the experiment was seeded directly after removing the coating

medium.

For the stem cell (SC) condition, the DMEM/F12 medium containing growth factors described in
2.3.1. was used. For the differentiating condition, DMEM/F12 was supplemented with 1%
Penstrep and 5% fetal calf serum (FCS). For all differentiation experiments, the cells were
cultured for 8 days unless otherwise specified, with passaging after 4 days of culture and medium

exchanges every 2 days.
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3.3.3. Invitro human macrophage differentiation

For the human macrophage and conditioned medium experiments, the conditioned medium was
collected form cultured U251 cells. Once the cells reached confluency, they were washed once
and cultured with fresh medium for an additional 24h. The conditioned medium was then
collected, spun down at 2000rpm for 10min, filtered through a 0.22um filter and frozen at -80°C

until use.

Human buffy coats were ordered from the Mannheim blood bank and kept at room temperature
until isolation. The isolation of peripheral blood monocytes (PBMC) was performed using ficol
gradient centrifugation. Once isolated, PBMCs were washed with PBS and seeded in serum free
medium at a density of 300.000 cells/cm?2. The PBMCs were left in a 5% CO; incubator at 37°C
for 3h until the monocytes attached to the dish. The dishes were then washed multiple times with
serum free medium and cultured with either control or conditioned DMEM glucose low medium
with 10% FCS, 1% Penstrep and 25ng/mL human recombinant M-CSF. The medium was

replaced after 2 days after seeding and then every 3 days during the culturing.

3.3.4. Lentiviral production and transduction

For lentiviral production, the second-generation packaging system was used with plasmids
psPAX.2 and pMD2.G. Virus production was performed using the HEK293T cell line. HEK293T
cells were seeded 1 day prior to transfection at a density of 5 million cells per 10cm dish. The
next day, the cells were transfected with a combination of the two packaging plasmids and the
appropriate vector (2ug, 2ug and 4ug, respectively) and PEI (1mg/ml) in a ratio of DNA:PEI=1:3
in OptiMEM. The following day the medium was exchanged for fresh medium and collected again
after 48h for ultracentrifugation (90min, 25.000 rpm at 4°C). The virus was resuspended in 100ul

of OptiMEM over night, aliquoted and stored at -80°C until use.

For all transductions, lentiviruses were used at a 1:1000 dilution. The cells were transduced over
night and the medium exchanged the following day. Cell selection and other experiments were

performed 2 days after viral transduction.
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3.3.5. CRISPR/Cas9 editing and Bcatl knockout

CRISPR/Cas9 editing was used to knockout the Bcat1 gene from the mGB2 cell line. The cells
were transduced with a lentivirus carrying inducible Cas9 expression and a puromycin resistance
cassette (TLCv2) and the single-guide RNA (sgRNA) targeting Bcat1 or a non-targeting control
(NT). 2 days after transduction, cells were selected using puromycin (1ug/mL) until all of the
untransduced cells were dead. Once recovered, Cas9 expression was induced in the cells with
doxycycline (1ug/mL) for 48h prior to single-cell seeding. The cells were seeded at a density of
0.5 cells/well in a 96-well U-bottom plate for single cell cloning. The medium was refreshed or
changed in the following 2 weeks, or until the single-cells grew enough to be expanded into 24-
well plates. Bcat1-KO screening was performed via western blots and a minimum of 5 knockout
clones further expanded and cryopreserved. In the cells transduced with a non-targeting sgRNA,
a random selection of 5 clones was made. Lack of Cas9 expression without doxycycline was

confirmed via Westernblot against the Cas9 protein.

The expanded control and Bcat1-KO mGB2 clones were transduced with a lentivirus containing
the PGK-Neo-V5-Luc construct expressing luciferase and a neomycin resistance cassette. The
transduced cells were selected using geneticin (50ug/mL) until the untransduced controls were

dead. V5-tagged Luciferase expression was confirmed using western blotting against the V5-tag.

3.3.6. Immunofluorescent staining procedures

Immunofluorescent stainings on mouse tissue sections or cover slips was done in a similar
fashion after initial sample preparation. Mouse tissue cryosections on SuperFrost Plus slides was
rehydrated in PBS at 37°C for 10min. Individual tissue sections were circled with the PAP pen

and further staining procedures were performed in the same way as for cover slips.

For cells cultured on cover slips, the growth medium was washed with PBS, and the cells were
fixed using 4% PFA at room temperature for 15min. Following fixation, the cover slips were

washed in PBS and the staining procedure was done on parafilm in a humid chamber.

First, samples were permeabilized and unspecific binding was blocked using the blocking buffer
(PBS, 5% BSA, 0.5% TritonX-100, 0.02% Sodium-azide) for 1h at room temperature. Samples

were incubated with the primary antibody immediately after washing in 5x diluted blocking buffer
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in PBS (the antibody concentrations can be found in Table 1) over night at 4°C. The samples
were washed 3 times in PBS and incubated with the appropriate secondary antibodies in 5x
diluted blocking buffer in PBS for 1h at room temperature (secondary antibody concentrations in
Table 2). Samples were washed in PBS 3 times for 5min and mounted with DAPI-containing
mounting medium with coverslips for mouse tissue slides or by inverting the cover slips with
cultured cells onto slides. The slides were incubated at room temperature for 15min and stored

at 4°C until imaged.

3.3.7. Confocal microscopy

Confocal microscopy was performed using the Leica SP8 confocal microscope. The majority of
confocal imaging was performed using the 40x objective, aside from high-resolution cell
morphology images which were obtained using the 63x objective. Both objectives were used with
immersion oil. Laser intensities, gain and offset were kept consistent between samples for each

individual staining. All image processing was performed using ImageJ.

3.3.8. Whole-slide fluorescent microscopy

Whole brain-slice imaging was performed using the Axioscan 7. DAPI was used for defining
coarse and fine focus and all imaging was performed using the 40x objective. All channel settings
were kept consistent for a single imaging session across the samples with the same stainings. All

image processing was performed using ImageJ.

3.3.9. Immunoblotting procedures

Samples for immunoblotting were collected by lysing cell pellets in RIPA buffer containing
protease and phosphatase inhibitors. Samples were incubated on ice for 15min and spun at
13.000rpm for 25min at 4°C in a tabletop centrifuge. Supernatants from each sample were

transferred to a fresh tube.

Protein concentration was measured using a BCA assay. Briefly, a standard curve was

constructed using samples containing 2, 1, 0.5, 0.25 0.125 and 0 mg/mL BSA. Using the BCA
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reagents, the absorbance value for all samples was measured in triplicates and protein

concentrations were calculated based on the standard curve.

20ug of protein were loaded on a pre-cast SDS-PAGE gel (4-12% gradient) per well and samples
were run at 100V in MOPS running buffer until reaching the bottom of the gel. Proteins were
transferred to a methanol activated PVYDF membrane in Blotting buffer at 120V for 1.5h on ice.
Membranes were blocked in TBS-T (TBS, 0.1% Tween20) buffer with 5% milk for 1h at room
temperature and incubated with the primary antibody diluted in 5% milk TBS-T (for specific
dilutions see Table 1) at 4°C over night. Membranes were washed in TBS-T 3 times for 10 min
and incubated with an HRP-linked secondary antibody for 1h at room temperature in 5% milk
TBS-T. After washing 3 times in TBS-T for 5min, the western blots were developed using ECL

and the Intas imaging system.

3.3.10. Real time quantitative PCR (RT-gPCR)

RNA was extracted from tissues and cell pellets using the RNeasy Qiagen kit according to the
manufacturer instructions. During extraction, on-column genomic DNA digestion was performed

using Qiagen DNase A. RNA concentration was measured using Nanodrop.

cDNA synthesis was performed using the protoscript Il kit. Briefly, 500-1000ng of RNA per
reaction was used with 10uM Random hexanucleotide primers, 0.5uM of each dNTP and the
reaction buffer and DMSO according to manufacturer instructions. cDNA was synthesized for 1h
at 42°C, followed by a 20min enzyme inactivation at 65°C. cDNA was diluted to a final

concentration of 6.25ng/ul (according to starting RNA amount).

RT-gPCR was performed using the 2x SYBRGreen PCR mix. Per reaction, 12.5ng of cDNA was
used and forward and reverse primers with a final concentration of 0.5uM each. After the initial
heating step for 3min at 93°C, the PCR was performed in 40cycles according to the SYBRGreen
manual using QuantStudio 5. Threshold values for each gene were automatically determined
using the QuantStudio software and expression fold changes were determined with the ddCt

method.

3.3.11. Click-iT EdU assay

The Click-iT EdU assay for flow cytometry was performed following manufacturer instructions.

Briefly, cells were incubated with EAU at a 10uM concentration for 1h unless otherwise specified.
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Following the incubation, cells were detached, spun down and fixed in 4% PFA for 15min at room
temperature. After a PBS washing step, the cells were permeabilized in 70ul PBS-T (PBS, 0.1%
TritonX-100) for 30min at room temperature. The cells were washed in PBS 1% BSA and
resuspended in 100ul of the Click-iT reaction cocktail with AF647-conjugated azide (prepared
according to manufacturer instructions). The cells were incubated for 30min at room temperature
protected from light and washed with PBS 1% BSA. Cells were resuspended in 200ul of PBS
1%BSA and 1 drop of the NucBlue dye was added. Cell positivity was assessed using flow

cytometry.

3.4. Mouse procedures

All mice used in this study were acquired from Janvier labs (Table 6). All animal experiments were
performed according to welfare regulations and were approved by the authorities under the
approval number G314-19. During the experimental duration, the mice were housed in a

dedicated mouse room with 12h day-night cycles and regulated temperature.

3.4.1. Cell preparation and intracranial injection

For all transplantation experiments, the mouse mGB2 line was used expressing GFP and V5-
tagged Luciferase. The cells were collected through spheroid sedimentation and the
neurospheres were dissociated using accutase with mild agitation at 37°C. Cells were counted
and washed with PBS. Unless otherwise specified, the cells were resuspended in PBS at a final

concentration of 200.000 cells/ul and kept on ice during the injection procedure.

Prior to the injection and 48h following the transplantation, analgesia was administered as defined
in the animal protocol G314-19. Mice were anesthetized prior to the procedure with 2.5%
Isoflurane in air and kept under anesthesia during the procedure with 1.5% isoflurane in air. The
transplantation procedure was performed using the stereotactic injector. Mouse skull was
exposed in the area of the bregma, and a small opening was made 2mm left of the bregma.
Injection of the cells was done 3mm deep into the brain tissue, corresponding to the subventricular
region. 2ul of the cells was injected over 10min, after which the syringe was slowly removed. The

head wound was stitched, and the mice were left to recover.
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3.4.2. Invivo bioluminescent imaging

Bioluminescent imaging of the tumors was performed using the IVIS measuring system. The mice
were anesthetized with 2.5% isoflurane in air and kept under anesthesia with 1.5% isoflurane in
air. Luciferin was injected at a concentration of 5mg/kg (15mg/mL stock solution in saline) to each

mouse. Measurements were made 10min after the luciferin injection with a 3min exposure time

3.4.3. Brain collection and cryopreservation

Upon reaching end criteria or a pre-determined experimental endpoint, mice were sacrificed using
CO. and the brain was quickly extracted. The entire brain, or just the injected hemisphere was
fixed in 4% PFA in PBS for 24h at 4°C. Following the fixation, the brains were washed in PBS and
cryoprotected in 30% Sucrose until sinking in the solution. Brains were frozen in cryomolds in

Optimal cutting temperature compound (OCT) on dry ice and stored at -80°C until sectioned.

Sectioning was performed on a Leica CM1869 cryostat at-20°C. Brains were trimmed until
reaching the tumor region (determined through GFP observation) and serial sections were
collected (6-10um thickness) on Superfrost PLUS slides. Sections were dried 1h at room

temperature and kept at -20°C until further processing
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4. Results
4.1. Therole of BCAT1 in the maintenance of mitotic fidelity

This first section of my doctoral thesis will refer to the study of the function of BCAT1 in mitosis,
first identified by Liliana Francois (L. Francois) a PhD and postdoc in our lab (Division of Molecular
Genetics at the DKFZ). Here | present the data that | generated, which resulted in a shared first
authorship on the paper “BCAT1 redox function maintains mitotic fidelity” published in Cell

Reports in October 2022 (Francois et al. 2022).
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4.1.1. Combined site- and condition-specific and paired tail imputation result in clear
sample separation of proteomic and phosphoproteomic LN229 and U251 data

The role of BCAT1 in mitosis was proposed after observations of BCAT1 knockout (BCAT1-KO)
causing severe mitotic abnormalities in glioblastoma and other non-malignant cells. To explore
the effects of BCAT1-KO in mitosis of U251 and LN229 glioblastoma cell lines, | analyzed LC-
MS? (liguid chromatography mass spectrometry) datasets of unsynchronized and nocodazole-
mitotically synchronized cells on the level of the whole proteome and the phosphoproteome. The
samples for analysis were prepared by L. Francois and phosphopeptide enrichment by the Mass
Spectrometry core facility of the DKFZ. The analysis was performed on the obtained label-free

quantification (LFQ) values.

To avoid false positive findings, | used stringent filtering which resulted in the retention of
approximately 3500-4500 peptides and more than 10000 phosphopeptides per sample (Figure
10A and 10B, Supplementary Figure 1A and 1B). As expected, the proteomic profiles of the two
cell lines diverged significantly, overwhelming any effects of the BCAT1 status (NT vs KO) (data
not shown). Because of this, | analyzed the data from the two cell lines separately for any

downstream purpose.

Applying variance stabilizing normalization across the datasets was sufficient to obtain a clear
separation of the U251 samples in a PCA (principal component analysis) (Supplementary Figure
1C and 1D, Unprocessed and normalized LFQ values). However, the normalization alone did not
result in clear separation of the LN229 samples (Figure 10C and 10D, Unprocessed and
normalized LFQ values). | used site- and condition-specific imputation (Kim et al. 2021) to impute
missing values attributed to technical effects which only marginally improved sample separation
(Figure 10C and 10D, sclmp LFQ values). Finally, in order to impute the missing values
attributable to biological effects, | used modified paired tail imputation (ptimp, (Kim et al. 2021)).
Following this imputation method, the sample separation became clear in both the U251 and
LN229 samples in a PCA (Figure 10C and 10D and Supplementary Figure 1C and D, ptimp LFQ

values) and the data could be used for further downstream processing.
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Figure 10 Proteomic and phosphoproteomic data preparation of LN229 control (NT) and BCAT1-KO (KO) mitotic (mito) and
unsynchronized (unsync) samples. A) Number of identified peptides and B) phosphopeptides in the respective samples following
stringent filtering for low-detection proteins. C) Principal component analysis of proteomic and D) phosphoproteomic datasets in
different stages of data pre-processing: vsn normalization, site- and condition-specific imputation (scimp) and paired tail

imputation (ptimp).
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4.1.2. GO-Term enrichment confirms mitotic enrichment of the samples

In order to confirm that the mitotic synchronization with nocodazole treatment performed by L.
Francois resulted in samples sufficiently enriched in mitotic cells, | modeled differential protein
expression between the unsynchronized and mitotically synchronized U251 and LN229 whole

proteome samples.

Using the differentially expressed proteins and the goseq R package (Young et al. 2010), |
determined GO-term enrichment for Cellular Compartment (CC) and Biological Process (BP)
terms restricting the analysis to proteins which were significantly differentially expressed (adjusted
p-value <0.05) with a minimum log fold change difference of 1. Figure11A-D illustrates top
enriched BP and CC terms in the mitotic samples of control (Figure 11A and 11C) and BCAT1-
KO (Figure 11B and 11D) cells. The maijority of the enriched terms were specific for the mitotic
machinery or cellular division, indicating that both the control and BCAT1-KO samples were highly

enriched for mitotic cells through the synchronization treatment.
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Figure 11 Biological Process (BP) and Cellular Component (CC) GO-term enrichment analysis of the U251 control and BCAT1-KO

proteomes. A) Top BP-enriched terms in mitotic control and B) BCAT1-KO cells in comparison to the unsynchronized samples. C)

Top CC-enriched terms in mitotic control and D) BCAT1-KO cells in comparison to the unsynchronized samples. Only proteins with

differential expression of fold change higher than 1 and adjusted p-values lower than 0.05 were considered for this analysis. Sizes

of data points correspond with gene counts and the color scale with the significance (p-value) of each term enrichment.
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4.1.3. Robust interference of kinase activity and post-translational modification signatures
confirm the mitotic enrichment through the activity of canonical mitotic kinases and
related pathways

Cellular division is a tightly regulated process orchestrated through the activation and trans-
localization of different mitotic kinases such as TTK, PLK1, BUB1, AURKA, AURKB and many
others (Mcintosh 2016; Gould and Nurse 1989; Alcasabas et al. 2001; Seki et al. 2008). A
common method for determining kinase activity in phosphoproteomic datasets is Kinase-
Substrate enrichment analysis (KSEA). However, due to the limitation of sample preparation, and
in particular the phosphopeptide enrichment, our dataset does not contain phospho-tyrosine sites
which could interfere with kinase enrichment inference. To test whether our dataset nevertheless
can be used for kinase and pathway analysis, | used robust interference of kinase activity (RoKAlI)

(Yilmaz et al. 2021) on mitotic and unsynchronized phosphoproteome samples.

First, | determined differentially phosphorylated sites using differential expression modeling
between the phosphoproteome data of unsynchronized and mitotically synchronized U251 and
LN229 cells. With the differential phosphorylation log-fold change, | computed the kinase
enrichment scores for the mitotic and unsynchronized U251 and LN229 control (Figure 12A and
Supplementary Figure 2A) and BCAT1-KO (Figure 12B and Supplementary Figure 2B) cells. This
analysis showed a strong enrichment score for the activity of mitotic kinases such as AURKB,
TTK, AURKA, PLK1 and others, in the synchronized samples.

These results further confirm the mitotic enrichment of the synchronized samples and facilitate
the possibility of inferring kinase activity using our phosphoproteomic dataset even in the lack of

tyrosine-phosphorylation sites.
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Figure 12 RoKAI Kinase Substrate enrichment analysis of U251 mitotic vs unsynchronized A) control and B) BCAT1-KO cells. The x-
axis represents kinase activity scores with the positive scores corresponding to kinases with enriched activity in Unsynchronized
samples and the negative to the enriched activity of the kinases in the Mitotic samples. The color scale denotes the z-score value
of the inferred kinase activity in red (Unsynchronized) or blue (Mitotic). The graph was produced using the web-based tool

http://rokai.io
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Finally, | decided to test our data using the post-translational modification (PTM) signatures
database (PTMSigDB) which contains not only kinase specific substrates but also phosphosite-
specific up- and down-regulation signatures relating to biological pathways and inhibitor
perturbations (Krug et al. 2019a). Using the normalized and imputed LFQ values | determined
significantly enriched pathways in the mitotic control (Figure 13A and Supplementary figure 2C)
and BCAT1-KO samples (Figure 13C and Supplementary Figure 2D). Single sample gene set
enrichment analysis (ssGSEA) using the PTMSigDB shows a clear mitotic enrichment in both cell
lines and both control and BCAT1-KO cells through the significant enrichment of pathways
associated with mitotic kinases such as AURKA (Figure 13B and 13D, Supplementary Figure 2E
and 2F), and perturbation pathways such as nocodazole treatment-associated signatures (Figure
13A and 13C, highlighted pathways).
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Figure 13 ssGSEA of PTMSigDB signature enrichment in U251 cells. A) Z-score normalized heat map of signatures positively (red)
and negatively (blue) enriched in control (NT) and C) BCAT1-KO (KO) mitotic (mito) and unsynchronized (unsync), with noticeable
mitotic signatures highlighted with red rectangles. B) Tukey plots of average normalized enrichment score (NES) across the 4
mitotic (blue) and unsynchronized (red) samples for the AURKA signaling signature in control and D) BCAT1-KO cells. Statistically

i

significantly enriched signatures (adjusted p-value<0.05) are denoted witi in panels A) and C). Statistical significance of the
NES difference in panels B) and D) was determined using an unpaired two-tailed student’s t-test. Whiskers represent 1.5I1QR

(Interquartile range)
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4.1.4. BCACT1 interacts with many components of the mitotic machinery during cell division

Following the observations of L. Francois that BCAT1 localizes to the nucleus and the mitotic
spindle, we wanted to confirm interactions with the mitotic machinery with a LC-MS? approach.
BCAT1-HA (HA-tagged BACT1) or CFP-HA (HA-tagged Cerulean Fluorescent Protein) were
overexpressed in U251 BCAT1-KO cells, which were then synchronized in mitosis and subjected
to HA-tag co-immunoprecipitation (co-IP). The co-IPed proteins and the input proteomes were

submitted to the Mass Spectrometry core facility of the DKFZ for the LC-MS? analysis.

After filtering, the number of peptides pulled down with the CFP-HA colP control was minimal
(Figure 14A, control IP), confirming a specific colP protocol. To analyze the data, | assigned a
positive LFQ value to all peptides detected in the colP samples and negative LFQ values to the
peptides present in the input but not co-IPed with BCAT1-HA. Using these values, | performed a
pre-ranked GSEA against the Hallmarks dataset (MSigDb database). | found that the top
significantly enriched (adjusted p-value<0.01) signatures in the BCAT1-HA bound fraction
correspond to the Mitotic Spindle (NES=2) and the G2M checkpoint (NES=2.3) signatures (Figure
14B). Furthermore, upon visualization of the proteins involved in mitosis, the organization of the
mitotic spindle and the kinetochore (Figure 14C), the enrichment of those proteins in the BCAT1-

HA colP sample becomes exceedingly clear.

To exclude unspecific findings, the same GSEA analysis was performed using the proteins bound
by CFP-HA and no statistically significant enrichment could be found (Supplementary Figure 3A),

which was also confirmed upon mitotic network visualization (Supplementary Figure 3B).

This data indicates that BCAT1 binds to a large number of mitotic regulatory and structural

components.

52



Results INNIEING

Hallmark: Mitotic Spindle

[
= dj. p Val. 0.01
Groups g ad) pivel0.
[ BCAT-HA input g
8 [l BCAT1-HAIP g .
= I Control input 5
2 [ control IP E
B
% 1000~ " s ‘.} H
h=] i o 0 o
§ Ranks
8 s
E __Hallmark: G2M Checkpoint
= adj. p Val. 0.003
o . NES 2.3

Enrichment Score

Ranks
BUB3
c el ¥ ov@Le  BuBt
L] a
PHIES PPPIRIZADCTNZ | \(§pgs  CSNKIAT
sy xPo1
NyP107
LRWD1
NUR360
E=oF)
ERCCL
SRez
NDC80
klnetochore %TP33BP1
N\
v
. SUGT1
mitotic spindle "8 ey
DCT! 1CLASP1 ENRE LFQ Values
MAD?U g PAFAH1B1
MAPRE‘ / RANGAP1 cuasPa KBRS a
TBLIXE
P . ~shicia coNBt T 2
S5 ‘// v & ¢ 2 I;g
AG5  NUP8S ZNF207 710 o
C
KIFTBA o5 poiia CENPE O etochors
P;i:\%ﬂn.? BUB1E e
A1
ERCC2
o KIFTs ¥ “ruBGCP3
BIRC6 N
L X i \ HSPB1
oenty Pt W v KIFT NR3C1 PARP4
EMl4 @ 0 a2
o MTCL1 RAD21
o i SHCBP1 ®
A1 TUBGCP2 TueBs Siuagisyh
DLGAPSD NgM1 o $iean
cavz  nsrlfic cKp2 g e MGALS
MMSJ9 AP TR
19
K&Acoczo g . Eum \ g@ms
% ARLSB g} wvifio © s
ATM MAP7D1
NSUN2 YHO GARHGEF2

g E'TNﬁm DIDOT

Figure 14 BCATI1-HA co-immunoprecipitation of mitotic proteins in synchronized U251 BCAT1-KO cells. A) Quantification of
proteins found in the BCAT1-HA and CFP-HA co-immunoprecipitation samples (BCAT1_IP1-3 and ControllP1-3, respectively) and
their respective inputs. B) pre-Ranked GSEA analysis of proteins detected in the BCAT1-HA co-IP fraction (positive values) against
the non-bound proteins detected in the input (negative values) according to the Hallmark MSigDb signature sets Mitotic spindle
(NES=2, adjusted p-value=0.01) and G2M Checkpoint (NES=2.3, adjusted p-value=0.003). C) mitotic spindle and kinetochore
protein networks with BACT1-HA-bound peptides represented as red and the un-bound proteins identified in the input represented

as blue nodes.
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4.1.5. Protein-level analysis indicates a potential decreased function of the key SAC
regulator TTK, but does not explain the full extent of the mitotic defects

Live cell microscopy on LN229 and U251 cells performed by L. Francois indicated that the severe
mitotic defects in BCAT1-KO cells could be attributed to an aberrant function of the spindle
assembly checkpoint (SAC). To gain more mechanistic insight of this phenomenon, | used the
proteomic and phosphoproteomic datasets described previously, comparing mitotic control and
BCAT1-KO U251 and LN229 cells.

First, | looked at the protein expression of the well-known central SAC proteins in the two cell lines
(Figure 15A). Interestingly, the only protein showing a considerable difference in expression
between the mitotic control and BCAT1-KO cells was BUB1B in the U251 cell line (Figure 15A,
upper panel). The remaining SAC proteins were expressed at similar levels. As the mitotic defects
were observed in both cell lines and that the BUB1B expression was modified only in the U251

cells, | considered this not to be the causal event of the mitotic aberrations.

Mitotic kinases of the SAC are themselves regulated by phosphorylation (Seki et al. 2008; Morrow
et al. 2005; Abrieu et al. 2001, 1). Since AURKB and TTK are the two important kinases that
regulate the activity of the SAC, | looked at the phosphorylation state of these two proteins in the
mitotic control and BCAT1-KO cells. After correcting the differential phosphorylation for
differences in protein expression, there were no large differences in AURKB phosphorylation
between the control and BCAT1-KO cells (Figure 15B, upper panel U251, lower panel LN229).
Similarly, only a few phosphosites of TTK were found to be differentially regulated in the two cell
lines (Figure 15C). Interestingly, T360 (Threonine 360) showed increased phosphorylation in both
the LN229 and U251 control cells in comparison to the BCAT1-KO. This residue was found on
the same peptide as the S362 and S363 (Serine 362 and 363) and all three have been reported
as TTK autophosphorylation sites which can potentially regulate its function and kinetochore
localization. These results indicate a possible impairment of the autophosphorylation function of

the key SAC enzyme TTK, however, they do not account for the large-scale aberrations observed.
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Figure 15 Expression and phosphorylation status of key SAC proteins. A) Protein expression of key SAC regulator proteins with log-
foldchange of mitotic control (NT) vs BCAT1-KO (BKO) samples represented on the y-axis. The top panel refers to the U251 and the
lower panel to the LN229 cell line. B) Differential phosphorylation of identified phosphosites of AURKB in U251 (top) and LN229
(bottom) mitotic vs control cells, corrected for the differences in AURKB expression. C) Differential phosphorylation of identified
phosphosites of TTK in U251 (top) and LN229 (bottom) mitotic control (NT) vs BCAT1-KO (BKO) cells, corrected for the differences

in TTK expression.
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4.1.6. RoKAland PTM ssGSEA analysis indicate a reduced function of the key SAC kinases
AURKB and TTK in BCAT1-KO LN229 and U251 cells

As the observed mitotic aberrations cannot be readily explained on the level of individual protein
expression and phosphorylation, | resorted to an unbiased approach to assess potential
differences between control and BCAT1-KO mitotic cells.

Using differentially phosphorylated sites as input for the RoKAI analysis, as described previously,
| computed kinase enrichment scores for the control and BCAT1-KO mitotic U251 and LN229
cells (Figure 16A and 16B, respectively). The analysis showed a clear increase in the activity of
SAC kinases TTK, PLK1 and BUB1 in the LN229 control mitotic cells in comparison to the BCAT1-
KO (Figure 16A, highlighted kinases). In the U251 cells, only an enrichment in the activity of TTK
could be observed (Figure 16B, highlighted kinase) using this analysis.
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sites between control and BCAt1-KO LN229 and B) U251 cells with a cutoff of minimum 3 substrates per kinase and an absolute z-

score of 1.5
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To further confirm these results, | used the same dataset to perform a PTM signature enrichment
analysis on both cell lines and represented the results as z-score heatmaps of signatures with a
highest median NES difference between control and BCAT1-KO cells (Figure 17A and 17C, U251
and LN229 cell lines, respectively). The results show that both the U251 and LN229 control cells
have a higher enrichment score of the pathways associated with AURKB and TTK (Figure 17A
and 17C, highlighted pathways). The average NES for both kinases was significantly higher in
the control cells in comparison to the BCAT1-KO ones (Figure 17B and 17D).

Combined, these results indicate a reduction in the activity of two of the main SAC kinases
responsible for regulating kinetochore assembly and proper microtubule attachment in the
BCAT1-KO cells. Deficiencies in these pathways can readily explain the observed mitotic

aberrations.
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known mitotic kinases are highlighted with red rectangles. B)

-KO (KO) cells. A) z-score heat map of post-translational signature
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ssGSEA analysis, representing pathways with highest median NES difference between the control and BCAT1-KO U251 and C)

LN229 mitotic cells. The color gradient corresponds to the z-score values of NES, the “...” denotes statistically significant enrichment
Average NES of 4 control (blue) and BCAT1-KO (red) replicates of mitotic U251 and D) LN229 cells corresponding to the AurB (left)
and TTK (right) PTM signatures. Statistical significance was determined using a student’s t-test and represented in the top left of

Figure 17 PTM ssGSEA analysis of mitotic control (NT) vs BCAT1
with adjusted p-value < 0.05. Signatures corresponding to well

each plot; error bars signify 1.5 IQR values
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4.2. Therole of BCAT1 in regulating glioblastoma cell differentiation

The second part of my doctoral thesis consisted of investigating an additional function of BCAT1
in glioblastoma unrelated to mitosis. In these next sections of the results, | will present the role of

BCAT1 in differentiation of glioblastoma in human and mouse in vitro and in vivo model systems.
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4.2.1. BCATI1 low-expressing glioblastomas show a predominantly neuronal expressional
profile

Recent studies have described many novel molecular subtypes of glioblastoma cells (Q. Wang et
al. 2017; Neftel et al. 2019; Garofano et al. 2021; Richards et al. 2021). To begin exploring the
role of BCAT1 in glioblastoma, | used the publicly available TCGA-GBM dataset and assessed
the correlation between the expression of BCAT1 and various molecular markers in the primary

tumors.

| analyzed gene expression in 141 glioblastoma samples. Following the pre-processing, |
quantified BCAT1 expression in each of the samples and the 20 highest expressing samples were
grouped as BCAT1-high (BCAT1"), and the 20 lowest as BCAT1-low (BCAT1!) (Figure 18A). A
multidimensional scaling (MDS) analysis showed that the BCAT1" and BCAT1" groups clustered
distinctly, indicating divergent expressional patterns of the tumors based on BCAT1 expression

levels (Figure 18B).

Next, | used the BCAT1 status to determine differential gene expression between the BCAT" and
BCAT1" glioblastomas samples. Using the differentially expressed genes (DEG) | performed a
pre-ranked GSEA with curated gene signatures from the above mentioned studies describing
glioblastoma subtypes (Figure 18C). The BCAT1" tumors show statistically significantly enriched
mesenchymal signatures, including those described by Wang et al, Verhaak et al and Neftel et a/
(Verhaak et al. 2010; Q. Wang et al. 2017; Neftel et al. 2019)(Figure 18C, Positive NES). On the
other hand, the BCAT1" tumors showed a strong enrichment of signatures associated with a more
differentiated phenotype, such as the proneural signature described by Wang et al, and the neural
signatures described by Neftel et al and Garofano et al (Figure 18C, Negative NES). In fact, when
| performed ssGSEA using these signatures and compared the mean NES, | could see a similar
trend with a significantly higher mesenchymal enrichment in BCAT1" tumors, and neuronal-like

signatures in BCAT1" tumors (Figure 18D).

These results suggest that BCAT1: tumors exhibit a more differentiated state, which could
potentially explain the increased survival rate associated with lower BCAT1 expression (Figure
9B).
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4.2.2. BCAT1-KO U251 glioblastoma cells show a more differentiated, neuronal-like
expressional profile

The TCGA data analysis provided insight into a possible correlation of BCAT1 expression and
the differentiation states of glioblastomas. To address the question of a causal role, | performed

RNA sequencing of the control and BCAT1-KO U251 human glioblastoma cells

MDS analysis of the sequenced U251 control and BCAT1-KO CRISPR clones showed a clear
separation of samples along the BCAT1-dependent axis (Figure 19A, dim1), and minimal clonal
variability (Figure 19A, dim2). Next, | used the glioblastoma subtype signatures to assess the
cellular state of the cells in a pre-ranked GSEA (Figure 19B). Interestingly, the results matched
those obtained using BCAT1" and BCAT1- TCGA samples. Specifically, the BCAT1-KO U251
cells show a high enrichment in signatures associated with neuronal development and
differentiation such as the developmental signature described by Richards et al. (Richards et al.
2021), the NPC1 signature from Neftel et al (Neftel et al. 2019) and others (Figure 19B, Negative
NES). Conversely, the U251 control cells show a strong enrichment of mesenchymal-associated
signatures such as the MES1 and MES2 and the injury response signature which the authors
associated primarily with mesenchymal glioblastoma (Richards et al. 2021) (Figure 19B, Positive
NES)

To characterize the biological processes underlying the transcriptional differences, | performed a
GO-term enrichment analysis using the differentially expressed genes. Consistently, the most
strongly enriched terms in BCTA1-KO U251 cells in the cellular component (Figure 19C) and
molecular function (Figure 19D) datasets were associated with neuronal and synaptic processes

typical of neural development and signaling.

In summary, these results show a more differentiated, neuronal expressional pattern in the
BCAT1-KO U251 cells that matches the expression profile of the TCGA BCAT1" tumor samples.
These data suggest a potential causal relationship between BCAT1 expression and the

differentiation status of glioblastoma cells.
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Figure 19 U251 control and BCAT1-KO RNA Sequencing analysis. A) MDS plot based on top 500 variable genes in the expression

dataset of U251 control cells (control, Wildtype and Pool, red) and BCAT1-KO cells (Clone 1, Clone 3 and Clone 4. Blue). B) Pre-

ranked GSEA using the curated glioblastoma molecular subtype gene signature set comparing control and BCAT1-KO U251 cells.

Statistically significantly enriched signatures (adjusted p-value < 0.05) are shown in green. C) GO-term enrichment analysis using

genes overexpressed in the BCAT1-KO cells against the cellular component and D) molecular function datasets. The size of each

datapoint corresponds to the number of genes identified in the overexpression and its color to the p-value of the enrichment for

the respective term.
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4.2.3. Primary mouse glioblastoma cell lines recapitulate the TCGA and U251 differentiation
expressional phenotype upon BCAT1-KO

The next part of my doctoral thesis entails in vivo experiments and the analysis of Bcat1-
dependent cell differentiation in an in vivo environment. For this purpose, | worked with previously
described primary mouse glioblastoma stem cells established in the lab of Prof. Angel (Costa et
al. 2021) (Figure 20A). For my thesis, | decided on using the last in vivo passage of these cells
referred to as mGB2. This cell line showed highly invasive and mesenchymal subtype

glioblastoma features (Costa et al. 2021).

| performed CRISPR/Cas9-mediated knockout of Bcat1 in the mGB2 cell line and confirmed the
knockout as well as Luciferase expression with a western blot analysis (Figure 20B). | proceeded
with RNA collection and sequencing of the control and Bcat1-KO cells. Some of the sample
processing for these experiments was performed together with Nathalie Wilke who completed her

master thesis under my supervision at the division of Molecular Genetics.

In line with previous observations in the TCGA dataset and the U251 cells, | found a high
enrichment of signatures associated with neuronal-like glioblastoma cells in the Bcat1-KO cells in
a pre-ranked GSEA, whereas the control cells showed a high enrichment of mesenchymal-
associated signatures (Figure 20C). Furthermore, when testing for enrichment of GO-terms, |
observed a strong tendency towards neural-like biological processes in the Bcat1-KO cells (Figure
20D).

Upon examination of the top differentially expressed genes, | observed a strong overexpression
of the transcription factor neurogenic differentiation 1 (NeuroD1) in the Bcat1-KO cells. This is a
neuronal development-specific transcription factor known to be one of the drivers of a
neurodevelopmental program when overexpressed in mouse NSCs (Pataskar et al. 2016). Using
the genes directly regulated by NeuroD1, | could show that the expression of its targets is highly
enriched in the Bcat1-KO cells (Figure 20E) strongly implying a neuronal-like expressional

pattern.
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Figure 20 Primary mouse glioblastoma mGB2 cell RNA sequencing analysis. A) A schematic representation of the mouse model
used to derive the mGB2 glioblastoma cell line (adapted from (Costa et al. 2021)). B) Immunoblot analysis of Bcat1 expression and
V5-Luciferase expression in 2 CRISPR clones of control (non-targeting, Nt) and Bcat1-KO (Bko) cells. Tubulin was used as a loading
control. C) pre-ranked GSEA using differentially expressed genes between control and Bcatl-KO mGB2 cells against the
glioblastoma molecular subtype geneset. Positive NES corresponds to signatures enriched in control cells and negative in the
Bcat1-KO cells. Signatures with p-value <0.05 are shown in green and p-value > 0.05 shown in yellow. D) pre-ranked GSEA using
the curated C5 MSigDb genest covering the GO-terms with the same expression comparison as in C). Signatures with p-value <0.05
are shown in green .E) Pre-ranked GSEA using a geneset derived from known direct targets of NeuroD1 in mouse NSCs (Pataskar
et al. 2016) using the differentially expressed control vs Bcat1-KO genes showing enrichment in the Bcat1-KO cells (NES=-1.9, p-
value = 0.002).
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4.2.4. Human U251 and mouse mGB2 glioblastoma cells show a significant overlap in
BCAT1-dependent gene expression

The similarities in transcriptional profiles of the human and mouse glioblastoma cells prompted
me to explore commonly between them upon BCAT1-KO. Despite expected variation between
the models, 729 genes were found to be co-regulated (Figure 21A, ‘co-regulated’). As this is a
surprisingly large overlap, | used the commonly regulated genes to perform a pre-ranked GSEA
analysis against the glioblastoma molecular subtype geneset and observed that the coregulated
genes are sufficient to distinguish the control and BCAT1-KO cells along the mesenchymal-

neuronal glioblastoma axis (Figure 21B).
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Figure 21 Gene co-regulation in U251 and mGB2 BCAT1-KO cells. A) Venn diagram of the number of significantly regulated genes
in mGB2 and U251 cells upon BCAT1-KO. A pie chart showing the proportion of genes co-regulated (in the same direction) between
the control and BCAT1-KO cells of the two cell lines. B) pre-ranked GSEA using average logFC of control vs BCAT1-KO U251 and
mGB2 cells against the glioblastoma molecular signature geneset. Genesets enriched in BCAT1-KO cells are shown as negative
NES enrichment, and the ones enriched in the control cells as positive NES enrichment. Statistically significant enrichment (p-value

<0.05) is shown in green and non-significant (p-value>0.05) in yellow.
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Upon closer inspection of the co-regulated genes amongst those upregulated in the BCAT1-KO

U251 and mGB2 cells, | observed that the highest average regulation accounted for genes

commonly described as neuronal or NSC markers and associated with neurodevelopmental

processes (Table 16)

Table 16 LogFC values of neuronal-related genes significantly overexpressed in mGB2 and U251 BCAT1-KO cells. The minus sign

indicates overexpression of in the BCAT1-KO cells

Gene Symbol logFC mGB2 LogFC U251

CNTN1
ADGRL3
KCNK13

BRINP2

OLIG1

GRIA4

ERBB4

OLIG2

GRIK2

-7.9
-5.9
-6.5
-7.5
-2.0
-9.1
-6.9
-1.1
-2.5

-9.3
-7.9
-71.2
-5.7
-10.5
-2.6
-4.0
-9.3
-6.2

These data further validate the hypothesis of BCAT1 expression being crucial for retaining the

mesenchymal characteristics of glioblastoma by regulating the expression of neuronal-

development and differentiation-associated genes in both mouse and human glioblastoma cell

lines.
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4.2.5. Invitro differentiation of mGB2 cells results in a stronger phenotype in the Bcat1-KO
cells on the morphological and expressional levels

The bioinformatics analysis indicated a tendency towards a neuronal and developmental
expressional shift in Bcat1-KO cells, in both human and mouse glioblastoma cells. | wanted to
explore experimentally whether this expressional shift results in observable growth differences of

the cells. These experiments were performed partially by Nathalie Wilke under my supervision.

The mGB2 cells are maintained in a stem cell state and can differentiate further upon stimulation.
| cultured the cells on a basal membrane matrix in either stem cell (SC) conditions or with the
addition of 5% Fetal Calf Serum (FCS) as a differentiation-inducing agent. Once differentiated,
the control cells kept growing tightly packed with a rounded flat morphology and minimal cell
extensions (Figure 22A). However, the Bcat1-KO cells showed a highly elongated cellular
morphology with pronounced cell extensions and an obvious arrest in growth (Figure 22A). These
observations could be further confirmed through immunofluorescent staining of the differentiated

cells with Tubb3 (a neuronal marker) (Figure 22B).

Next, we performed real-time quantitative PCR (RT-qPCRs) probing the expression of known
differentiation markers of neuronal and glial lineages such as Gfap, Tubb3, Map2, S100b, Cspg4
and Agp4 (Figure 22C and 22D). Upon FCS culturing, the expression of Gfap and Tubb3
significantly increased, confirming the successful differentiation of the cells (Figure 22C).
Interestingly, under SC conditions, the expression of Agp4, S100b Map2 and Cspg4 was already
significantly higher in the Bcat1-KO than in control cells (Figure 22D), validating our previous
observations of a more differentiated state of these cells. Furthermore, in FCS conditions, the
expression of the markers Map2, Aqp4 and S100b increased in both, but was strikingly higher in

the differentiated Bcat1-KO than control cells.

This data, together with the morphological observations indicates that the Bcat1-KO cells are

more prone to differentiation and show a much more differentiated phenotype already at baseline.
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Figure 22 mGB2 cell differentiation in vitro. A) Brightfield microscopic images of control and Bcat1-KO mGB2 cells cultured on a
basal membrane matrix for 5 days either in stem cell conditions or with the addition of 5% FCS (Differentiated). B) Confocal imaging
of differentiated control and Bcat1-KO mGB2 cells using GFP as the cell marker (green) and immunofluorescently stained Tubb3
(red). Scale bar = 100um. C) RT-qPCR analysis of Gfap and Tubb3 expression in control (red) and Bcat1-KO cells (blue) in stem cell
conditions or with FCS (Differentiated). The expression was normalized to the control stem cell condition and Tbp expression was
used as a housekeeper gene. D) RT-gPCR analysis of Cspg4, Map2, Aqp4 and S100b expression in control (red) and Bcat1-KO cells
(blue) in stem cell conditions or with FCS (Differentiated). The expression was normalized to the control stem cell condition and
Thp expression was used as a housekeeper gene. Statistical analysis for C and D was performed using a one-way ANOVA test and

Tukey post-hoc testing (n>3). Error bars represent standard deviation Only statistically significant comparisons are marked: * —

p<0.05, ** - p<0.01, *** — p<0.001
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4.2.6. Bcatl-KO mGB2 cells show a significant decrease in proliferation upon differentiation
which cannot be fully rescued through reintroducing stem cell growth factors

After observing the apparent growth arrest of the Bcat1-KO cells upon differentiation (Figure 23A),

| proceeded to investigate cell proliferation under differentiating conditions.

Using Ki67 as a marker of cycling cells, | performed immunofluorescent stainings of the mGB2
control and Bcat1-KO cells under stem cell conditions or differentiated (Figure 23A). As expected,
a large majority of both control and Bcat1-KO cells were Ki67* in stem cell conditions (Figure
23B). Upon differentiation, the number of Ki67* cells was reduced in both control and Bcat1-KO
samples compared to SC condition, however the proportion of Ki67* cells was significantly lower
in Bcat1-KO cells compared to control (on average 41% and 22% Ki67* cells, respectively, Figure
23B).

To further assess cell proliferation rate, we performed a Click-iT EdU proliferation assay using
flow cytometry. Control and Bcat1-KO cells were kept under stem cell conditions or differentiated
before treatment with EdU (Figure 23C). Consistent with the Ki67 data, differentiation resulted in
a reduced proportion of EdU* cells, but this reduction was significantly stronger in the Bcat1-KO
cells (from 57% to 40% in control and 56% to 8% in Bcat1-KO cells on average, Figure 23C).
Next, | first treated the cells as above, removed the FCS and replaced it with stem cell medium
for 3 additional days. Interestingly, the differentiated control cells completely recovered their
proliferative capacity on day 2, whereas the Bcat1-KO cells showed only slight recovery after 3
days. (25% EdU" cells on day 3 of recovery versus the original 56%, Figure 23C). The recovery
was also evident on the morphological level. The control cells reverted to a stem cell-type
morphology upon removal of FCS (small and round loosely attached cells, Figure 23D), whereas
the morphology of Bcat1-KO cells remained mostly indicative of differentiation (elongated flat

morphology with long cellular extensions, Figure 23D).

Glioblastoma cells are known to switch to a more differentiated state during development and
invasion of the tumor, with the ability to dedifferentiate towards mesenchymal features
(Venkataramani et al. 2022). This data shows that this ability seems to be lost or severely

hampered upon the knockout of Bcat1.
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Figure 23 mGB2 control and Bcat1-KO cell proliferation upon differentiation and recovery. A) Confocal microscopy images of

control and Bcat1-KO mGB2 cells in stem cell or differentiated conditions. Cells were visualized using endogenous GFP expression

(green) and the nucleus with the DNA dye DAPI (blue). Ki67 was immunolabeled and visualized using the Alexa Fluor 647-

conjugated secondary antibody (red). Scale bar = 100um. B) Ki67* cell quantification. The y-axis shows the percentage of positive

control (red) and Bcat1-KO (blue) cells in respect to all DAPI stained nuclei (n=3, with more than 50 cells quantified per condition

in every experimental replicate). Error bars represent standard deviation of the replicates, and the statistics was performed using

an unpaired students t-test in the marked comparisons. C) EdU incorporation in control (red) and Bcat1-KO (blue) cells. EdU* cells

were quantified as a percentage of total single cells using FACS. Statistical significance was determined using a two-way ANOVA

with post-hoc multiple testing. Only statistically significant comparisons are denoted with stars. D) Representative light

microscopy images of cultured mGB2 control and Bcat1-KO cells in stem cell condition, as differentiated or 3 days after the

withdrawal of FCS. Red arrows point to stem cell morphology. ns — non-significant, * — p <0.05, ** — p<0.01, *** — p<0.001.
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4.2.7. Bcatl-KO cells fail to develop into tumors in a syngeneic mouse glioblastoma model

The data so far indicates a strong tendency of Bcat1-KO cells towards differentiation. To further
test this hypothesis, | used the same mGB2 cell line in a syngeneic (BL6) mouse model. To assess
potential clonal effects related to the CRISPR/Cas9 knockout, | injected 3 mice each with 2
different control and Bcat1-KO mGB2 clones (Figure24 A). Both control clones reached
termination criteria, however, out of the 6 mice transplanted with mGB2 Bcat1-KO cells, only one
developed a measurable tumor, reaching termination criteria 99 days after the injection (Figure
24B).

Since no obvious clonal effects were observed, | randomly picked one control and one Bcat1-KO
clone and proceeded with the transplantation of 8 mice per group with a higher cell number. Tumor
growth was followed using in vivo bioluminescent imaging (IVIS) (Figure 24C). Mice with control
tumors showed a steady tumor growth over time following initial tumor detection (Figure 24D),
with only one mouse showing no tumor growth, likely due to technical failure of the transplantation
(Figure 24E, red). On the other hand, all of the mice injected with Bcat1-KO mGB2 cells failed to
develop detectable tumors even after more than a 100 days post-injection (Figure 24D and 24E,
blue).

These initial mouse experiments showed that Bcat1 knockout severely impacts tumor growth in

Vivo.
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Figure 24 Orthotopic, syngeneic mouse glioblastoma model using control and Bcat1-KO cells. A) A schematic representation of the
initial experimental design. Clone 1 and 2 and Bcat1-KO 1 and 2 refer to two different CRISPR clones of the mGB2 control and
Bcat1-KO cells. B) Survival plot of mice transplanted with tumor cells according to the scheme in A) (n (control 1)=2, n(control 2)=3,
n(Bcat1-KO 1)=3, n(Bcat1-KO 2)=3). C) Representative IVIS tumor measurement in one control and 1 Bact1-KO mouse over the
period of 3 weeks. D) Total luminescent flux quantification of IVIS measurements during tumor growth of control (red, n=8) and
Bact1-KO (blue, n=8) mGB2 tumors. E) Survival Kaplan-Meier survival analysis of control (red, n=8) and Bcat1-KO (blue, n=8) mGB2-

bearing mice (p-value = 0.0004).
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4.2.8. mGB2 Bcatl-KO cells retain the ability to engraft in vivo but fail to form proliferative
tumors and show highly differentiated morphological features

Next, | aimed to investigate the reason behind the lack of Bcat1-KO tumor growth. First, |
confirmed that the Bcat1-KO tumor cells retain the ability to engraft. To do this, | sacrificed the
mice 100-130 days post-injection with Bcat1-KO cells and examined the brains using a
stereotactic microscope for GFP expression. Surprisingly, in all of the brains checked (n>3) | was
able to detect a GFP signal matching the approximate coordinates of the tumor injection (Figure

25A, red arrows).

To examine the Bcat1-KO tumor residuals more closely, | dissected the GFP positive regions of
the brain and used immunofluorescent staining of GFP to visualize the tumor cells using confocal
microscopy. The Bcat1-KO GFP* cells were found only in very small regions of the brains of the
injected mice (usually less than 1mm? surface per section) (Figure 25C). Furthermore, the
morphological features were indicative of cell differentiation characterized by elongated large cells
with one or multiple long cell protrusions reminiscent of neuronal extensions (Figure 25C, lower
and right-most panels). In control tumors, the GFP* cells covered a large part of each coronal
section, with cellular morphology reminiscent of human glioblastoma: small, tightly packed, round
tumor cells (Figure 25B). A slightly varying tumor cell morphology could be observed in the region
of the corpus callosum; however, this was previously reported to be due to the migration along

the corresponding nerve fibers (Figure 25B, lower right panel).

The detection of mGB2 Bcat1-KO cells in the mouse brains more than 100 days following
transplantation indicates that the failure to form outgrown tumors is not due to a lack of

engraftment but might be explained by the differentiation phenotype described here.
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Figure 25 Syngeneic mouse mGB2 glioblastoma model tumor immunofluorescent analysis. A) mGB2 Bcat1-KO-injected brains
visualized 100-130 days post injection under the fluorescent stereotactic microscope. Red arrows point to GFP positive areas of
the brain indicating tumor cells. B) Confocal images of 3 immunofluorescently labeled control and C) Bcat1-KO tumors or tumor
residuals. Anti-GFP antibody was used to immunolabel GFP expressed in tumor cells (green) and DAPI for labeling nuclei (blue).
Upper panels of B) and C) represent tile scan images of control and Bcat1-KO GFP* cells (scale bar 500um) and the lower panels
are representative zoom-ins o he tumors (scale bar 100um). The right most panel in B) and C) represent closeup images of

representative cellular morphology of control and Bcat1-KO cells, respectively (scale bar 20um).

77



Results INNIEING

4.2.9. mGB2 Bcatl-KO cells can form tumors in immunocompromised NSG mice but with a
significant delay and an obvious differentiated phenotype

The findings so far indicate that Bcat1-KO cells have a strong tendency to differentiate and have

a reduced proliferation capacity both in vivo and in vitro under differentiating conditions.

Next, | wanted to explore whether the impact on tumor growth was due to the inherent
differentiation phenotype of the Bcat1-KO cells or if the cells of the immune microenvironment
could also play a role in limiting tumor growth. To do this | performed tumor transplantations in

immunodeficient NOD/SCID gamma (NSG) mice which lack innate and adaptive immune cells.

In this setup, even though the control cells showed a much faster growth rate, tumor growth could
also be detected in mice injected with Bcat1-KO cells after a significant delay (42- and 96-day
average survival, respectively) (Figure 26A). To visualize the tumor growth patterns of the control
and Bcat1-KO tumors, | performed immunofluorescent GFP labeling of the tumors and imaged
whole coronal sections using the Axioscan slide scanner. The images clearly show a typical poorly
differentiated phenotype of the control cells (Figure 26B), whereas mouse brains bearing Bcat1-
KO tumors present as highly migratory and highly differentiated cells with the morphological
features matching those found previously in BL6 mice (Figure 26C). Interestingly, throughout the
coronal sections of the Bcat1-KO tumors, small undifferentiated regions could be observed which

were not previously identified in BL6 mice (Figure 26C, red arrows).
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Figure 26 mGB2 cell growth in the NSG mouse model. A) Survival curve representing the survival of NSG mice injected with control
(red) or Bcatl-KO (blue) tumor cells. B) Representative whole coronal section imaging of GFP immunolabeled (green) control
tumors with whole section overview (top) and a representative zoom-in (lower). DNA was labeled with DAPI (blue). Scale bar is
equivalent to 1000um. C) Representative whole coronal section imaging of GFP immunolabeled (green) Bcat1-KO tumors with
whole section overview (top) and representative zoom-ins of undifferentiated (red) or differentiated (blue) regions (lower). Red
arrows point to undifferentiated regions of the Bcat1-KO tumors. DNA was labeled with DAPI (blue). Scale bar is equivalent to

1000um.

79



Results INNIEING

To show that the morphologically distinct, differentiated phenotype is also associated with a
reduced proliferative capacity, | analyzed Ki67 positivity in control and Bcat1-KO tumors (Figure
27A). These experiments were partly performed by Nathalie Wilke under my supervision. Based
on cellular morphology, we quantified the portion of Ki67* cells in differentiated and
undifferentiated regions of the Bcat1-KO tumors and the control tumors (Figure 27B and 27C).
The results clearly show a significant reduction of the portion of Ki67* cells in the differentiated
regions of the Bcat1-KO tumors in comparison to both control cells and Bcat1-KO undifferentiated

regions.

These experiments performed in the NSG mouse model provide further confirmation of the
differentiation phenotype in Bcat1-KO glioblastoma cells. Even though it is clear that the immune
system has an important role in completely abrogating Bcat1-KO tumor growth, the marked
increase in survival time of the NSG mice bearing Bcat1-KO tumors further highlights the

importance of the differentiation phenotype in mouse survival.
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Figure 27 Ki67 expression in control and undifferentiated and differentiated regions of Bcatl-KO tumors. A) Representative
confocal microscopy images of mGB2 control, Bcat1-KO Undifferentiated and Differentiated tumors immunolabeled with GFP
(green) and Ki67 (red). DAPI was used for nuclear staining. Scale bars represent 50um. B) Violin plot of Ki67 mean fluorescence
intensity per nucleus in control cells (red), undifferentiated Bcat1-KO cells (dark blue) and differentiated Bcat1-KO cells (light blue)
in 3 mice per group. C) Quantification of the number of Ki67* cells in each of the groups represented as average of the three mice
quantified. Significance was determined with a one-way ANOVA test followed by Tukey multiple comparison testing. Error bars

represent standard deviation.
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4.2.10. Changes in DNA methylation can account for the expressional changes and the
differentiation phenotype between control and Bcat1l-KO mGB2 cells

When performing its enzymatic function of transamination, BCAT1 exhausts cellular aKG and
produces glutamate. aKG is a known epigenetic regulator as it is necessary for the function of
TETs which demethylate DNA. As BCAT1 has previously been implicated in regulating DNA
methylation (Raffel et al. 2017), | explored the methylation profiles of the control and Bcat1-KO

mGB2 cells to determine whether this could explain the observed differentiation phenotypes.

I examined DNA methylation patterns of control and Bcat1-KO mGB2 cells using a CpG array.
PCA clearly showed a distinct methylation profile of the two lines (Figure 28A, Principal
Component 1) with only small sample-based variation (Figure 28A, Principal Component 2).
Within the significantly differentially methylated sites, | could observe an overall increased
methylation of CpG sites in the control cells (Figure 28B). In further analysis, | focused on

differentially methylated CpG islands only.

Next, | compared the differential expression of genes between the control and Bcat1-KO (see
section 4.2.3) and the methylation status of CpG islands associated with those genes. | found a
highly significant negative correlation of expression and methylation (Figure 28C, R=-0.36, p-
value<0.01 — Spearman ranked correlation test) strongly implicating DNA methylation as a major

regulatory mechanism behind the Bcat1-KO induced expressional differences.

To see whether methylation-based regulation can account for the suppression of differentiation-
related genes in control cells, | used differentially methylated CpG islands to perform a robust
rank aggregation analysis (Ren and Kuan 2019) (Figure 28D). The results show a strong
enrichment of genes characterizing neuronal glioblastoma subtypes differentially methylated only
in the control cells. Similarly, a metylGSA (Ren and Kuan 2019) showed a highly significant
enrichment of neural and glial differentiation signatures associated with genes hypermethylated

in control cells (Figure 28E).
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Figure 28 DNA methylation analysis of control and Bcat1-KO mGB2 cells. A) MDS analysis of top 500 differentially methylated sites
in the control (NT, red) and Bcat1-KO (BKO, blue) replicates. B) Quantification of significantly differentially regulated sites between
the control (red) and Bcat1-KO (blue) in CpG islands or the surrounding regions. C) Correlation analysis of differential gene
expression (x-axis) and differential CpG island methylation (y-axis) between control and Bcat1-KO cells. Statistical analysis was
performed using spearman’s ranked correlation test due to a lack of normality in the distribution of values (R=-0.36, p-value<0.01).
D) Robust rank aggregation analysis of differentially methylated sites using the glioblastoma molecular subtype signature. Only
significantly enriched signatures (p < 0.05) are shown. E) methylGSA analysis of differentially methylated CpGs in control and
Bcat1-KO cells using gene ontology terms. Color scale represents log10(p-value) of each enrichment and the dot size is
proportional to the size of the geneset. F) Quantification of 5-hydoxymethylcitosyne immunofluorescence (mean fluorescent
intensity) of the nuclei of differentiated mGB2 control (red) and Bcat1-KO (blue) cells. Statistical analysis was performed using a

student’s t-test (n>500 nuclei per condition). The experiment was repeated independently with the same outcome.
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Finally, when examining individual differentially methylated genes, | observed many of the

previously mentioned overexpressed differentiation genes in Bcat1-KO cells methylated in the

control cells, which likely accounts for their transcriptional repression (Table 17)

Table 17 Differential expression and methylation of selected genes in the control vs Bcat1-KO mGB2 comparison.

logFC mGB2 LogFC mGB2
Gene Symbol expression methylation

NTRK2
ASTN1
GRIK3
BRINP2
ERBB4
BDNF
NEUROD1

-9.7
-9.6
-8.5
-7.5
-6.9
-6.3
-5.3

1.7
1.3
2.4
3.1
1.9
1.5
1.4

These results clearly point towards DNA methylation as a major regulatory mechanism of gene

expression upon Bcat1-KO. The loss of methylation of CpG islands associated with differentiation

genes in the Bcat1-KO cells could explain their tendency towards differentiation in vitro and in

vivo described previously.
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4.3. The role of Bcatl expression on maintaining an immunosuppressive
tumor microenvironment

In the previous section, | have shown that Bcat1 is necessary for maintaining the poorly
undifferentiated cellular state typical of aggressive mesenchymal glioblastomas both in human
and mouse glioblastoma cells. However, the Bcat1-KO induced differentiation was not sufficient
to completely abrogate tumor growth in immunocompromised NSG mice as it did in the BL6
mouse model. This indicates that in addition to the differentiation phenotype, the immune system

also plays a role in suppressing tumor outgrowth.

In this section, | will be focusing on the role of the glioblastoma microenvironment and the impact

of Bcat1 expression on the shaping of the TME.
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4.3.1. Knockout of Bcatl is not sufficient to completely abrogate tumor growth in a T-cell
deficient mouse model

To better delineate which cells of the immune compartment, contribute to the suppression of
Bcat1-KO tumor growth, we repeated the experiment using a Rag2-KO mouse line deficient in
functional T-cells while retaining seemingly normal myeloid function. We observed that the mGB2
cells in Rag2-KO mice behaved similarly to those in NSG mice. Namely, the Bcat1-KO tumors
grew significantly slower than the controls, but ultimately formed substantial tumors, and the mice

reached termination criteria (Figure 29A)

With this experiment | identified the T-cells as a crucial immune population necessary for
completely preventing Bcat1-KO tumor growth, while again stressing the importance of the

differentiation phenotype in a new mouse line.
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Figure 29 mGB2 glioblastoma model in Rag2-KO mice. A) Kaplan-Meier survival analysis of Rag2KO mice injected with control

(n=5, red) and Bcat1.KO (n=5, blue) mGB2 cells.
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4.3.2. mGB2 tumors show modified myeloid morphology and a higher abundance of tumor-
infiltrating myeloid cells both during early development and at a later time point

Aiming to understand more about the role of the tumor immune microenvironment, | examined
the tumor infiltrative myeloid cells in immunocompetent BL6 mice injected with control and Bcat1-
KO cells. To get an earlier insight of tumor development, | sacrificed mice 4 weeks post-injection.
At this timepoint, the control tumors could be detected via IVIS but were not yet large enough to
cause any symptoms (data not shown). | Immunolabeled sagittal brain sections against Iba1, a
myeloid marker, and GFP as a tumor cell marker and analyzed the stainings using Axioscan slide

scanner (Figure 30).

At this early time point, the striking difference in size between control and Bcat1-KO was evident.
Furthermore, the previously observed differentiated morphology of the Bcat1-KO was already
detectable (Figure 30A and 30B, upper panel). Through the Iba1 staining, | could observe
differences in myeloid morphology. control tumors showed typical GAM morphology (Kvisten et
al. 2019) characterized as round, evenly dispersed cells, whereas the Bcat1-KO tumors contained
rectified myeloid cells which seemed to be considerably more abundant as well (Figure 30A and
30B, Iba1-red). Quantification of Iba1* cells per nucleus in the tumor region confirmed this

observation (Figure 30C).
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Figure 30 mGB2 control and Bcat1-KO tumor myeloid compartment immunofluorescent imaging. A) A representative control
tumor at 4 weeks of development after being detectable with IVIS. The tumor was stained with anti-lbal marking myeloid cells
(red), anti-GFP marking tumor cells (green) and DAPI was used as a DNA marker. Whole tumor overview is shown in the upper
panel and a zoom-in in the lower panel (scale bars 200um and 50um, respectively). B) A representative Bcat1-KO tumor at 4 weeks
of development. The tumor was stained with anti-lbal marking myeloid cells (red), anti-GFP marking tumor cells (green) and DAPI
was used as a DNA marker. Whole tumor overview is shown in the upper panel and a zoom-in in the lower panel (scale bars 50um).
C) Quantification of mean Ibal positive cells as a percentage of detected nuclei in the control (red) and Bcat1-KO (blue) mouse
tumors (n=3 per group). The quantification was performed using QuPath. Error bars show standard deviation. Statistical

comparison was done using an unpaired, two-tailed student’s t-test.
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Then, | proceeded to investigate the myeloid environment of the end point control tumors and late
stage Bcat1-KO tumor residuals. Figure 31 shows a representative control and Bcat1-KO tumor.
Like the early time point, the Iba1* cells in control tumors showed typical round myeloid
morphology of glioblastoma (Figure 31A). On the other hand, the Bcat1-KO tumor residuals
showed an abundant and a very rectified Iba1* cell population, highly outnumbering the tumor
cells themselves (Figure 31B). Due to the high density and complex morphology, the
quantification of Iba1* cells could not be performed; however, the observations were made in 3

mice per group with a similar pattern.

These findings indicate that Bcat1 expression in tumor cells affects the myeloid immune
microenvironment. Bcat1-KO promotes infiltration of myeloid cells into the tumor and induces

morphological changes, which are often associated with myeloid polarization state.
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DAPI GFP Iba1 Merged

Figure 31 mGB2 control and Bcat1-KO tumor myeloid compartment immunofluorescent confocal imaging. A) A representative
control tumor at end point. The tumor was stained with anti-lbal marking myeloid cells (red), anti-GFP marking tumor cells (green)
and DAPI was used as a DNA marker. Tile scan overview is shown in the upper panel and a zoom-in in the lower panel (scale bars
100um). B) A representative Bcat1-KO tumor residual. The tumor was stained with anti-lbal marking myeloid cells (red), anti-GFP
marking tumor cells (green) and DAPI was used as a DNA marker. Whole tumor tile scan is shown in the upper panel and a zoom-

in in the lower panel (scale bars 100um).
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4.3.3. Both control and Bcat1-KO tumors show T-cell infiltration during early development
which is lost at late-stage tumor growth in control but not Bcat1-KO tumors

CD8* T-cells are the main effector cells regulating tumor growth and are heavily influenced by the
tumor myeloid microenvironment. Having shown that the T-call compartment is important for
limiting tumor growth using the NSG and Rag2-KO models, | explored the tumor effector T-cell

population (CD8" T-cells) in the immunocompetent BL6 mice.

At an early stage (4 weeks post-injection), infiltrating CD8"T cells were detectable in both control
(Figure 32A) and Bcat1-KO tumors (Figure 32B). Although Bcat1-KO seemed to have an overall
higher CD8" infiltration, there was also a high inter-tumor variation within the imaged tumors
(Figure 32C).

Interestingly, at a late time point the difference in CD8" cells became more evident. The control
tumors showed minimal CD8" T-cell infiltration (Figure 32D). while the number of CD8" cells

remained high (relative to the tumor cells) in Bcat1-KO tumors (Figure 32E).

In summary, | showed that the infiltration of Iba1* and CD8* cells is enhanced and sustained in
Bcat1-KO tumors. These results demonstrate that the tumor immune microenvironment is altered

in the Bcat1-KO tumors and suggest that Bcat1-expressing tumors are immunosuppressive
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Figure 32 control and Bcat1-KO tumor T-cell immunofluorescent imaging. A) Whole slide immunofluorescent imaging of early time

point control and B) Bcat1-KO tumor with anti-CD8 (red) and anti-GFP (green) immunolabeling. Lower panels in A) and B) are
zoomed in regions of the respective tumors. Scale bars are 100um and 50um for the whole tumor imaging and the zoomed in
segments, respectively. C) Quantification of mean CD8* cells in comparison to all quantified DAPI signals in control (red, n=3) and
Bcat1-KO (blue, n=2) mice. Error bars represent standard deviation. D) Confocal tile-scan imaging of control and E) Bcat1-KO
tumors at a late time point. Immunolabeling with anti-CD8 (red) and anti-GFP (green). DAPI (blue) was used to stain the nuclei.
Lower images in D) and E) represent higher magnification of each of the tumors. Scale bars are 100um and 50um for the tile scan

and zoomed in images, respectively.
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4.3.4. CIBERSORTx analysis of the TCGA samples shows the same pattern of immune cell
infiltration as the mouse tumors

After observing the differences in immune cell infiltration in the mouse mGB2 tumors, | wanted to
validate these results in the tumor TCGA-GBM dataset.

To do this, | used the normalized gene expression values of the 141 glioblastoma TCGA samples
(see section 4.2.1) for a CIBERSORTx analysis (Newman et al. 2019) using a gene expression
matrix of cell signatures derived from 19 single cell sequenced glioblastomas (Mehani et al. 2022).
After correlating the individual cell types sores with the normalized BCAT1 expression in all of the
samples, | observed a strong negative correlation of BCAT1 expression with the macrophage
(Figure 33A) and CD8 T — cell scores (Figure 33B).

Furthermore, | compared the cell type scores of the 20 BCAT1" and BCAT1: samples analyzed
in section 4.2.1. The malignancy score was significantly upregulated in the BCAT1" samples
(Figure 33C). Consistent with the observed correlations, | found that both the macrophage and
the CD8" T cell scores were significantly higher in the BCAT 1'% samples (Figure 33D and 33E,

respectively).

These results match our observations of BCTA1-dependent alterations of the immune TME in the

in vivo mGB2 model in a human dataset.
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Figure 33 CIBERSORTX cell type scores of the TCGA-GBM samples. A) logCPM values of BCAT1 expression correlated with individual

patient CD8 T-cell scores and B) macrophage scores according to the CIBERSORTx analysis. The correlation was performed using

the Spearman ranked correlation analysis, with the p-values and R values stated in respective graphs. C) Comparison of Malignant

D) macrophage and E) CD8 T — cell scores between the BCAT1" (red) and BCAT1: (blue) groups. Statistical analysis was performed

using an unpaired, two-tailed student’s t-test. Whiskers represent 1.5 IQR.
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4.3.5. Macrophages differentiated in U251 conditioned medium show distinct morphology
and immunosuppressive marker expression

To study the influence of BCAT1 expression on the differentiation and polarization of GAMs in
more detail, | decided to use an in vitro macrophage differentiation model. Using medium
conditioned by U251 control and BCAT1-KO cells (control-TCM and KO-TCM) | differentiated
peripheral blood monocytes in vitro with the addition of low concentration of recombinant M-CSF
(Macrophage Colony-Stimulating Factor). | could observe clear differences in morphology with
the KO-TCM macrophages showing morphology reminiscent of the Controls (non-conditioned
medium), whereas the control-TCM macrophages displayed an elongated morphology previously
described in vitro as alternative M2 activation (McWhorter et al. 2013; Benner et al. 2019)
(Figure 33A).

Next, | performed RNA sequencing on macrophages derived from 4 blood donors. An MDS
analysis showed that the effects of the treatment overcome the individual variation of the donors
(Figure 33B). Among differentially expressed genes, | observed markers often associated with
immunosuppression and TAMs overexpressed in the control-TCM macrophages, and genes
associated with antigen-presenting cells (APC) in KO-TCM macrophages (Figure 33C). These
findings were further confirmed using a pre-ranked GSEA analysis with gene expression
signatures of microglial cells (Patir et al. 2019) and monocyte-derived macrophages and dendritic
cells (Tang-Huau et al. 2018). Namely, control-TCM macrophages showed a high enrichment of
the microglial signature, likely due to differentiation in glioblastoma conditioned medium, and
monocyte-derived macrophage signature (Figure 33D, red). In contrast, the KO-TCM
macrophages showed an enrichment in the signature of monocyte-derived dendritic cells, as

suggested by individual marker expression (Figure 33D, blue).

Finally, | tested the functional characteristics of the macrophages using a phagocytosis assay. In
brief, macrophages were cultured with dead E. Coli particles marked with AF488, after which the
non-engulfed particles were quenched, and the macrophages fixed and analyzed using confocal
microscopy (Figure 34E). | found that the control-TCM macrophages showed a much higher
phagocytic capacity than the KO-TCM ones (Figure 34F), consistent once again with a more

immunosuppressive phenotype (Schulz et al. 2019).

Collectively, these findings suggest that the factors secreted by the U251 cells lacking BACT1
expression are unable to induce the tumor-associated-like immunosuppressive polarization of

macrophages in vitro.
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Figure 34 In vitro differentiation of PBMCs in tumor conditioned medium. A) morphological features of macrophages differentiated
in non-conditioned medium (control), control U251 conditioned medium (control-TCM) and BCAT1-KO U251 conditioned medium
(KO-TCM). Membranes were stained with the DeepRed membraned dye. Scale bar represents 50um. B) MDS plot based on 500
most variable genes of the control (green), control-TCM (red) and KO-TCM (blue) macrophages. C) log-fold-change (lofFC) values
of selected marker genes overexpressed in either control-TCM (red) or KO-TCM (blue) macrophages. D) pre-ranked GSEA analysis
using gene set signatures describing microglia (left), monocyte-derived macrophages (MoD-Macrophages, middle) and monocyte-
derived dendritic cells (MoD-Dendritic cells, right) in control-TCM (red) and KO-TCM (blue) macrophages; p-values o each
enrichment are denoted in the corresponding plot. E) Representative confocal images of control-TCM and KO-TCM macrophages
stained with the DeppRed dye (red) with phagocytic particles labeled with AF488 (green). Scale bar represents 50um. F)
Quantification of mean fluorescent intensity of phagocytic particles per cell of control-TCM (red) and KO-TCM (blue) macrophages.
Results are presented as Tukey plots. The experiment was repeated twice each time quantifying more than 100 cells per condition.

Statistical significance was determined using an unpaired, two-tailed student’s t-test
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5. Discussion

BCAT1 expression has been reported as a driving or prognostic factor in many cancer entities
including, but not limited to, glioblastoma, lung cancer, breast cancer, AML and CML (Ténjes et
al. 2013; Thewes et al. 2017; Y. Wang et al. 2019; Raffel et al. 2017; Hattori et al. 2017). As it is
mainly expressed during embryonic development and shows very limited expression in adult
tissues other than cancer (Benvenisty et al. 1992), BCAT1 is a prime candidate for selectively
targeting cancer cells in new therapeutic approaches. To do so effectively, it is necessary to
understand the underlying mechanisms behind its oncogenic potential. Different mechanisms
have been proposed for this, mostly revolving around the metabolic function of BCAT1 and its
influence on BCAA, glutamate and a-KG intracellular levels and secretion (Tonjes et al. 2013;
Thewes et al. 2017; Y. Wang et al. 2019; Raffel et al. 2017, 1; Go et al. 2022, 1; Silva et al. 2017).
Recent findings regarding the redox potential of the BCAT1 CXXC motif provided a novel
mechanism of BACT1 action through modulating tumor cell redox signaling (Hillier et al. 2022;
Francois et al. 2022).

In this thesis, | presented experiments aimed at understanding the role of BCAT1 in mitosis and

in glioblastoma cell differentiation and the tumor-microenvironment crosstalk.

5.1. BCAT1 interacts with the components of the mitotic machinery and
promotes the activity of key mitotic kinases

In recent years, many metabolic enzymes have been described as having moonlighting functions
beyond the well-known canonical one. For example, the glycolytic enzyme phosphofructokinase
(PFK) was found to have an additional function promoting YAP/TAZ (Yes-associated protein/
transcriptional co-activator with PDZ binding motif) signaling (Enzo et al. 2015); Glyceraldehyde
3-phosphate dehydrogenase (GAPDH) was described to translocate to the nucleus where it can
modify nuclear proteins and alter transcription (Hara et al. 2005; Kornberg et al. 2010). With this
in mind, and after the discovery of L. Francois that BCAT1 localizes not only in the nucleus of
interphase cells but also at the mitotic spindle and the midbody during cell mitosis in multiple
cancer and non-transformed cell lines (Francois et al. 2022) we explored the potential novel

functions of BCAT1 contributing to mitosis.
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BCAT1 was previously shown to be post-translationally modified through S-nitrosylation, S-
glutathionylation (Forshaw and Conway 2019), oxidation (Myra Elizabeth Conway 2021) and
phosphorylation (Harris et al. 2020; Shafei et al. 2020). These studies have additionally
hypothesized a model of BCAT1 interaction with different proteins through a novel oxidoreductase
chaperone activity (Hillier et al. 2022). Interestingly, in our phosphoproteomics dataset of the
U251 and LN229 glioblastoma cell lines, we could not detect any phosphopeptides attributed to
BCAT1 despite its reported phosphorylation through protein kinase C (PKC) (Harris et al. 2020)
and proposed phosphorylation by other kinases (Shafei et al. 2020). Because of this, we focused
our efforts on the interactions of BCAT1 with mitotic proteins and kinases regulating mitosis. After
analyzing the proteins co-immunoprecipitated with BCAT1 in mitosis, | could confirm the
interaction with many of the major constituents of the mitotic spindle and the kinetochore. These
findings were further validated through Western blotting by L. Francois (Francois et al. 2022). In
line with this, BCAT1-KO induced mitotic aberrations in multiple cell lines, proving that it is not

only co-localizing with the mitotic components, but also crucial for their proper functioning.

To gain a more mechanistic insight into the role of BCAT1 in mitosis | analyzed the
phosphoproteome of mitotic control and BCAT1-KO cells. Interestingly, there were few changes
to the phosphorylation status of the key mitotic kinases such as TTK, AURKA and AURKB.
However, the downstream targets of these kinases showed markedly reduced phosphorylation in
BCAT1-KO cells.

The role of reactive oxygen species (ROS) and redox modifications of proteins in mitosis is not
very well understood. Some studies have reported dynamic changes or ROS throughout the cell
cycle which could influence mitotic progression (Patterson et al. 2019). This, together with the fact
that kinases such as EGFR (Paulsen et al. 2011), phosphatases such as PTEN (Lee et al. 2002)
and mitotic regulators such as CDC25 and AURKA (Savitsky and Finkel 2002; Lim et al. 2020)
are regulated through oxidation, prompted us to explore the CXXC-dependent redox role of
BCAT1. Using an overexpression-rescue system, L. Francois not only confirmed the reduced
activity of the mitotic kinase TTK that was suggested in the phosphoproteome analysis, but
additionally showed a mislocalization of AURKB in a CXXC-motif dependent fashion. These
findings could explain its reduced activity observed in my analysis, despite the seemingly
unaltered phosphorylation (Francois et al. 2022). As AURKB localization is closely related to its

function in maintaining the proper spindle assembly checkpoint (Liang et al. 2020)

Interestingly, one of the first papers on the function of BCAT1 in yeast described it as a regulator

of the cell cycle G1/S phase (Schuldiner et al. 1996). However, its role in the regulation of the
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G1/S transition could be related to the metabolic function of BCAT1 wherein the BCAAs regulate
major cellular pathways such as mTOR (Luo et al. 2021; Meijer et al. 2015; Shu et al. 2021). In
this thesis and in (Francois et al. 2022) we describe a novel function of BCAT1 in maintaining
mitotic fidelity through the proper functioning and localization of key SAC kinases TTK and
AURKB via the CXXC motif.

5.2. BCAT1 expression maintains the plasticity of human and mouse
glioblastoma cells

Glioblastomas are generally poorly differentiated tumors characterized by high intratumoral
heterogeneity and cellular plasticity (Friedmann-Morvinski 2014). Under the assumption that
these features contribute to the aggressiveness of glioblastoma and its overall resistance to
treatments, researches have made multiple attempts to induce cellular differentiation of
glioblastoma cells which would in turn slow down or stop their growth entirely (Park et al. 2017;
Cheng et al. 2019; Guichet et al. 2013). Unfortunately, this line of research proved unfruitful as
true terminal differentiation could not be reached without exogeneous gene overexpression
(Carén et al. 2015). Namely, glioblastoma cells could revert to a poorly differentiated proliferative
state upon the removal of differentiation cues in vitro. In fact, cells not only have the ability to
differentiate, but to use this in order to propagate migration and tumor growth as differentiated
fractions of cells within the tumors have been shown to promote tumor growth (Uneda et al. 2021).
Furthermore, glioblastoma cells have been shown to appropriate neuronal features including
synaptic signaling when migrating throughout the brain, while retaining the ability to form typical

tumor masses once the migration is complete (Venkataramani et al. 2022).

Notably, different approaches relying on directly overexpressing transcription regulators of
neuronal fate did show promising terminal differentiation features of glioblastoma cells. For
example, the overexpression of ASCL1 (Achaete-Scute Family bHLH Transcription Factor 2 and
1) in glioblastoma cells could promote their differentiation and reduce tumorigenicity (Azzarelli et
al. 2022; Cheng et al. 2019; Park et al. 2017, 2; X. Wang et al. 2021). Similarly, the overexpression
of NEUROD1 induced cell death and differentiation (Guichet et al. 2013; X. Wang et al. 2021).
Even though these results show a promising phenotype, they are all based on an overexpression
of genes that can otherwise severely impact non-tumor cells, reducing the applicability of this
method in vivo (Matsuda et al. 2019, 1; Rao et al. 2021, 1).
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In the experiments presented in this thesis, | was able to confirm the cellular plasticity of the
mouse glioblastoma model mGB2, which although showing an initial ability to differentiate, did
revert back to a proliferative poorly differentiated state after the removal of extrinsic cues, as
reported previously (Carén et al. 2015). However, | also showed that in the lack of Bcat1
expression, this ability was severely hampered in vitro. Interestingly, the mouse glioblastoma stem
cells showed an increased expression of many neuronal and glial differentiation marker genes
even in the stem cell-propagating conditions, including the major fate regulators mentioned
previously: NeudoD1 and Ascl1. This data shows that depleting Bcat1 expression could achieve

similar effects to those observed with the ectopic overexpression of these transcription factors.

Using expressional signatures derived from many glioblastoma studies based on either bulk
sequencing or single cell sequencing characterization (Verhaak et al. 2010; Q. Wang et al. 2017;
Neftel et al. 2019; S. R. Alcantara Llaguno et al. 2015; Garofano et al. 2021; Venkataramani et
al. 2022) | was able to associate the Bcat1-KO cells with the more differentiated, neuronal
glioblastoma signatures, as well as developmental and migratory neuronal ones mentioned
previously (Venkataramani et al. 2022). This was further consolidated by the in vivo experiments
in which | observed highly differentiated features of Bcat1-KO cells and could show either
complete lack of tumor growth or severe delay in BL6 and NSG mice, respectively. | compared
how the lack of BCAT1 expression influences the human glioblastoma cell line U251. Notably,
this cell line is cultured under differentiating conditions (10% FCS), however, the knockout cells
nevertheless showed a similar pattern of differentiation as the mouse mGB2 cells, even including
a high number of co-regulated genes between the cell lines. Furthermore, | could show that low
expression of BCAT1 in sequenced patient tumors is also associated with a more differentiated
and less mesenchymal features of the tumors, proving that our mouse and human in vivo and in

vitro data has translational relevance.

DNA methylation has been shown to be involved in glioblastoma development and tumorigenicity
(Klughammer et al. 2018). Usually, it has been described as factor in the development of IDH-
mutant gliomas, as the oncometabolite produced by mutant IDH, 2-HG, directly competes with o-
KG and causes an overall increased methylation of the genome due to the reduced activity of
TET enzymes. Interestingly, inhibiting the mutated enzyme and thus decreasing the levels of DNA
methylation of IDHVYT gliomas was shown to decrease tumorigenicity and induce differentiation
of the tumor cells (Pusch et al. 2017; Turcan et al. 2013). It is worth mentioning here that IDHMYT
gliomas do have a favorable outcome in comparison to the IDH"T glioblastomas (Unruh et al.

2019), but this could be due to a different overall etiology of these two tumor types. These findings,
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together with the previously suggested role of BCAT1 in restricting cellular a-KG and causing
DNA hypermethylation in AML (Raffel et al. 2017) led me to explore the DNA methylation status
of the mGB2 mouse glioblastoma stem cells. Consistent with the proposed function, Bcat1-KO
mGB2 cells showed an overall reduction of DNA methylation which correlated highly with the
expressional differences between the cells. Moreover, methylation potentially regulates the
expression of differentiation genes such as NeuroD1 and Ascl1 as they (among others) show a
hypermethylation in the control cells. Collectively, this data is consistent with published and
proposed mechanisms and suggest that BCAT1 could be a promising target for future exploration

of the induction of glioblastoma differentiation.

5.3.  BCAT1 expression modifies the glioblastoma immune microenvironment

BCAT1 was previously shown to be relevant for glioblastoma progression and proliferation
(Tonjes et al. 2013). Tonjes et al proposed a glutamate dependent mechanism of BCAT1 in
glioblastoma and showed a slower progression of Bcat1-KO glioblastoma cells transplanted in
immunodeficient mice. However, the exact mechanism behind this observation in vivo as well as
the detailed characterization of the tumors remained to be elucidated. In my thesis work, | used
different mouse strains to delineate between the effects of BCAT 1-induced differentiation and any
potential influence of BCAT1 expression in the tumor cells on the cells of the immune

microenvironment

Glioblastoma is generally characterized as an immune “cold” tumor entity referring to the low
infiltration of lymphoid cells, and in particular CD8* T-cells (Singh et al. 2021). On the other hand,
the tumors are rich in myeloid cells originating from the brain’s endogenous microglial population
or circulating blood monocytes (Kvisten et al. 2019). These myeloid cells are, however, greatly
contributing to the immunosuppressive nature of the tumors, preventing T-cell infiltration and/or
activation. Some of these effects have been attributed to the secretion of immunosuppressive
cytokines such as interleukin-10 (IL-10) (Ravi et al. 2022). Consistent with this work, | have found
a substantial myeloid infiltration in the mouse mGB2 tumors when injected intracranially into
immunocompetent BL6 mice, with a very characteristic glioma-associated macrophage
morphological features (Kvisten et al. 2019). Interestingly, | have found that the myeloid infiltration
of the mBG2 Bcat1-KO tumors is even more pronounced, however, their morphological features

are more resembling dendritic cells (D’Agostino et al. 2012) than glioma associated-
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macrophages. This suggests an alternate function. Furthermore, when | visualized the CD8" T-
cells of the tumors, even though | could observe T-cell infiltration in both control and Bcat1-KO
tumors at an early time point, at a late stage of tumor development | could detect a substantial T-
cell infiltration only in the Bcat1-KO tumors. It is worth noting that the early T cell infiltration into
the control tumors could be an artifact of the brain injury induced during intracranial cell
transplantation (Daglas et al. 2019). The observations of the different immune infiltration between
the tumors were further strengthened by the fact that Bcat1-KO formed tumors in the NSG and
Rag2-KO but not the BL6 mouse models. These results clearly indicate an important role of the
immune system in regulating the growth of the Bcat1-KO tumors, although it should be
emphasized that the tumor growth of the Bcat1-KO cells in both immunocompromised models
was significantly slower than of the control tumors. Furthermore, these results indicate a crucial
importance of the T-cell compartment, even though it is very likely that the activity of the T-cells

is directly promoted or at least not inhibited by the altered myeloid cells of the Bcat1-KO tumors.

Beyond looking at just the mouse model, the wide availability of glioblastoma single-cell
sequencing datasets allows for a more detailed look into the immune scores of bulk-sequenced
tumors through deconvolution and software such as CIBERSORTx (Mehani et al. 2022). Utilizing
this, | explored the cell scores of the macrophage and CD8 T-cells in the BACT1"9" and BCAT1'"
TCGA tumors and observed a higher score for both populations in the BCAT1°" samples,
consistent with the mouse data. Furthermore, in vitro macrophage experiments using the
conditioned medium of the U251 cells confirmed an antigen-presenting-like phenotype of the cells
differentiated in the KO-TCM. This was in contrast to the expected and previously described
tumor-associated macrophage phenotype acquired with differentiation in control-TCM (Benner et
al. 2019).

Collectively, these findings suggest that BCAT1 expression in glioblastoma cells influences the
tumor microenvironment and in particular the composition and activation of the immune cells.
Even though my previous experiments show a strong effect of Bcat1 on cellular plasticity and
differentiation of glioblastoma, it is clear that the immune component is necessary to completely

abrogate tumor growth of the Bcat1-KO glioblastoma cells.
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5.4. Conclusions

In the work presented in this thesis | focused on the 1) novel role of BCAT1 in regulating the
fidelity of cellular mitosis, 2) its function in maintaining the plasticity of glioblastoma cells and 3)
how its expression influences the glioblastoma microenvironment. Through unbiased
phosphoproteomic and proteomic approaches | could show that BCAT1 interacts with many
components of the mitotic machinery and influences the efficiency of key SAC kinases TTK and
AURKB in two glioblastoma cell lines. These findings were further confirmed in different in vitro,

in situ and in vivo systems together with L. Francois (Francois et al. 2022).

Using a mouse stem cell glioblastoma model, | was able to show that cellular plasticity is reduced,
and differentiation potential increased with the knockout of Bcat1, even without the presence of
exogenous differentiation drivers. These findings were consistent in an in vivo setting in different
mouse strains and were consistent with TCGA human tumor data and a human glioblastoma cell

line.

Finally, using different immunodeficient mouse models, | showed that even though Bcat1-
mediated differentiation has a prominent effect on tumor growth it is not the only relevant factor,
and that a functional immune system is required to completely abrogate tumors. This was likely

possible due to a lack of immunosuppressive signaling originating from the Bcat1-KO tumor cells.

Taken together, the data presented here propose a novel role of BCAT1 in glioblastoma

consolidating it as a potential target in future glioblastoma treatment efforts.
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5.5. Outlook

In this thesis, | have addressed in detail the phenotypical changes occurring upon the knockout
of BCAT1 or its reduced expression. Even though these changes are consistent in both human
samples and human and mouse glioblastoma cell lines, a lot remains to be discovered regarding

the underlying mechanism.

The data show an impact of BCAT1 on DNA methylation, however, whether this effect is
dependent on a specific DNA demethylase, i.e., TET1, 2 or 3, or whether it is a broad mechanism
solely dependent on the availability of aKG in the nucleus in general remains to be determined.
To do so, experiments involving the selective knockdown of the TET enzymes in glioblastoma
cells will be able to show the exact mechanism and further expand the potential of using BCAT1

in differentiation-based therapeutic approaches.

Beyond the mechanistic investigation, much more remains to be elucidated regarding the role of
BCAT1 in maintaining the immunosuppressive properties of glioblastoma. Future efforts to
expand on this topic will include advanced sequencing and imaging techniques. Even though it is
likely that the differentiation of glioblastoma cells resulting from the knockout of BCAT1 is related
to the lack of immunosuppression, expressional characterization of the altered myeloid
microenvironment utilizing a broad approach such as single cell transcriptomics or a more
targeted one such as multiplexed RNA-FISH can identify factors directly responsible for this
phenotype. Once discovered, these factors or the mechanisms can be further exploited for

targeting downstream of BCAT1.

Finally, after detailed examinations of the mechanistic basis of the effect of BCAT1 in
glioblastoma, we would like to focus our attention on exploiting this enzyme in the treatment of
the disease. Even though, as mentioned before, BCAT1 expression is tissue and developmentally
restricted, potential inhibitors working in ranges optimal for patient treatment are difficult to
achieve due to their affinity towards unspecifically inhibiting BCAT2. High-throughput screening
strategies for finding BCAT1-specific inhibitors, followed by chemical studies for optimizing its
blood-brain barrier permeability represent the final challenge of the pre-clinical study part of the

role of BCAT1 in glioblastoma.
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Supplementary Figure 1 Proteomic and phosphoproteomic data preparation of U251 control (NT) and BCATI-KO (KO) mitotic
(mito) and unsynchronized (unsync) samples. A) Number of identified peptides and B) phosphopeptides in the respective samples
following stringent filtering for low-detection proteins. C) Principal component analysis of proteomic and D) phosphoproteomic
datasets in different stages of data pre-processing: vsn normalization, site- and condition-specific imputation (scimp) and paired

tail imputation (ptimp).
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Supplementary Figure 2 RoKAl Kinase Substrate analysis of LN229 mitotic vs unsynchronized A) control and B) BCAT1-KO cells. The
X-axis represents kinase activity scores with the positive scores corresponding to kinases with enriched activity in Unsynchronized

samples and the negative to the enriched activity of the kinases in the Mitotic samples. The color scale denotes the z-score value
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of the inferred kinase activity in red (Unsynchronized) or blue (Mitotic). The graph was produced using the web-based tool
http://rokai.io. C) Z-score normalized heat map of signatures positively (red) and negatively (blue) enriched in control(NT) and D)
BCAT1-KO (KO) mitotic (mito) and unsynchronized (unsync) LN229 cells, with noticeable mitotic signatures highlighted. E) Tukey
plots of average normalized enrichment score (NES) across the 4 mitotic (blue) and unsynchronized (red) samples for the AURKA
signaling signature in control and F) BCAT1-KO cells. Statistically significantly enriched signatures (adjusted p-value<0.05) are
denoted with “..” in panels C) and D). Statistical significance of the NES difference in panels E) and F) was determined using an

unpaired two-tailed student’s t-test. Whiskers represent 1.51QR (Interquartile range)
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Supplementary Figure 3 HA-CFP co-immunoprecipitation of mitotic proteins in synchronized U251 BCAT1-KO cells. A) pre-Ranked
GSEA analysis of proteins detected in the CFP-HA co-IP fraction (positive values) against the non-bound proteins detected in the
input (negative values) according to the Hallmark MSigDb signature sets Mitotic spindle (NES=2, adjusted p-value=0.01) and G2M
Checkpoint (NES=2.3, adjusted p-value=0.003). B) mitotic spindle and kinetochore protein networks with CFP-HA-bound peptides

represented as red and the un-bound proteins identified in the input represented as blue nodes.
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