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Summary

Pediatric high-grade gliomas (pHGGs) are the leading cause of cancer related death in children and
among the most aggressive and devastating brain tumors, characterized by rapid progression and poor
prognosis. Within this group, H3K27M diffuse midline gliomas (DMGs) stand out as particularly ag-
gressive, due to a defining mutation in the histone H3 genes. This mutation results in the substitution
of lysine 27 with methionine (K27M), which impairs the function of the polycomb repressive complex
2 (PRC2), leading to a global reduction in histone H3 lysine 27 di- and trimethylation (H3K27me2/3)
and subsequent increase in H3K27 acetylation (H3K27ac). These epigenetic changes affect gene regu-
lation, promoting oncogenic processes that drive tumor growth and resistance to conventional thera-
pies. Despite extensive research, there are currently no effective treatment strategies that specifically
target the unique pathology of H3K27M DMGs, underscoring a critical need for the development of
novel therapeutic approaches. In this thesis, | focused on developing a targeted combination therapy
for H3K27M DMGs. To contextualize the unique therapeutic responses associated with H3K27M
DMGs, this work also compared the H3K27M DMGs with other pHGGs harboring different histone H3
statuses, such as H3 wild-type (H3 WT) and H3 glycine 34 mutants (H3G34R/V). Each of these tumor
types exhibits distinct molecular signatures and clinical outcomes, highlighting the necessity of tai-
lored therapeutic approaches.

Epigenetic drug library screens of nine H3K27M, two H3G34R/V and three H3 WT pHGG cell models
along with three non-malignant cell lines identified atuveciclib, mivebresib and alisertib as hits with
H3K27M DMG-selective potency. These hits targeted cyclin-dependent kinase 9 (CDK9), bromo-
domain and extra-terminal domain motif containing protein (BET) and aurora kinase (AURK), respec-
tively. These top hits were further subjected to combination screens to discover optimal compound
combinations. The most potent combination partners were identified to be CDK9 inhibitor (CDK9i)
atuveciclib and BET inhibitor (BETi) BMS-986158, the interaction of which was confirmed to be syner-
gistic for H3K27M DMG models. Two different compound combinations were investigated: combo
high (one to one combination of the two drugs at their 50% inhibitory concentration) and combo low
(combination of the two drugs reaching to 50% inhibition), the latter emphasized the synergistic in-
teraction between the compounds.

High content microscopy (HCM) revealed that single-agent treatments with atuveciclib (CDK9i) and
BMS-986158 (BETi) demonstrated cytostatic effect. The outcome of the combo low treatment was
similar to monotherapies stressing that same effect size could be achieved with the combination of
the two compounds at much lower doses compared to using higher doses of the individual com-
pounds, increasing the therapeutic window and potentially reducing the risk of side effects. On the
other hand, combo high elicited apoptotic cell death, which was specifically and significantly more
pronounced for H3K27M DMG models. This was further validated in vivo using a zebrafish xenograft
model. In line with these results, combo high prevented colony formation of an H3K27M DMG model
in soft-agar colony formation assay. The effect of the combination treatment was also examined in
conjunction with radiotherapy (RT), which is the standard of care for H3K27M DMGs. Observed syn-
ergism or additivity for H3K27M DMG models in the RT screens with compound treatments suggested
that this combination therapy is compatible with RT.



Multi-omics analyses revealed that DNA replication and cell cycle-related genes were downregulated
by atuveciclib (CDK9i), BMS-986158 (BETi) and combo low. Different DNA damage response (DDR)
pathways were suppressed by these treatments, indicating a synergistic effect on inhibiting DNA re-
pair. Moreover, DNA damage accumulation was observed under combo high treatment, leading to the
hypothesis that both CDK9 and BET inhibitors induce DNA damage primarily through R-loop formation,
caused by collisions of the replication machinery with stalled RNA polymerase Il (RNAPII), which re-
mains unresolved due to downregulation of spliceosome by the presence of both inhibitors. This dam-
age accumulates over time due to reduced DNA damage repair activity. Cells are unable to halt pro-
gression through the cell cycle due to underlying mutations in TP53 or PPM1D or due to the impact of
inhibitors on cell cycle checkpoints, proceed through mitosis with accumulating DNA damage, even-
tually leading to apoptosis via mitotic catastrophe.

In summary, compound and synergy screens discovered the synergistic combination of CDK9 and BET
inhibitors, which was validated to be specific and more cytotoxic for H3K27M DMG models in vitro
and in vivo in zebrafish embryo xenografts. The combinatorial inhibition of CDK9 and BET capitalizes
on the transcriptional vulnerabilities of H3K27M DMGs, characterized by decreased H3K27me2/3 and
increased H3K27ac, a result of PRC2 dysfunction. These inhibitors together trigger apoptosis, by most
likely synergistically inducing DNA damage, which remains unrepaired due to the downregulation of
DDR pathways. Future in vivo studies in mice are planned to further assess the clinical viability of the
CDK9 and BET inhibitor combination.



Zusammenfassung

Die hochgradigen padiatrischen Gliome (engl: pHGG) sind die haufigste Ursache fiir krebsbedingte To-
desfalle bei Kindern und gehdoren zu den aggressivsten und boésartigen Hirntumoren, die sich durch
schnelles Wachstum und schlechte Prognosen auszeichnen. In dieser Gruppe zeichnen sich die diffu-
sen Mittelliniengliome (DMG) durch eine H3K27M-Mutation in den Histon-H3-Genen als besonders
aggressiv aus. Durch diese Mutation wird Lysin 27 durch Methionin (K27M) ersetzt, was die Funktion
des Polycomb Repressive Complex 2 (PRC2) hemmt und zu einer globalen Verringerung der Di- und
Trimethylierung von Histon H3-Lysin 27 (H3K27me2/3) und einer anschlieBenden Zunahme der
H3K27-Acetylierung (H3K27ac) fiihrt. Diese epigenetischen Veranderungen wirken sich auf die Gen-
regulation aus und fordern onkogene Prozesse, die das Tumorwachstum und die Resistenz gegen her-
kémmliche Therapien verstarken. Trotz umfangreicher Forschung gibt es derzeit keine wirksamen Be-
handlungsstrategien, die gezielt auf die einzigartige Pathologie von H3K27M-DMGs gerichtet sind,
weshalb ein dringender Bedarf an der Entwicklung neuer therapeutischer Ansatze besteht. In dieser
Arbeit habe ich mich auf die Entwicklung einer gezielten Kombinationstherapie fiir H3K27M DMGs
konzentriert. Um die einzigartigen therapeutischen Antworten von H3K27M-DMGs zu validieren, wur-
densiein dieser Arbeit auch mit anderen pHGGs mit verschiedenen Histon-H3-Status verglichen, nam-
lich mit H3-Wildtyp (H3 WT) und H3-Glycin-34-Mutanten (H3G34R/V). Jeder dieser Tumorarten weist
individuelle molekulare Signaturen und klinische Ergebnisse auf, was die Notwendigkeit von gezielten
therapeutischen Ansatzen unterstreicht.

In einem Screening von epigenetischen Wirkstoffen in neun H3K27M-, zwei H3G34R/V- und drei H3
WT pHGG-Zellmodellen sowie drei nicht malignen Zelllinien konnten Atuveciclib, Mivebresib und
Alisertib als Kandidaten mit H3K27M-DMG-selektiver Wirksamkeit identifiziert werden. Die identifi-
zierten Wirkstoffe inhibieren die Cyclin Dependent Kinase 9 (CDK9), das Bromodomain and Extra-Ter-
minal Domain Motif Containing Protein (BET) beziehungsweise die Aurora-Kinase (AURK). Im An-
schluss wurde ein Kombinations-Screening durchgefiihrt, um die optimalen Wirkstoffkombinationen
zu ermitteln. Die Kombination von dem CDK9-Inhibitor (CDK9i) Atuveciclib und dem BET-Inhibitor
(BETi) BMS-986158 erwies sich als synergistisch in H3K27M-DMG-Modellen. Zwei unterschiedliche
Wirkstoffkombinationen wurden untersucht: Combo High (Kombination der beiden Wirkstoffe bei ih-
rer jeweiligen mittleren inhibitorischen Konzentration) und Combo Low (Kombination der beiden
Wirkstoffe bis zu einer gemeinsamen mittleren inhibitorischen Konzentration). Letztere zeigte die sy-
nergistische Interaktion zwischen den Wirkstoffen besonders deutlich.

High-Content-Mikroskopie (HCM) wies nach, dass Einzelbehandlungen mit Atuveciclib (CDK9i) und
BMS-986158 (BETi) eine zytostatische Wirkung zeigten. Die Ergebnisse der Combo-Low-Behandlung
waren mit denen der Monotherapien vergleichbar, was darauf hindeutet, dass mit der Kombination
der beiden Wirkstoffe bei deutlich niedrigeren Dosen die gleiche Wirksamkeit erzielt werden kann.
Somit wird die therapeutische Breite vergrofRert und das Risiko von Nebenwirkungen verringert. Im
Gegensatz dazu |6ste Combo High Apoptose aus, die bei H3K27M-DMG-Modellen spezifisch und deut-
lich starker war. Diese Ergebnisse wurden anschlieRend anhand eines Zebrabarbling-Xenotransplan-
tationsmodells in vivo weiter validiert. In Ubereinstimmung mit diesen Ergebnissen verhinderte
Combo High die Koloniebildung eines H3K27M-DMG-Modells im Softagar-Koloniebildungstest. Dar-
Uber hinaus wurde die Wirkung der Kombinationstherapie zusammen mit der Strahlentherapie (engl.



RT) untersucht, welche bei H3K27M-DMGs den aktuellen Behandlungsstandard darstellt. Die beo-
bachteten synergistischen oder additiven Wirkungen auf H3K27M-DMG-Modelle in RT-Screens mit
Kombinationsbehandlungen deuten darauf hin, dass die Kombinationstherapie mit RT kompatibel ist.

Multiomics-Analysen zeigten, dass DNA-Replikation und Zellzyklus-regulierende Gene durch Atuveci-
clib (CDK9i), BMS-986158 (BETi) und Combo Low herunterreguliert wurden. Diese Wirkstoffe inhibier-
ten verschiedene Signalwege der DNA-Schadensantwort (engl. DDR), was auf einen synergistischen
Effekt bei der Inhibierung der DNA-Reparatur hinweist. Dariiber hinaus konnte unter der Behandlung
mit Combo High eine Akkumulation von DNA-Schaden beobachtet werden, was die Hypothese auf-
stellt, dass sowohl CDK9- als auch BET-Inhibitoren DNA-Schaden hauptsachlich durch die Bildung von
R-Loops induzieren. Diese werden durch Kollisionen des DNA-Polymerasenkomplexes mit der RNA-
Polymerase Il (RNAPII) verursacht, welche aufgrund der Herunterregulierung des Spliceosoms durch
beide Inhibitoren blockiert bleibt. Im Verlauf der Zeit kommt es zu einer Akkumulation der DNA-Scha-
den, da die Aktivitat der DNA-Schadensantwort reduziert ist. Zellen, die aufgrund von Mutationen in
TP53, PPM1D oder durch die Inhibitoren selbst unfahig sind, den Zellzyklus zu unterbrechen, durch-
laufen die Mitose mit einer Akkumulation von DNA-Schaden, was zu einer mitotischen Katastrophe
und letztlich zur Apoptose fihrt.

Insgesamt konnte durch Wirkstoff- und Synergie-Screenings eine synergistische Kombination von
CDK9- und BET-Inhibitoren identifiziert werden, die sich sowohl in vitro als auch in vivo als spezifisch
und zytotoxisch flir H3K27M-DMG-Modelle erwies. Die gemeinsame Inhibition von CDK9 und BET
macht sich die transkriptionellen Anfalligkeiten von H3K27M-DMGs zunutze, die als Folge der Dys-
funktionalitdt von PRC2 durch eine Verringerung von H3K27me2/3 und eine Erhéhung von H3K27ac
gekennzeichnet sind. Die Kombination der Inhibitoren 16st die Apoptose aus, indem hochstwahr-
scheinlich eine synergistische Induktion von DNA-Schaden erfolgt, welche aufgrund der Herunterre-
gulierung der DDR-Signalwege nicht repariert werden kénnen. Kiinftige in-vivo-Studien an Mausen
sind geplant, um die klinische Wirksamkeit der Kombination aus CDK9- und BET-Inhibitoren weiter zu
untersuchen.
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INTRODUCTION

1 Introduction

1.1 Pediatric high-grade glioma

Annually, around 420,000 children aged 0-14 are diagnosed with cancer globally!. Over the past dec-
ades, there has been an increase in the childhood cancer incidence, with the highest rates observed
in high-income countries, likely due to improved diagnostic methods, changes in how childhood can-
cers are classified, and possible environmental and genetic influences2. While many childhood can-
cers have good survival rates with five-year overall survival (OS) of approximately 80% post-diagnosis,
owing to the advancements in treatment, the prognosis for some, especially inoperable or recurrent
cancers, is still grim®3. Central nervous system (CNS) tumors in children are varied, ranging from be-
nign to malignant**>, and make up 21% of all pediatric cancers®, being second after leukemia’®. CNS
tumors account for the primary cause of solid tumor morbidity in this age group’®. In Europe, the
incidence of primary CNS tumors in children under 15 is approximately 2.99 per 100,000 annually®.
Gliomas are the most common CNS tumors, accounting for half of these cases'®!!. While pediatric low-
grade gliomas (pLGGs) are more commonly observed!?™4, the incidence rate of pediatric high-grade
gliomas (pHGGs) remains low (1.1 — 1.78 cases in 100,000 children). Despite the low prevalence,
pHGGs are responsible for over 40% of cancer-related deaths in children due to their aggressive nature
and treatment resistance®®. pHGGs originate in the supratentorial cerebral cortex and spine, the ma-
jority arises in the midline structures, particularly pons, thalamus and brainstem (diffuse intrinsic pon-

tine glioma (DIPG)), making the tumors typically inoperable'>*®.

1.1.1 World Health Organization classification of pediatric high-grade gliomas

Current treatment strategies for pHGGs are based on the studies conducted on adult HGGs (aHGGs),
which employ surgical resection when possible with subsequent radiation therapy and chemother-
apy'’. However, large-scale genomic sequencing analyses have debated initial assumptions about the
biological resemblance between pediatric and adult HGGs, uncovering notable molecular differences
within these malignancies'®*°. As a matter of fact, pHGGs were separated from aHGGs in the 2021
World Health Organization (WHO) Classification of Tumors of the CNS (WHO CNS 5)?° acknowledging
their biological disparities. One of the prominent distinctions between pediatric and adult HGGs lies
in the elevated occurrence of mutations in genes, proteins of which are associated with chromatin
regulation in pediatric tumors. In particular, point mutations in the gene encoding histone-H3 (will
hereafter be denoted as H3) proteins have been officially renowned as diagnostic subcategories within
pHGGs’. According to WHO CNS 5, the pHGG comprises four types that feature diffuse growth?:

e Diffuse midline glioma (DMG), H3 lysine 27-altered (H3K27-altered)

e Diffuse hemispheric glioma (DHG), H3 glycine 34-mutant (H3G34-mutant)

e Diffuse pediatric-type HGG, H3-wild-type (H3 WT) and isocitrate dehydrogenase-wild-type

(IDH WT)

e Infant-type hemispheric glioma
Approximately 85% of DMGs harbor a point mutation leading to amino acid change from lysine (K) to
methionine (M) at position 27 of H3 amino (N) terminal tail (referred as H3K27M herein unless speci-
fied for different H3 proteins), which arise in midline structures of the brain and spine. The H3K27M
DMGs are predominantly observed in children aged five to 10 years with median OS of 11 months,
representing the most aggressive tumor type among all pHGGs?. The question of whether the onset
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of H3K27M DMGs occurs during embryonic development or in early childhood continues to be a sub-
ject of discussion. Current research results indicate that oligodendroglial progenitor-like cells (OPCs)
may be the origin cells for these tumors?*%, Moreover, the identification of OPC-related super-en-
hancers, found in the promoters of e.g. sex-determining region Y (SRY)-box 8 (SOX8) and SRY-box 10
(50X10) in H3K27M DMGs underscores the OPC lineage of these tumors?.

1.1.2 Histone H3

The genetic information of the eukaryotic cells is contained in the deoxyribonucleic acid (DNA) for
over one meter length that is packed in the nucleus, which is approximately 2x10° times smaller in
length?. The histones are the proteins which condense DNA into a smaller volume to form a chromatin
complex in the nucleus. Sections of DNA wrap around histone octamers to form nucleosomes, which
are the repeating functional unit of chromatin?®?’. A histone octamer consists of four core histone
dimers: H2A, H2B, H3 and H4, which wrap around 146 base pairs (bp) of DNA. The linker histone H1
further stabilizes the global chromatin structure by associating with the nucleosomes?.

The predominant composition of nucleosomes includes canonical histones, notably histone
H3.1/H3.2, which are encoded by 13 genes within the human genome. The synthesis of these histones
are restricted to the S-phase of the cell cycle and are swiftly congregated near the site of DNA replica-
tion®. Conversely, the histone variant H3.3 is characterized by its replication-independent expres-
sion®’, indicating that it is expressed across all stages of the cell cycle and is substituted for canonical
histones that are dislodged from their positions outside the S-phase?L.

Two genes, H3F3A and H3F3B, encode histone H3.3 in the human genome. It exhibits alterations from
the canonical H3.1/H3.2 at residues 31, 87, 89, and 90, along with an additional variation at position
96 when compared to H3.1. The distinct sequence at positions 87, 89, and 90 is crucial for facilitating
interactions with chaperone assembly complexes®2. This unique combination of replication-independ-
ent production and specialized chaperones grants H3.3 a specific pattern of genome localization and
function that sets it apart from the canonical H3.1/H3.2. Whereas H3.1/H3.2 histones, which are as-
sociated with DNA replication, are evenly dispersed throughout the genome following DNA polymer-
ase activity. H3.3 predominantly marks the promoters of actively transcribing genes, stepping in to
replace histones dislodged by RNA polymerase activity*"33. Furthermore, H3.3 is linked to distinctive

3234 endogenous retrovirus repeats® and the V4 locus in-

chromatin contexts, including telomeres
volved in V(D)J recombination®. Consequently, H3.3 is implicated in a variety of roles involving em-
bryonic development, the maintenance of stem cell conditions, and the activation of differentiation
programs>’. The precise reasons for the critical role of H3.3 in either maintaining or modifying chro-
matin states remain elusive, yet it is clear that it is functionally divergent from the canonical H3.1/H3.2

despite its close sequence similarity®®.

1.1.2.1 H3 mutations in pediatric high-grade gliomas

The revelation of oncogenic mutations in H3.3 has notably distinguished the critical role of H3.3 fur-
ther. It has been identified that heterozygous substitution mutations, leading to K27M and G34R/V,
found solely in H3F3A of H3.3, along with a less common substitution in HISTIH3B or HIST1H3C of
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H3.1, and HIST2H3C of H3.2 leading to K27M 383, Over the last decade, research has shown that glio-
mas with the mutation resulting in H3K27M are clinically and molecularly distinct from H3K27 WT and
H3G34R/V gliomas. Moreover, the H3 mutation status is associated with differences in gene and pro-
tein expression profiles and DNA methylation patterns, along with distinct epigenetic features and
three dimensional (3D) chromatin structures?.

1.1.2.1.1 H3K27M diffuse midline
glioma

H3K27M mutation was docu-
mented for DMGs for the first time
in 2012 through two studies®®*:,
This somatic missense mutation
causes a lysine (Lys, K) to methio-
nine (Met, M) replacement at the
27th position on the N-terminal tail
of H3. The H3K27 site is pivotal for
the regulation of the cellular epige-
nome, typically undergoing acetyla-
tion (ac) or trimethylation (me3),
which are linked to transcriptional
activation and silencing, respec-

tively.

The mechanism of action (MoA) of

Figure 1. Co-alterations, age distribution and survival time observed H3K27M is unclear. Despite repre-
for pHGGs. Adapted from Mackay et al. 2017%. senting only a minor proportion of

the total H3 pool (3—17%), H3K27M
exerts a dominant effect by significantly diminishing the overall levels of the repressive H3K27me3
mark within cells. Several studies demonstrated that the mutant H3K27M histone acts by blocking the
function of polycomb repressive complex 2 (PRC2), a multiprotein complex that is responsible for add-
ing trimethyl groups to the H3K27 sites via its catalytic subunit enhancer of zeste 2 (EZH2)*2¢, Se-
qguestration of PRC2 by H3K27M oncohistones leads to a global reduction of H3K27me3 throughout
epigenome®?™ Besides, it was demonstrated that the residual PRC2 activity is still detected in vitro*~
9 and increased H3K27me3 was observed at loci of tumor suppressor genes, suppression of which is
essential for DMG proliferation and survival*®. However, in vivo PRC2 inhibition remains to be elusive®’.
Moreover, H3K27M DMGs harbor elevated levels of H3K27ac, a transcriptional activating mark, in ad-
dition to global loss of H3K27me3°%. The enrichment of the genome with H3K27ac enhances chromatin
accessibility to transcriptional machinery, involving ribonucleic acid (RNA) polymerase Il (RNAPII),
through the creation of H3K27M-K27ac heterotypic nucleosomes. These structures recruit histone ac-
etyl group reader proteins, specifically bromodomain-containing proteins 2 and 4 (BRD2/4)**47>2, Fur-
thermore, H3K27M and BRD2/4 tend to co-localize within super-enhancer and promoter regions, en-
abling transcription*’. An example of a promoter activated by H3K27M is AFF4 (transcription factor Il
A alpha/beta-like factor (ALF) transcription elongation factor 4), a core component of the super-en-
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hancer complex (SEC), which engages cyclin-dependent kinase 9 (CDK9) to facilitate the phosphoryla-
tion of RNAPII?3, This action rescues RNAPII from its initial pausing at promoter-proximal sites, thereby
enhancing the transcription of various oncogenes, including myelocytomatosis oncogene (MYC) and
myeloid cell leukemia-1 (MCL-1)*.

DMGs with H3.3K27M are uniquely different from H3.1/H3.2K27M, linked with distinct secondary mu-
tations, variations in age distribution and survival time, as well as differences in gene expression pat-
terns' as depicted in Figure 1. In several studies involving systematic review and meta-analysis, it was
revealed that the mutation H3.3K27M appears in more than 70% of DMG cases in children six to nine
years of age, resulting in median OS of 11 months'>>>=78 Mutations in H3.1/H3.2 are linked to the
earlier development of gliomas. In contrast to H3.3 mutations, which are specific to gliomas, muta-
tions in H3.1 have been detected in acute myeloid leukemia (AML) and melanomas, too. This variance
implies that the H3.1/H3.2 and H3.3 oncohistones differ in their tumorigenic potential'>>9®L,
H3.1/H3.2 K27M DMGs are linked to a comparatively longer OS with median of 15 months and exhibit
a decreased likelihood of metastatic dissemination®>>>>"°8, Mutations in the TP53 and platelet de-
rived growth factor alpha (PDGFRA) gene amplifications are more frequently found in DMGs with the
H3.3K27M mutation. These aberrations facilitate tumor growth and advancement by impairing the
function of the p53 protein®. Conversely, DMGs with the H3.1K27M often segregate with mutations
in the activin captor type-1 (ACVR1) gene, which are linked to increased activity of the bone morpho-
genic protein (BMP) signaling pathway, contributing to tumor proliferation®. Moreover, H3.1K27M is
commonly associated with alterations in phosphatidylinositol 3-kinase (PI3K)-signaling pathway asso-
ciated genes® >, The genome-wide distribution of these H3 mutations varies, with H3.3K27M found
in nucleosomes at active chromatin sites and gene bodies, whereas H3.1K27M is more uniformly dis-
tributed across the genome, mirroring the patterns of their WT counterparts®®. These differences ex-
tend to the profiles of active enhancers and promoters, affecting treatment responses. Tumors with
H3.3K27M show enhancer activity linked to noncanonical wingless/integrated (WNT) signaling and
cytoskeletal remodeling genes, while H3.1K27M tumors have enhancers influencing PI3K and p38 mi-
togen activated protein kinase (MAPK) signaling pathways. These variations suggest distinct impacts
on PRC2 complex targets by the two histone variants. Additionally, the DNA methylation profiles of
cells expressing H3.1K27M and H3.3K27M histone variants also show notable differences, further dis-

tinguishing these two forms of histone mutations396466:67,

1.1.2.1.2 H3G34R/V diffuse hemispheric glioma

Mutations affecting H3G34, leading to diffuse hemispheric gliomas (DHGs), specifically target the H3.3
histone variant of the H3F3A gene, with a predominance of glycine to arginine (G34R, ~95%) over
glycine to valine (G34V, ~5%) replacements, which are mutually exclusive with the H3K27M variant™.
Although H3G34 itself is not subject to post-translational modifications (PTMs) that regulate the epige-
nome, such as methylation, it is located near K36, trimethylation of which (H3K36me3) is indicative of
transcriptionally active chromatin®. A cohesive model that explains the fundamental abnormalities
and subsequent impacts of the H3G34 variant remains elusive. Present findings indicate that G34 mu-
tations might simultaneously influence various chromatin-related pathways. The exclusive occurrence
of G34 substitutions on histone H3.3 suggests that the oncogenic process is specific for this histone
variant®®. DHGs with H3G34R/V often harbor ATRX/DAXX and TP53 mutations® and observed in chil-

dren with a median age of 15 years and median OS of 18 months!>°,
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1.1.3 Current treatment strategies for H3K27M diffuse midline glioma

Traditionally, DMGs were identified solely through radiographic means, as their distinct magnetic res-
onance imaging (MRI) characteristics and the comparative risks associated with surgical biopsies for
histological examination were well recognized’. This approach resulted in a limited availability of tu-
mor samples for molecular investigation, hindering advancements in comprehending the pathology
of the disease and in the development of effective treatments. Consequently, DMGs remain the lead-
ing cause of cancer associated death in children with almost all patients succumb within two years
post-diagnosis°®’2. The conventional treatment for pHGGs involves surgical removal of the tumor and
radiation therapy (RT). However, the inherent location and invasive characteristics of H3K27M DMGs
frequently render complete removal unachievable®®®®. To date, chemotherapy has not shown effec-
tiveness against pHGGs. Although temozolomide is used as an adjuvant therapy with radiation in some
centers, it is not effective in treating DMGs harboring the H3K27M mutation. The resistance against
temozolomide is partly explained by elevated level of O6-methylguanine DNA methyltransferase
(MGMT) in H3K27M DMGs 7>77°, Hence, the radiation therapy treatment remains to be the standard
of care temporarily alleviating the symptoms for two to four months but does not extend patient sur-
vival’®®, Besides the general challenges of efficacy, selectivity, and tolerable side effects, successful
medications must also have the ability to penetrate the blood-brain barrier (BBB), which consists of
endothelial cells, basement membranes and capillaries impeding most anticancer drugs from entering
the brain’®78, Various potential therapeutic agents are under investigation, but definitive frontrunners
are still to be established®. Understanding the mutations and underlying molecular dynamics helps
optimizing targeted therapeutic interventions. Recent progress in neurosurgical methods, particularly
the adoption of image-guided stereotactic biopsy, has improved the acquisition of tumor samples for
molecular studies. Current techniques enable biopsy of thalamic and brainstem lesions with a risk of
transient neurological deficits under 5%, and less than a 1% chance of permanent impairment*>7°,
Successful biopsy acquisition facilitates exploration of targeted therapies against H3K27M, several of
which have been translated into clinical trials (Table 1). Trials are ongoing to test the inhibition of EZH2
with tazemetostat and the polycomb ring finger protein B cell specific Moloney murine leukemia vi-
rus integration site 1 (BMI1) with PTC596 inhibitor. Both of the strategies posed limited efficacy by
introducing DNA damage®. Various drugs that impact chromatin, modify epigenetic markers, or cause
DNA damage are commonly incorporated into chemotherapy regimens for diverse cancer types. How-
ever, their efficacy as standalone treatments for pHGGs has not been established®*. Consequently,
current research mainly focuses on evaluating these treatments in combination with other therapeu-
tic agents. Among the most frequently utilized drugs in this category are histone deacetylase inhibitors
(HDACIs), such as panobinostat, a nanoparticle formulation MTX110, fimepinostat, and vorinostat®.
Agents targeting the genome involve nucleoside analogs such as gemcitabine, topoisomerase inhibi-
tors such as etoposide, irinotecan, and topotecan, and alkylating agents such as temozolomide, lo-
mustine, and carboplatin®. Furthermore, there is ongoing research into the use of poly ADP-ribose
polymerase (PARP) inhibitors, which are believed to enhance the effects of DNA alkylation by inter-
rupting the break-excision repair pathway, several of which are currently under clinical investiga-

tion®:8
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Table 1. Ongoing clinical trials for pHGG. Adapted from Damodharan et al., 2022%.

Clinical Trial (NCT Number)

Compound Investigated

NCT02717455, . s

NCT04341311 Panobinostat (HDAC inhibitor)

NCT03566199, N . .

NCT04264143 MTX110 (HDAC inhibitor nanoparticle formulation)

NCT02909777, . . s

NCT03893487 Fimepinostat (HDAC inhibitor)

NCT02420613, . S

NCT01189266 Vorinostat (HDAC inhibitor)

NCT02992015 Gemcitabine (Nucleoside analog)

NCT04049669 Etoposide (Topoisomerase inhibitor)

NCT01837862 Irinotecan (Topoisomerase inhibitor)

NCT03709680 Topotecan, Temozolomide (Topoisomerase inhibitor, alkylating
agent)

NCT03243461 Temozolomide (Alkylating agent)

NCT04049669 Lomustine (Alkylating agent)

NCT01837862 Carboplatin (Alkylating agent)

NCT04749641 Neoantigen peptide (Peptide vaccine)

NCT02960230 Peptide vaccine combined with nivolumab (PD-1 inhibitor)

NCT03155620 Tazemetostat (EZH2 inhibitor)

NCT03605550 PTC596 (BMI1 inhibitor)

Overall, while radiotherapy remains the primary treatment for H3K27M DMGs, the distinct molecular
characteristics of these tumors, such as reduction of H3K27me3, elevation of H3K27ac, alterations in
chromatin and aberrant transcription, present opportunities for innovative epigenetic and transcrip-

tional interventions®>3%°,

1.2 Cyclin-dependent kinases

Cyclin-dependent kinases (CDKs) are serine/threonine kinases that play essential roles in conjunction
with their cyclin partners in various cellular processes, particularly in cell division and transcription,
with their malfunctions often linked to cancer development. The human genome contains 20 CDKs,
numbered from 1 to 20, which are part of the CDK and CDK-like branch within the CMGC subfamily of
human kinases (cyclin-dependent, mitogen-activated, glycogen synthase, and CDC-like kinases). CDKs
feature a two-lobed structure where the active site is placed between an N-terminal lobe, predomi-
nantly formed of B-sheets, and a C-terminal lobe composed of a-helices. The activity of CDKs is mod-
ulated through the binding of cyclin subunits and by the phosphorylation of conserved residues within
the T-loop and glycine-rich loop structures of the CDK®. CDKs can be categorized into two principal
groups, according to their evolutionary lineage and primary functional roles: those involved in cell
cycle regulation, involving CDKs 1-7, 14-18 and those involved in transcription regulation, encompass-
ing CDKs 7-13, 18-20%2. While the contribution of cell cycle CDKs to cancer is well recognized, the sig-
nificance of transcriptional CDKs, such as CDK9, has gained acknowledgment more recently. Many
cancers depend on transcriptional CDKs to continuously produce short-lived gene products essential
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for their survival. Consequently, the dysregulation of the CDK9 pathway is noted in a range of hema-
tological and solid tumors, positioning it as a promising target for cancer therapy. The exploration of
CDK9 inhibitors has advanced, with some candidates progressing to human clinical trials®3.

1.2.1 CDK9 and P-TEFb

The CDK9 gene produces two isoforms, the short CDK9-S (42-kDa) and the long CDK9-L (55-kDa), tran-
scribed from two distinct promoters over 500-bp apart. CDK9-L contains an extra 117 amino acids at
the N-terminus. In cells, the short isoform is more prevalent. CDK9-S is primarily distributed through-
out the nucleoplasm and to a lesser extent in the cytoplasm, whereas CDK9-L is mainly found in the
nucleolus®®. CDK9-L is associated with apoptosis and DNA repair regulation, while CDK9-S is extensively
studied for its role in global transcriptional control. However, these insights are based on studies using
ectopically expressed epitope-tagged constructs, leaving the normal subcellular localization, expres-
sion patterns across different cell types and tissues, and the exact functions, particularly of the long
isoform, less understood®>-%.

In their enzymatically active form, CDKs pair up with cyclin proteins to create heterodimers®”. CDK9
follows this pattern by forming a heterodimer with either Cyclin T1 or Cyclin T2, collectively referred
to as CycT, to establish the positive transcription elongation factor complex (P-TEFb)®8. Beyond reg-
ulating kinase activity, CycT is believed to be essential for the assembly of CDK9 with its substrates at
active transcription sites within the nucleus®°?. Notably, the CDK9-CycT complex is crucial for the lo-
calization of both CDK9 and RNAPII to centers of active transcription®®2. The precise control of CDK9
kinase activity is crucial for cells to maintain transcriptional balance. One deactivating mechanism in-
volves the integration of CDK9 into the 7SK small nuclear ribonucleoprotein (snRNP) complex®*%4,
Within this complex, two CycT/CDK9 molecules engage with hexamethylene bis-acetamide-inducible
protein 1/2 (HEXIM) in a manner dependent on 7SK RNA, facilitating the formation of dimers that act
as a scaffold for snRNP organization®. Besides the interaction of CycT/CDK9 with HEXIM, the la-related
protein 7 (LARP7) and the 7SK snRNA methylphosphate capping enzyme (MePCE) are also stabilizing
7SK RNA and the overall structural integrity of the snRNP complex®®®’. The detailed molecular process
by which P-TEFb is released from the 7SK snRNP complex under various cellular or stress stimuli is still
under investigation. This release might be associated with post-translational modifications of 7SK
snRNP components or their direct engagement with specific regulators, such as bromodomain-con-
taining protein 4 (BRD4). Various modifications targeting HEXIM1, CDK9, and CycT facilitate the P-TEFb

release® %,

1.2.1.1 Transcription elongation and termination control by P-TEFb

Cell growth and development are critically dependent on the accurate regulation of gene expression.
This process is centered around the interactions of various cellular proteins with the C-terminal do-
main (CTD) of RNAPII, which contains tandem heptapeptide repeats (52 in mammals) with the con-
sensus sequence Tyrosine-Serine-Proline-Threonine-Serine-Proline-Serine (YSPTSPS)®>1% These inter-
actions are crucial for directing RNAPII to transcription sites, initiating and elongating transcription,
and linking the transcription of messenger RNA (mRNA) with its processing, which involves capping,
splicing, and polyadenylation (polyA)%101,
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Previously, the regulation of transcrip-

CTD doman__ges TSK snRNﬂ . tion was thought to be primarily at the
& : i, ) PTEFD initiation stage, with less focus on the
\ i

elongation phase. However, this per-

ception has changed, recognizing elon-

Nascent RNA RNAPII paused gation as a tightly regulated step®.
Shortly after starting transcription and
producing 20-50 nucleotides of RNA, the

elongation process by RNAPII is ham-
d102

®
Active _m @

Se2 Sers pere often at the promoter-proximal
regions of many genes®. The pausing of
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105

hancing gene accessibility*>>, enabling

/ Transcription elongation

1
Nascent RNA AZmRNA synchronized gene activation®, utiliz-
RNAPII released 107

ing various regulatory signals™®/, and
Figure 2. The role of CDK9 on transcription elongation and termi- serving as a checkpoint to coordinate

. , 92
nation. Adapted from Bacon and D’Orso et al., 2019°. elongation with the 5’ end-capping of

the nascent RNA strand'%. The DRB sen-
sitivity-inducing factor (DSIF) and the negative elongation factor (NELF) are key players in this pausing

process?110,

For RNAPII to proceed with transcription elongation past the pause, it requires the kinase activity of
P-TEFb, mediated by CDK9!'!. When P-TEFb is recruited to the stalled RNAPII by BRD4, it phosphory-
lates certain components of the NELF and DSIF complexes. These phosphorylations cause the release
of NELF from RNAPII and transform DSIF into a positive elongation factor, accompanying RNAPII as it
elongates'!? (Figure 2). Additionally, P-TEFb phosphorylates the CTD of RNAPII, mainly at the S2 resi-

duellB

, which is essential for re-activating RNAPIl and connecting the elongation of transcription with
the processing of pre-mRNA“, The phosphorylated CTD attracts various factors involved in chromatin
modification, elongation, co-transcriptional splicing, and pre-mRNA 3’ end processing!'>!1®. Besides
CDK?9, other kinases such as CDK12, CDK13, and BRD4 (atypically) can also phosphorylate the S2 resi-
due on the CTD. However, the specific effects of this phosphorylation by CDK12 and CDK13 are not

yet fully elucidated!'”:18,

Furthermore, P-TEFb is integral not just in progressing from pausing to elongation but also in ending
transcription. A crucial elongation checkpoint dependent on P-TEFb has been identified near the ter-
minal polyA sites, similar to the pausing at promoter-proximal sites. RNAPII, after passing the initial
pause, can elongate the transcript but often terminates prematurely at polyA sites, a process linked
to P-TEFb, DSIF, and specific polyA factors like SSU72 homolog, RNA polymerase Il CTD phosphatase
(Ssu72) and cleavage stimulation factor subunit 64 (CstF64) dissociating from RNAPII*'°, Beyond the
polyA site, the role of CDK9 in transcription termination involves phosphorylation of Xrn2, a 5’-3’ ex-
oribonuclease, at Thr439, which facilitates the RNA transcript cleavage from RNAPII*2°. CDK9 further
modulates the transcription by phosphorylating and inhibiting the activity of protein phosphatase 1
(PP1) on DSIF and RNAPII until the complex arrives at the transcription termination sites, where PP1
is activated, leading to DSIF dephosphorylation and transcription termination'?! (Figure 2).
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1.2.1.2 P-TEFb role in cell cycle

The progression through the cell cycle is strictly controlled by the expression of specific cyclins (such
as D, E, A, B), which influence the kinase functions of their respective CDKs in the cell cycle®2. CDK9
and the expression and kinase activity of its associated cyclin are not modulated in a cell cycle-de-
pendent way, suggesting that the role of P-TEFb extends beyond transcriptional regulation!?>!%, For
example, CDK9 silencing can arrest Drosophila cells in the G1 phase, with BRD4 playing a crucial role
in this context by "bookmarking" key genes during mitosis to maintain gene activation post-mito-
sis'?3124 BRD4 collaborates with jumonji domain containing 6 (JMJD6) from mid to late anaphase to
initiate the release of the promoter-proximal pause, enabling the recruitment of P-TEFb for phosphor-
ylation of RNAPII, NELF, and DSIF, thereby promoting the activation of G1 phase genes for the transi-
tion to the S phase!?. Inhibiting BRD4 disrupts P-TEFb chromosomal binding and the activation of key

genes, leading to cell cycle arrest and potentially apoptosis!?.

1.2.1.3 P-TEFb role in DNA repair

The CDK9-CycT complex has a well-defined biological function, whereas the role of CDK9-cyclin K
(CDK9-CycK) is less understood although it is known that the RNAPII CTD can be phosphorylated in
vitro by CDK9-CycK!?® and this complex can initiate transcription only when attached to RNA but not
to DNA?. Its specific function began to clarify when CycK was identified as a transcriptional target of
p53 following DNA damage'?®. The suppression of CDK9 and CycK has been observed to disrupt the
cell cycle under replication stress and DNA damage conditions. A similar association could not be iden-
tified for CycT. Hence, CDK9-CycK might directly contribute to DNA repair by engaging with elements

125 Moreover, the inhibition

of the ATR pathway, which is essential for DNA damage response (DDR)
of CDK9 causes DNA double-strand breaks (DSBs) and induction of apoptosis, highlighting its potential
role in DNA repair, possibly in association with Ku70, a protein crucial for nonhomologous end-joining,

indicating a unique function not shared with CycT**°.

1.2.1.4 Utilizing CDK9 inhibitors in cancer treatment

The introduction of flavopiridol as the first pan-CDK inhibitor in clinical settings encouraged efforts to
identify new small molecules that inhibit CDK9 more effectively and selectively, with several advancing
to clinical trials (Table 2) for various solid and hematological cancers as first-generation CDK9 inhibi-
tors (CDK9is)!'>. These compounds act competitively at the conserved catalytic adenosine triphos-
phate (ATP) binding site!3!, resulting in off-target activity on multiple CDKs and/or kinases, potentially
reducing their therapeutic specificity. Despite this challenge, there has been progress in formulating
second-generation CDK9 inhibitors with a higher selectivity for CDK9!32, Atuveciclib (BAY1143572), a
benzyl sulfoximine compound, is recognized for its high selectivity and effectiveness as a P-TEFb/CDK9
inhibitor (CDK9i) and was tested in clinical trials (Table 2). This compound/drug inhibited the prolifer-
ation of diverse cancer cell lines'*3, including H3K27M DMGs3, at sub-micromolar concentrations and
has shown effectiveness in reducing tumor growth in xenograft models of various cancers®®®. Its mech-
anism of action includes inhibiting the phosphorylation of S2 on CTD of RNAPII, decreasing the expres-
sion of MCL-1 and MYC, and inducing apoptosis. An RNA interference (RNAI) library screen identified
AFF4 as a crucial protein for sustaining the clonogenic capacity, self-renewal, and stemness of H3K27M
DMG tumors®®**. AFF4 knockdown through short hairpin RNA (shRNA) upregulated the expression of
prodifferentiation genes and diminished DMG self-renewal. Following this, the same study utilized
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CDKa9is, atuveciclib and AZD4573, which disrupt SEC by impairing RNAPII release from promoter-prox-
imal pausing. Similar to AFF4 reduction, CDK9 inhibition released the expression of prodifferentiation
genes and decreased DMG cell self-renewal. Moreover, atuveciclib and AZD4573 demonstrated ther-
apeutic promise, slowing tumor progression and enhancing survival in DMG orthotopic xenograft

mouse models3*,

Table 2. CDK9 inhibitors that have advanced to clinical trials. Adapted from Ranjan et al., 20211%,

CDK?9 inhibitor NCT ID Phase Trial status Cancer type
AT7519 NCT02503709 | Actwt‘e,‘not Metastatic malignant solid
recruiting neoplasms

Atuveciclib/BAY-

1143572 NCT01983638 I Completed Advanced cancers

AZD4573 NCT03263637 I Recruiting Hematological malignancies

BAY-1251152 NCT02635672 | Active, Ot tvanced cancers

recruiting

BTX-A51 NCT02443785 | ey | e TR0 EURETIE),
myelodysplastic syndrome

CYC065/Fadraciclib NCT03995754 | Recruiting rcnr;;"”'c lymphocytic leuke-

Dinaciclib NCT00871663 I/1 Completed Non-Hodgkin lymphoma

. . Active, not .

Flavopiridol NCT03593915 I/1 recruiting Myelodysplastic syndromes

KB-0742 NCT04781675 | ey | o) EImEI, e 3.0
lymphoma

NMS-1116354 NCT01092352 I Terminated Solid tumors

RGB-286638 NCT01168882 I Withdrawn Hematological malignancies

Riviciclib/P-276-00 NCT00824343 I Completed  Advanced head and neck
cancer

Roniciclib/BAY-1000394 NCT02656849 /1 Withdrawn Solid tumors

Roscovitine/Seliciclib NCT00372073 Il Terminated Non-small cell lung cancer

SNS-032 NCT00446342 I Completed B-lymphoid malignancies

TP-1287 NCT03604783 I Recruiting Solid tumors

Voruciclib/P-1446 NCT03547115 I Recruiting B-cell malignancies, AML

ZK-304709 NCT00256849 I Withdrawn  Solid tumors

Zotiraciclib/TG02 NCT01204164 I Recruiting Recurrent/progressive HGG

1.3 Bromodomain and extra-terminal domain containing proteins

The bromodomain and extra-terminal domain containing (BET) proteins contains two acetyl-histone
recognition domains, the bromodomain (BD) and the extra-terminal (ET) domain. The BET proteins,
consisting of BRD2, BRD3, BRD4, and testis-specific BRDT, function as epigenetic readers that identify
acetylated histones, and as transcription factors, through their BDs, thereby recruiting transcriptional
complexes'®”138 BRD4 is the most well-known among the BET proteins, and has three isoforms: BRD4
long isoform (BRDA4L), BRD4 short isoform a (BRD4Sa), and BRD4 short isoform b (BRD4Sb), each play-
ing unique roles in gene expression3°. BRD4L harbors a C-terminal motif (CTM), that is exclusive to

10
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BRDA4L and absent in BRD4S, and other BET proteins. Beyond the BD1 and BD2 domains, BET proteins
feature additional functional motifs, such as casein kinase 2 (CK2) phosphorylation sites, and the basic
residue-enriched interaction domain (BID)*°. BD1 and BD2 contain a four-helical bundle structure that
is evolutionarily conserved and are the most thoroughly studied domains in BET proteins. BD1 and
BD2 identify acetylated lysines on histones, and transcription factors, serving as acetylation signal
readers in gene expression'*!. Additionally, the ET domain is pivotal for transcriptional activation, fa-
cilitating the engagement with transcriptional complex'*2. Despite having common functional do-
mains, BET proteins exhibit unique expression patterns across different tissues**®. Studies have shown
that BRD2 and BRD3 are predominantly expressed in variety of organs, such as brain, spleen, ovaries,
lung, testis, kidney, liver and pancreas. While the expression of BRDT is specific to testis and ovaries,

BRD4 has a ubiquitous expression profile in the body!3144,

1.3.1 The role of BET proteins in RNAPII release and transcriptional elongation

BET proteins play an important role in releasing RNAPII from promoter-proximal pause sites by re-
cruiting and activating P-TEFb to continue transcription, which in turn facilitates transcriptional elon-
gation'®. On a mechanistic level, the engagement of BD2 of BRD4 with tri-acetylated CycT and the
interaction between CycT and C-terminal P-TEFb—interacting domain (PID) of BRD4 are crucial for res-
cuing P-TEFb from the inactive HEXIM1-7SK snRNP complex, thereby enabling P-TEFb transcriptional
activation!®®, Research has demonstrated that BRD4-CDK9 interaction is essential for the global re-
lease of RNAPII from promoter-proximal pausing, and BRD2 plays a crucial role in the widespread po-
sitioning of RNAPII at enhancer regions?’.

Exon inclusion
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Figure 3. Overview of the various functions of BET proteins. Adapted from Cheung et al., 20214, The roles of
BET proteins in gene expression are multifaceted. These include: attracting transcription factors, enhancing the
stability of the transcription factors, modifying chromatin structure, facilitating transcriptional elongation by
phosphorylating RNAPII CTD S2, maintaining chromatin insulation, regulating SEs, participating in DDR and main-
taining genomic integrity, and coordinating gene transcription and splicing.

1.3.2 Organization of chromatin structure by BET proteins

BET proteins play a key role in structuring chromatin to establish transcriptional and structural limits
for gene transcription. Specifically, the CCCTC-binding factor (CTCF), which is a chromatin architec-
tural/insulator protein engages with BRD2 (but not BRD4), and together colocalize across the genome
to prevent activity from unrelated genes. This collaboration between CTCF and BRD2 sets a transcrip-
tional boundary reliant on BRD2 function*. The preferential association of BRD2 with CTCF/cohesin
elements underscores the distinct roles of BRD2 and BRD4, where BRD2 contributes to boundary for-
mation along the chromatin and BRD4 is associated with enhancing transcriptional elongation*.
Moreover, research has shown that BRD4 establishes a complex with p300/CREB-binding protein
(CBP) via its BDs, augmenting histone acetyltransferase (HAT) activity of p300/CBP. In line with this, it
was indicated that genomic regions containing both BRD4 and p300/CBP have increased H3K27ac and
H3K56ac, which in turn influences BRG1 (SMARCA4) association with chromatin and subsequently al-
ters chromatin structure®,

1.3.3 The impact of BET proteins on super enhancers

Super enhancers (SEs) are identified as the large clusters of regulatory elements and marked by a
significant H3K27ac buildup at the sites of crucial oncogenes in various cancers. These sites are bound
and stimulated by BRD4, which results in pronounced overexpression of oncogenes, fostering malig-
nancy, enhancing cancer cell growth, and contributing to the onset and advancement of tumors®. In
line with this, BET inhibitors (BETis) disrupt the interaction of BDs with acetylated residues and are
considered a potential therapeutic approach. These inhibitors are able to reduce BRD4 occupancy at

SEs, thereby inhibiting oncogene expression, such as MYC*%#153,

1.3.4 BET protein function on replication-transcription modulation

BRD2 and BRD4 have pivotal roles in DNA replication. They recruit topoisomerase Il beta binding
protein 1 (TOPBP1) interacting checkpoint and replication regulator (TICRR), a crucial protein regulat-
ing replication initiation, S/M and G2/M checkpoints, at the origins of replication in hyperacetylated
chromatin regions®*. Furthermore, BET proteins modulate replication stress response signaling con-
tributing to genome integrity. Upon encountering replication stress, BRD4 is known to facilitate the
activation of the intra-S-phase checkpoint kinase 1 (CHK1). Consequently, inhibiting BRD4 increases

155 Moreover, BRD4 is essential

the sensitivity of cancer cells to agents that induce replication stress
for the coordination of transcription and replication, helping prevent transcription-replication fork
collision and DNA damage in cancerous cells*® (Figure 3). Accordingly, BETis results in HEXIM1- and
RAD51-dependent transcription-replication clashes, thereby replication stress due to an elevated RNA
synthesis'®’. Additional studies have revealed that BRD4 plays a role in suppressing R-loop formation,
which is vital for maintaining genomic integrity. It was reported for a set of cancer cells that when

BRD4 is inhibited, there is an accumulation of R-loops during the S-phase resulting in cell mortality

12
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due to collisions of transcription-replication forks and DNA DSBs*41°815° Together, BETis hold poten-
tial as a cancer therapy as they drive cancer cells to cell death through mechanisms like SE clearance
and associated downregulation of oncogenes, stimulation of transcription-replication conflict, accu-
mulation of R-loop and DNA damage®**.

1.3.5 BET inhibitors in cancer treatment

There are several types of BETis, including BD1- and BD2-selective, bivalent, BRD4-selective, dual BET
and tyrosine kinase inhibitors, and novel bivalent BETis with short and hydrophilic linkers. BRD4-se-
lective inhibitors specifically inhibit BRD4. These inhibitors are particularly important for their targeted
action, potentially offering a more precise approach in cancer therapy by targeting BRD4 and minimiz-
ing off-target effects on other BET family members'®. Several BETis are tested in clinical trials (Table
3).

Table 3. BET inhibitors that have advanced to clinical trials. Adapted from Kenneth et al., 2023'¢°,

BET inhibitor NCTID Phase Trial status Cancer type
AB?V-WS, NCT02391480 | Completed Various, including breast, NSCLC, AML
(Mivebresib)
EP31670 NCT05488548 | NOF Yet re- Prostate cancer, NUT carcinoma
cruiting
FT-1101 NCT02543879 |/1b Completed AML, myelodysplastic syndrome
GS-5,829 a NCT02607228 Ib/Il Completed Prostate cancer
bresib)
GSK525762 . . .
(Molibresib) NCT01943851 /Il Completed Hematologic malignancies
INCBO54329  NCT02431260 /Il Terminated ii"e':j tumors, hematologic malignan-
RO680810 NCT01987362 | Completed NUT carcinoma, solid tumors
TEN-010 NCT02308761 | Completed AML, myelodysplastic syndrome
ZEN003694 NCT05607108 1l Recruiting Squamous cell lung cancer
ABBV-744 NCT02391480 | Completed Various, including breast, NSCLC, AML
:-G|3:I2-2:185;0151) NCT02630251 | Terminated Solid tumors
:;\35:;::5%) NCT01943851 I/l Completed Hematologic malignancies
OTX-O:}S (Bi- NCT01713582 | Completed AML, DLBCL, ALL, MM
rabresib)
BMS-986158  NCT03936465 | Active, Ot e e diatric solid tumor
cruiting
CC-90010 NCT03936465 | Active, Not e e diatric solid tumor
cruiting
AZD5153 NCT03205176 | Completed Solid tumors, lymphomas
CPI-0610 NCT02158858 1l ?:J;;i’gmt re Myelofibrosis, thrombocytopenia
NUV-868 NCT05252390 |l Recruiting Solid tumors (combination therapy)
PLX51107 NCT04022785 | Completed Myelodysplastic syndrome, AML

13
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1.4 Functional precision oncology and drug sensitivity profiling

The global increase in cancer diagnoses highlights the urgent need for developing antitumor drugs
that are efficacious, safe, and economically feasible. Achieving clinical approval for drugs from pre-
clinical studies to advance to phase | clinical trials is critical. At present, the success rate for anticancer
drugs to receive clinical approval is significantly lower than that for medications targeting other con-
ditions®®!. Considering the substantial expenses and time required for the clinical development of an-
ticancer drugs, there is a pressing need to establish new, more efficient preclinical frameworks for the
evaluation of antitumor agents!®%1%3, Precision oncology guided by genomics aims to tailor treatments
for pediatric and adolescent patients based on the molecular characteristics of their tumors to en-
hance survival and quality of life!®4. The adoption of various sequencing technologies has facilitated
the establishment of several pediatric cancer precision medicine programs globally, such as ZERO®°
in Australia, PROFYLE®® in Canada, and iTHER'® in the Netherlands. However, these initiatives have
identified significant limitations in relying solely on genomics for therapy, especially for cancers with-
out actionable driver mutations and suitable treatments, a common scenario in pediatric cancers of-
ten characterized by copy number variations and gene fusions!®®. To address these challenges, recent
trials like INFORM® have started to incorporate functional ex vivo drug sensitivity profiling (DSP)
alongside genomic profiling to broaden therapeutic strategies for patients who do not respond to mo-
lecular analysis alone. This method, known as functional precision oncology, merges molecular profil-
ing with direct ex vivo exposure of patient-derived tumor cells to clinically feasible drugs, thereby in-
creasing treatment options for patients beyond the standard of care. Recent advancements have led
to the development of ex vivo 3-dimensional (3D) cell culture systems employing patient-derived mod-
els, which retain many tumor features, facilitating the tailored exploration of tumor vulnerabili-
ties’%171, These models effectively mimic the genomic characteristics of the original tumor, drug ac-
cessibility and the aspects of the tumor microenvironment (TME) to different degrees, emerging as a
potent method for evaluating drug sensitivity'’%'’%. Ex vivo tumor models offer a thorough screening
for potential antitumor drugs, filtering out those drugs with inadequate antitumor effects before they
are given to the patient. This approach facilitates a personalized treatment strategy that extends be-
yond merely targeting specific mutations and proves beneficial even in scenarios where no actionable
targets are identified’2.

14
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2 Aim
Pediatric H3K27M diffuse midline glioma (DMG) is an epigenetically driven cancer that currently lacks

effective treatment options. Thus, the primary objective of this project was to develop a targeted
combination therapy for this tumor type, which can be translated into clinical trials.

To achieve this, the first goal was to create an epigenetic drug library targeting all epigenetic compo-
nents, and screen it with a panel of cell models that included pediatric high-grade gliomas (pHGG) with
different H3 variants and non-cancerous cell lines. This screening was intended to identify epigenetic
hit compounds that specifically target H3K27M DMGs.

As monotherapies often lead to resistance in tumors, the second goal was to find a suitable combina-
tion partner through combination screens with epigenetic hits and a library enriched for approved
anti-cancer drugs. Additionally, it was aimed to identify the additive or synergistic interactions be-
tween the combination partners for the H3K27M DMG models with synergy screens.

The third goal of this project was to comprehensively evaluate specificity and effectivity of the discov-
ered combination therapy against H3K27M DMG models in vitro and in vivo using zebrafish embryo
xenograft models.

Radiotherapy (RT) is the standard of care for pediatric patients with H3K27M DMG. Therefore, the
fourth goal was to evaluate the impact of the identified combination therapy in conjunction with RT,
to exclude antagonizing interactions.

Finally, it was sought to unveil the underlying biological mechanism of how the drug combination syn-
ergizes on H3K27M DMGs. Thus, the fifth goal was to explore why tumors with this specific mutation
responded better to the combination therapy compared to pHGGs without H3K27M mutation by per-
forming multi-omics analysis.

15
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3 Materials & Methods

3.1 Materials

3.1.1 Cell models and cell culture

Table 4. Cell models.

Cell model

HSJD-DIPG-00773
(RRID:CVCL_VU70)

SU-DIPG-17"7*

(RRID:CVCL_CIMW

)
SU-DIPG-19'7°

(RRID:CVCL_CIMV)

SU-DIPG-25'7¢
(RRID:CVCL_C1NO)

SU-DIPG-13'"7
RRID:CVCL_IT41)

SU-DIPG-4'74
(RRID:CVCL_IT39)

SU-DIPG-21'75
(RRID:CVCL_C1MX)

SU-pSCG17
(RRID:CVCL_C1N9)

SJ-DIPGX9'7®

KNS4217°
(RRID:CVCL_0378)

BT278

Tumor di-
agnosis

DMG/DIPG

DMG/DIPG

DMG/DIPG

DMG/DIPG

DMG/DIPG

DMG/DIPG

DMG/DIPG

DMG/DIPG

DMG/DIPG

DHG

DHG

Tumor
location

Pons

Pons

Pons

Pons

Pons

Pons

Pons

Spinal
cord

Pons

Fron-
toparie-
tal lobe

Su-
praten-
torial

Lab of
origin

Carcaboso,
Barcelona,
Spain

Monje,
Stanford,
USA
Monje,
Stanford,
USA

Monje,
Stanford,
USA

Monje,
Stanford,
USA

Monje,
Stanford,
USA

Monje,
Stanford,
USA

Monje,
Stanford,
USA

Baker, St.
Jude, USA

Kyushu
Neurosur-
gery, Japan

INFORM,
DKFZ/KiTZ,
Germany

MATERIALS & METHODS

Molecular altera-
tions

H3.3K27M,
PPM1D mut.,
ACVR1 mut.,
PIK3CA mut., MYC
amp.

H3.3K27M, TP53
mut., MYC amp.

H3.3K27M, PTEN
del.

H3.3K27M,
PPM1D trunc.,
PIK3CA mut., NF1
mut., MYC amp.
H3.3K27M, TP53
mut., MYCN
amp., ATR trunc.,
KDM6B trunc.
H3.1K27M ACVR1
mut., PIK3CA
mut., MDM4
amp., BCOR mut.
H3.1K27M,
ACVR1 mut., ATM
mut., MCL1 mut.,
BCOR trunc.

H3K27M, TP53
mut.

H3.1K27M,
ACVR1 mut.,
PIK3CA mut.
H3G34V, TP53
mut., PIK3CA
gain, TERT pro-
moter mut.

H3G34R

Treatment be-
fore model es-
tablishment

Irinotecan, cis-
platin

RT + avastin;
panobinostat;
everolimus

RT + chemo-
therapy

RT

RT

RT+ cetuxi-
mab/irinotecan

RT + MK1775

RT; thioguanine;
procarbazine;
CCNU; vincris-
tine

NA

NA
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INFORM,  H3WT, ATRX
INFR_2073_re= 8 116G Cerebel- 1 e7/kiTz mut., PDGFRA NA

EIES lum Germany gain, OLIG2 mut.
H3WT, TP53 mut.,
§)-G210 Houghton,  CDKN2A/B del.,
_ HGG Cortical  St. Jude, ATRX indel., Chemotherapy
(RRID:CVCL_M141) USA MYC/MYCN amp.,
CLIP2:MET
H3WT, TP53 mut.,
Cortex Monje MYC/MYCN amp.
_ 181 , ,
(SFl{JRIpl;Gc?ll(\ZALZ T42) HGG (frontal  Stanford, EGFR amp., PDG-
’ - lobe) USA FRA amp., NF1
trunc.
P.
VH7/human juve- Non-malig- . Boukamp,
nile fibroblasts&2 nant Rl DKFZ, Ger- NA NA
many
Human fetal astro- Non-malie- K. Maass,
cytes o & Brain DKFZ, Ger-  NA NA
(HA-1800) many
HMC3 (micro- SV40-TAg ATCC (cat.
glia)®3 immortal-  Brain No. CRL- NA NA
(RRID:CVCL_1176) ized 3304)
Table 5. Cell culture solutions.
Solution Catalog No.  Supplier
0.05% Trypsin-EDTA 55300054 Gibco, ThermoFisher Scientific Inc. Braunschweig,
Germany
Accumax 00-4666-56 Gibco, ThermoFisher Scientific Inc. Braunschweig,
Germany
B-27 supplement without vit- Gibco, ThermoFisher Scientific Inc. Braunschweig,
. 12587-010
amin A (50X) Germany
Dulbecco’s Modified Eagle’s 41965-062 Gibco, ThermoFisher Scientific Inc. Braunschweig,
Medium (DMEM) Germany
DMEM/F-12 11320074 Gibco, ThermoFisher Scientific Inc. Braunschweig,
Germany
Dulbecco’s phosphate buff- . . .
ered saline (DPBS) D8537 Sigma-Aldrich, Munich, Germany
Fetal calf serum (FCS) F7524 Sigma-Aldrich, Munich, Germany
H-PDGF-AA (10 pg/ml) 100-13A PromoCell, Heidelberg, Germany
Heparin solution (0.2%) H3149-10KU  Sigma-Aldrich, Munich, Germany
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HEPES buffer (1 M)

L-Glutamine (200 mM)

MEM

MEM non-essential amino ac-

ids (NEAA) (100X)

N-2 supplement (100X)

Neurobasal A

Penicillin-streptomycin solu-
tion (P/S) (100X)

Phenol red-free RPMI 1640
Recombinant human EGF (20
ug/ml)

Recombinant human FGF

basic (20 pg/ml)

RPMI-1640

Sodium pyruvate (100 mM)

Synth-a-Freeze cryopreserva-
tion medium

TrypLE (1X)

Table 6. Cell culture media.
Medium Additives

MATERIALS & METHODS

Gibco, ThermoFisher Scientific Inc. Braunschweig,

15630049
Germany

G7513 Merck, Darmstadt, Germany

31095029 ThermoFisher Scientific Inc. Braunschweig, Ger-
many

11140035 Gibco, ThermoFisher Scientific Inc. Braunschweig,
Germany

17502048 Gibco, ThermoFisher Scientific Inc. Braunschweig,
Germany

10888-022 Gibco, ThermoFisher Scientific Inc. Braunschweig,
Germany

P4333 Sigma-Aldrich, Munich, Germany

11835-030 Gibco, ThermoFisher Scientific Inc. Braunschweig,
Germany

AF-100-15B PromoCell, Heidelberg, Germany

AF-100-18B  PromoCell, Heidelberg, Germany

21875-091 Gibco, ThermoFisher Scientific Inc. Braunschweig,
Germany

11360039 Gibco, ThermoFisher Scientific Inc. Braunschweig,
Germany

A1254201 ThermoFisher Scientific Inc. Braunschweig, Ger-
many

12604013 Gibco, ThermoFisher Scientific Inc. Braunschweig,
Germany

Cell models Freezing medium

DMEM/F-12, Neurobasal

TSM Base A, 1% NEAA, 1% HEPES,
1% sodium pyruvate
TSM Base, 1% B27, 1% L-
H o)
T com. S 0
plete & ’ g

pg/ml Heparin

FGF, 10 ng/ml PDGF, 2

HSJD-DIPG-007, SU-DIPG-4, SU-
DIPG-13, SU-DIPG-17, SU-DIPG-
19, SU-DIPG-21, SU-DIPG-25, SU-
pSCG1, SU-pcGBM2, BT278,

Synth-a-Freeze Cry-
opreservation Me-
dium-50 mL

INF_R_1073 relapsel, SJ-DIPGX9
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DMEM

10% FCS, 1% NEAA, 1%

sodium pyruvate

DMEM

20% FCS, 1% NEAA, 1%

sodium pyruvate

MEM

10% FCS, 1% NEAA, 1%

sodium pyruvate
10% FCS, 1% L-gluta-

DMEM

mine, 1% sodium py-

ruvate, 1% N-2 supple-

ment

3.1.2 Inhibitors

KNS42, SJ-G2

VH7

HMC3

Primary human fetal Astrocytes

Medium, additives,
10% DMSO

Medium, additives,
10% DMSO

Medium, additives,
10% DMSO

Medium, additives,
10% DMSO

Table 7. Epigenetic drug library compounds. All compounds were from Selleckchem (Cologne, Germany). Com-
pounds were screened in five different concentrations in 10-fold dilutions.

Compound

Reversine

AICAR
(Acadesine)
Tozasertib (VX-
680, MK-0457)
Alisertib
(MLN8237)
Barasertib
(AZD1152-HQPA)
TAK-901
Danusertib (PHA-
739358)
Decitabine
Azacitidine
RG108

(-)-Epigallocate-
chin Gallate

Procainamide HCI

GSK 5959
SGC-CBP30
Apabetalone
(RVX-208)
MS436

OTX015
GSK1324726A (I-
BET726)

BI-7273
GSK6853

20

Target

Adenosine recep-
tor, AURK

AMPK
AURK
AURK

AURK

AURK

AURK, BCR-ABL,
c-RET, FGFR
DNMT

DNMT

DNMT

DNMT, HER2, te-
lomerase, EGFR,
fatty acid syn-
thase

DNMT, Sodium
channel

BET

BET

BET

BET
BET

BET

BET
BET

Catalog No.
S7588
51802
S1048
S$1133

S1147
S2718
$1107

S1200
S1782
S2821

S2250

S4294

S$5916
S$7256

S7295

S7305
S7360

S7620

S8179
S8265

Stock conc.

10 mM

10 mM

10 mM

10 mM

10 mM
10 mM
10 mM

10 mM
10 mM
10 mM

10 mM

10 mM

10 mM
10 mM

10 mM

10 mM
10 mM

10 mM

10 mM
10 mM

Conc. range

Solvent (M)
DMSO 0.3-3,000
DMSO 3-30,000
DMSO 0.3-3,000
DMSO 3-30,000
DMSO 0.3-3,000
DMSO 3-30,000
DMSO 3-30,000
DMSO 3-30,000
DMSO 3-30,000
DMSO 3-30,000
DMSO 3-30,000
DMSO 3-30,000
DMSO 3-30,000
DMSO 3-30,000
DMSO 3-30,000
DMSO 3-30,000
DMSO 3-30,000
DMSO 0.3-3,000
DMSO 3-30,000
DMSO 3-30,000



Entinostat (MS-
275)

Belinostat
(PXD101)
Abexinostat (PCI-
24781)
Mocetinostat
(MGCD0103)
Pracinostat
(SB939)
PCI-34051
Tucidinostat
(Chidamide)
TH34

CUDC-907

BAY 87-2243
Daprodustat
(GSK1278863)
WM-1119
Anacardic Acid
Entacapone
Tazemetostat
(EPZ-6438)
UNC1999
EPZ004777
BRD4770

MI-2 (Menin-MLL
Inhibitor)
Tofacitinib (CP-
690550, Taso-
citinib)
Tranylcypromine
(2-PCPA) Hcl
BI-847325

Curcumin

Tubastatin A
Tenovin-6
Olaparib
(AzD2281, Ku-
0059436)
Daphnetin
Enzastaurin
(LY317615)
MBQ-167
Acetyl Resvera-
trol

Selisistat (EX 527)
CAY10602
CYC116

HDAC
HDAC
HDAC
HDAC

HDAC
HDAC
HDAC

HDAC
HDAC, PI3K
HIF

HIF

HAT
HAT
HMT

HMT

EZH1/2
HMT
HMT

HMT

JAK

MAO

MEK, AURK
NF-kB, HDAC,
HAT, NRF2
HDAC

P53, Sirtuin

PARP

PKA, EGFR, PKC
PKC

Rho

Sirtuin

Sirtuin
Sirtuin
AURK, VEGFR

S1053

$1085

S1090

S$1122

$1515
S2012
S8567

S8773
S2759
S7309

S8171

S8776
$7582
S3147

S7128

S7165
S$7353
$7591

S7618

S2789

S4246
S7843
51848
S8049
S4900
S1060

S2554
$1055
S8749
S3934

$1541
$5918
S$1171

10 mM

10 mM

10 mM

10 mM

10 mM
10 mM
10 mM

10 mM
10 mM
10 mM

10 mM

10 mM
10 mM
10 mM

2 mM

10 mM
10 mM
10 mM

10 mM

10 mM

10 mM
10 mM
10 mM
10 mM
10 mM
10 mM

10 mM
10 mM
10 mM
10 mM

10 mM
10 mM
10 mM

MATERIALS & METHODS

DMSO

DMSO

DMSO

DMSO

DMSO
DMSO
DMSO

DMSO
DMSO
DMSO

DMSO

DMSO
DMSO
DMSO

DMSO

DMSO
DMSO
DMSO

DMSO

DMSO

DMSO
DMSO
DMSO
DMSO
DMSO
DMSO

DMSO
DMSO
DMSO
DMSO

DMSO
DMSO
DMSO

3-30,000

3-30,000

3-30,000

3-30,000

3-30,000
3-30,000
3-30,000

3-30,000
0.3-3,000
0.3-3,000

3-30,000

3-30,000
3-30,000
3-30,000

0.6-6,000

3-30,000
0.3-3,000
3-30,000

3-30,000

3-30,000

3-30,000
0.3-3,000
3-30,000
3-30,000
3-30,000
3-30,000

3-30,000
3-30,000
3-30,000
3-30,000

3-30,000
3-30,000
3-30,000
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MATERIALS & METHODS

Metformin HCI Autophagy $1950 10 mM DMSO 3-30,000
Vorinostat
(SAHA, MK0683) Autophagy, HDAC S1047 10 mM DMSO 3-30,000
Atuveciclib (BAY-
1143572) CDK9 S8727 10 mM DMSO 3-30,000
TG101209 C-RET, FLT3, JAK $2692 10 mM DMSO 3-30,000
dBET1 BET $8296 10 mM DMSO 3-30,000
INCB057643 BET S8714 10 mM DMSO 0.3-3,000
ABBV-744 BET S$8723 10 mM DMSO 3-30,000
(+)-JQ1 BET S7110 10 mM DMSO 3-30,000
I-BET-762 BET S$7189 10 mM DMSO 3-30,000
GSK2801 BET S§7231 10 mM DMSO 3-30,000
Bromosporine BET S$7233 10 mM DMSO 3-30,000
Mivebresib
(ABBV-075) BET S8400 10 mM DMSO 3-30,000
EED226 BET S8496 10 mM DMSO 3-30,000
EBI-2511 EZH1/2 $8702 10 mM DMSO 0.3-3,000
Pacritinib

FLT3, JAK S8057 10 mM DMSO 3-30,000
(SB1518) ’ m '
Panobinostat

HDAC S1030 10 mM DMSO 0.3-3,000
(LBH589) m g
Givinostat
(ITF2357) HDAC S$2170 10 mM DMSO 3-30,000
Resminostat HDAC $2693 10 mM DMSO 3-30,000
Tacedinaline

HDAC $2818 10 mM DMSO 3-30,000
(C1994) m ’
Valproic acid HDAC $3944 1M Water 100-

B 1,000,000
4SC-202 HDAC S7555 10 mM DMSO 3-30,000
Ricolinostat
(ACY-1215) HDAC S8001 10 mM DMSO 3-30,000
Citarinostat HDAC 58464 10 mM DMSO  3-30,000
(ACY-241) ’
Daminozide HDMT S4800 10 mM DMSO 3-30,000
GSK J4 HCI HDMT S§7070 10 mM DMSO 3-30,000
GSK J1 HDMT S7581 10 mM DMSO 3-30,000
ORY-1001 (RG-

6016) 2HCI HDMT S§7795 10 mM DMSO 0.3-3,000
GSK2879552 2HCI HDMT S7796 10 mM DMSO 3-30,000
GSK503 HMT S$7804 10 mM DMSO 3-30,000
Chaetocin HMT S8068 10 mM DMSO 3-30,000
GSK591 HMT S8111 10 mM DMSO 3-30,000
CPI-1205 HMT S$8353 10 mM DMSO 3-30,000
JQ-EZ-05 (JQEZ5) HMT S8607 10 mM DMSO 3-30,000
GSK3326595

(EPZ015938) HMT S8664 10 mM DMSO 3-30,000
Ruxolitinib

(INCB018424) JAK S1378 10 mM DMSO 3-30,000
Rucaparib (AG- o, 51098 10 mM DMSO 3-30,000

014699,PF-
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MATERIALS & METHODS

01367338) phos-

phate

Niraparib (MK-

4827) PARP S2741 10 mM DMSO 0.3-3,000

::g;'pa"b (BGB- o rgp 58592 10 mM DMSO 3-30,000
PI3K, DNA-PK,

SF2523 BET, mTOR $8589 10 mM DMSO 3-30,000

AZD1208 Pim S$7104 10 mM DMSO

SRT2104 L

(GSK2245840) Sirtuin S§7792 10 mM DMSO 3-30,000

Salermide Sirtuin S8460 10 mM DMSO 3-30,000

SRT3025 HCI Sirtuin 58481 10 mM DMSO 3-30,000

Quercetin ISDE'KS'””'”' PRG 52301 10 mM DMSO 3-30,000

Cambinol TNF-alpha S$5913 10 mM DMSO 3-30,000

g’l'_:::‘;xa"tm"e Topoisomerase 52485 10 mM DMSO  3-30,000

Amodiaquine di-

hydrochloride di- Transferase, HMT  S$4589 10 mM DMSO 3-30,000

hydrate

TIC10 (ONC201) Akt/ERK S7963 10 mM DMSO 3-30,000

Romidepsin HDAC $3020 10 mM DMSO 3-30,000

Table 8. TDSU drug library compounds. Compounds were screened in five different concentrations in 10-fold
dilutions.

Catalog . Stock Conc.
Compound Target No. Supplier conc. Solvent range (M)
A-1155463 BCL-X, CT-A115 ChemieTek 100 mM DMSO 1-10,000
A-1210477 MDM?2 A-9036 /;f:r‘;e Blo- 7mM  DMsO  5-50,000
A-1331852 BCL-XL CT-A133 ChemieTek 10 mM DMSO 0.1-1,000
Afatinib ECEEZ' HER?2, 51011 Selleckchem 10 mM DMSO 0.1-1,000
Alectinib ALK CT-CH542 ChemieTek 5mM DMSO 0.1-1,000
Alpelisib PI3Ka Hy-15244 Medchem 0 M DMsO  1-10,000
Express
CT- .
AMG-232 MDM2 AMG232 ChemieTek 10 mM DMSO 1-10,000
Tocris Biosci- 1-10,000
APR-246 p53 3710 ences 100 mM DMSO 10-100,000
VEGFR1,
Axitinib VEGFR2, A-1107 :I(; :ab°rat°' 50mM  DMSO  1-10,000
VEGFR3
Bortezomib Proteasome CT-BZ001 ChemieTek 10 mM DMSO 0.1-1,000
Busulfan DNA B2635 Zﬁg‘a'A" 500mM DMSO  1-10,000
Cabozantinib MET, VEGFR2 CT-XL184 ChemieTek 10 mM DMSO 0.1-1,000
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MATERIALS & METHODS

Carboplatin
CCNU (Lo-
mustine)
Ceritinib

Chloroquine

Cisplatin

Cobimetinib

Copanlisib

Crizotinib

Cytarabine
Dabrafenib

Dactinomycin
Dasatinib
Daunorubicin
Decitabine

Doxorubicin
Entinostat

Entrectinib
Erdafitinib
Erlotinib
Etoposide

Everolismus
Foretinib

Gemcitabine
I-BET151
Idasanutlin

Imatinib

24

DNA

DNA

ALK
Autophagy, ly-
sosome

DNA

MEK

PI3K
ALK, ROS1,
MET

DNA
BRAF
DNA

BCR-ABL, SRC
family kinases

DNA

DNA methyl-
transferase

DNA

HDAC
TRK, ROS1,
ALK

FGFR

EGFR

Topoisomer-
ase

mTOR
MET, VEGFR2
DNA

BET bromo-
domain

MDM?2

BCR-ABL, KIT,
PDGFR

Cay13112
-25
HY-13669
S7083
C6628

HY-
13064-
10mM

$1068-5

HY-13605
CT-DABR
HY-17559

D-3307
HY-13062
S1200

D1515
CT-MS275
HY-12678

HY-18708
HY-50896
HY-13629

E-4040

1111
95058-81-
4

CcT-
BET151

HY-15676

HY-50946

Hospital
pharmacy
Heidelberg
Medchem
Express
Selleckchem
Sigma-Al-
drich
Hospital
pharmacy
Heidelberg

Medchem
Express

Selleckchem

Medchem
Express
ChemieTek
Medchem
Express

LC Laborato-
ries
Medchem
Express

Selleckchem

Sigma-Al-
drich
ChemieTek
Medchem
Express
Medchem
Express
Medchem
Express
Medchem
Express

LC Laborato-
ries
Selleckchem
Medchem
Express

ChemieTek

Medchem
Express
Medchem
Express

24.3

10 mM
10 mM
100 mM

100 mM

10 mM

9 mM
50 mM

100 mM
25 mM
10 mM

10 mM

10 mM

100 mM

10 mM
100 mM
10 mM

10 mM

100 mM

100 mM

10 mM
10 mM
10 mM

100 mM

100 mM

100 mM

water

DMSO
DMSO

water

water

DMSO

water

DMSO

DMSO
DMSO
DMSO

DMSO

DMSO

DMSO

DMSO
DMSO
DMSO

DMSO

DMSO

DMSO

DMSO
DMSO
DMSO

DMSO

DMSO

DMSO

1-10,000

1-10,000

0.25-2,500
10-
1,000,000

10-
1,000,000

0.1-1,000

0.1-1,000
1-10,000

1-10,000
0.25-2,500
0.1-1,000

0.1-1,000

0.1-1,000

1-10,000

0.1-1,000
1-10,000
0.1-1,000

1-10,000

1-10,000

1-10,000

0.01-100
0.1-1,000
0.1-1,000

1-10,000

1-10,000

1-10,000



Irinotecan
Isotretionin
Lapatinib
Larotrectinib
Lorlatinib

Melphalan

Mercaptopu-
rine

Merestinib
Methothrexate

Mitoxantrone

Navitoclax

Nilotinib

Olaparib

ONC201

Paclitaxel
Palbociclib

Panobinostat
Pazopanib
Ponatinib
Pralsetinib

Rapamycin
Ribociclib
Romidepsin

Ruxolitinib
Selinexor

Selumetinib

SN-38

Topoisomer-
ase |
Retinoid re-
ceptor

EGFR, HER2
TRK

ALK, ROS1
DNA

DNA

MET, AXL,
MER
DHFR

DNA
BCL-2, BCL-XL
BCR-ABL

PARP

DRD2, ClpP

Microtubule
CDK4/6
HDAC

VEGFR,
PDGFR, KIT
BCR-ABL,
VEGFR, FGFR

RET

mTOR
CDK4/6
HDAC

JAK1/2
XPO1

MEK

Topoisomer-
ase | (active

1-4122

TMO-
T1611

L-4804
HY-12866
HY-12215
M2011

HY-13677

HY-
15514A
51210
HY-
13502A

HY-10087
N-8207

0-9201

Selleck-
chem-
chem

HY-BO015
$1116-10
P-3703

P-6706

S1490

TMO-
TQ0277

R-5000
$7440
HY-15149

CT-INCB-2
$7252

HY-50706

Hy-13704

LC Laborato-
ries

Holzel

LC Laborato-
ries
Medchem
Express
Medchem
Express
Sigma-Al-
drich
Medchem
Express
Medchem
Express
Selleckchem
Medchem
Express
Medchem
Express

LC Laborato-
ries

LC Laborato-
ries

$7963

Medchem
Express
Selleckchem
LC Laborato-
ries

LC Laborato-
ries

Selleckchem

BIOZOL

LC Laborato-
ries
Selleckchem
Medchem
Express
ChemieTek
Selleckchem
Medchem
Express
Medchem
Express

100 mM

10 mM

10 mM

10 mM

100 mM

100 mM

100 mM

10 mM
50 mM
10 mM

100 mM

50 mM

100 mM

10 mM

10 mM
100 mM
10 mM

100 mM

10 mM

10 mM
20 mM
10 mM

100 mM
100 mM

100 mM

10 mM

MATERIALS & METHODS

DMSO

DMSO

DMSO

DMSO

DMSO

water

DMSO

DMSO
DMSO
DMSO

DMSO

DMSO

DMSO

DMSO

DMSO
water

DMSO

DMSO

DMSO

DMSO

DMSO
DMSO
DMSO

DMSO
DMSO

DMSO

DMSO

1-10,000

1-10,000

0.1-1,000

0.1-1,000

1-10,000

1-10,000

1-10,000

0.1-1,000
0.5-5,000
0.1-1,000

1-10,000

1-10,000

1-10,000

1-10,000

0.1-1,000
1-10,000
0.1-1,000

1-10,000

0.1-1,000

0.1-1,000

0.01-100
1-10,000
1-10,000

1-10,000
1-10,000

1-10,000

0.01-100
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MATERIALS & METHODS

Sorafenib p-Tol-
uenesulfonate
Salt

Sunitinib
Talazoparib

Tazemetostat
Temozolomide

Temsirolimus
Thioguanine
Thiotepa
Topotecan
Trametinib
Valproic acid
Vandetanib
Vemurafenib
Venetoclax

Vinblastine

Vincristine
Vinorelbine

Vismodegib
Volasertib

Vorinostat

metabolite of
Irinotecan)

RAF, VEGFR,
PDGFR

VEGFR,
PDGFR, KIT

PARP

EZH2
DNA
mTOR

DNA

DNA

Topoisomer-
ase |

MEK

HDAC

VEGFR, EGFR,
RET

BRAF
BCL-2

Microtubule

Microtubule
Microtubule

SMO
PLK1
HDAC

S-8502

S-8803

HY-16106

CT-
EPZ438
$1237

T-8040

HY-13765

T6069

HY-
13768A
CT-

GSK112

P4543

V-9402

CT-
P4032-2
CT-A199-
2

HY-13780

$1241
S4269

V-4050
CT-BI6727
V-8477

LC Laborato-
ries

LC Laborato-
ries
Medchem
Express

ChemieTek

Selleckchem
LC Laborato-
ries
Medchem
Express
Sigma-Al-
drich
Medchem
Express

ChemieTek

Sigma-Al-
drich

LC Laborato-
ries

ChemieTek

ChemieTek

Medchem
Express
Selleckchem
Selleckchem
LC Laborato-
ries
ChemieTek
LC Laborato-
ries

10 mM

10 mM

10 mM

100 mM
200 mM
10 mM

100 mM

500 mM

100 mM

25 mM

200 mM

10 mM

100 mM

10 mM

10 mM

10 mM
100 mM

100 mM
10 mM
100 mM

DMSO

DMSO

DMSO

DMSO
DMSO
DMSO

DMSO

DMSO

DMSO

DMSO

water

DMSO

DMSO

DMSO

DMSO

DMSO
DMSO

DMSO
DMSO
DMSO

0.1-1,000

0.1-1,000

0.1-1,000

1-10,000
10-100,000
0.01-100

1-10,000

5-50,000

1-10,000

0.25-2,500

100-
1,000,000

0.1-1,000

1-10,000

0.1-1,000

0.1-1,000

0.1-1,000
1-10,000

1-10,000
0.1-1,000
1-10,000

Table 9. Additional epigenetic compounds added to TDSU drug library. Compounds were screened in five differ-

ent concentrations in 10-fold dilutions.

Compound

AZDA4573

Flavopiridol
(L86-8275)

26

Target Catalog No. Supplier

CDK9 Hy-112088 Medchem
Express

CDK9 S$1230 Selleckchem

Stock
conc.

10 mM

10 mM

Solvent

DMSO

DMSO

Conc. range
(nM)

3-30,000

3-30,000



MATERIALS & METHODS

KB-0742 dihy- HY- Medchem
drochloride CDK9 137478A Express 10mM BIER Sl
Zotiraciclib Medchem
(TG02; SB1317) CDK9 HY-15166 Express 10 mM DMSO  3-30,000
CYC065 (Fadraci g Hy-101212  MedheM T 5m DMso  3-30,000
clib) Express
Medchem
BMS-986158 BET HY-101567 1mM DMSO 0.3-3,000
Express
Medchem
CC-90010 BET HY-137573 10 mM DMSO 3-30,000
Express
CPI-0610 BET A16076 AdooQBio- 5 v pmso  3-30,000
science
Medchem
LY3295668 AURK HY-114258 10 mM DMSO 3-30,000
Express
Table 10. Dead control compounds.
Compound Target Catalog No. Supplier Stock conc. Solvent
Staurosporine (STS) ZEEZ:OSIS n- $1421 Selelckchem 10 mM DMSO
Benzethonium Chloride detcergent, cell 843983 Sigma-Aldrich 100 mM DMSO
(BztCl) lysis
3.1.3 Antibodies
Table 11. Primary antibodies.
Target Type Dilution Catalog No.  Supplier
MYC rabbit, monoclonal 1:2,000 ab32072 Abcam, Cambridge, UK
e mouse, monoclonal  1:5,000 MA5-23510 ThermoFlsh(?r Scientific,
pSer2 Braunschweig, Germany
RNAPII mouse, polyclonal 1:5,000 05-623 ThermoFlshgr Scientific,
Braunschweig, Germany
GAPDH mouse, monoclonal  1:30,000 MAB374 Merck, Darmstadt, Ger-
many
HEXIM1 rabbit, monoclonal 1:2,000 ab25388 Abcam, Cambridge, UK
Table 12. Secondary antibodies.
Target Type Conjugate Dilution Catalog No. Supplier
Rabbit donkey, poly- Horse'radlsh 1:20,000 V795A Promega, Madison, WI,
clonal peroxidase USA
Mouse goat, polyclo- Horse'radlsh 1:20,000 115-035-003 Dianova, Hamburg, Ger-
nal peroxidase many
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MATERIALS & METHODS

3.1.4 Biochemical reagents

Table 13. Biochemical reagents
Article
10x Tris/Glycine/SDS Running Buffer
Acetic acid
Acrylamide/Bis solution (40 % w/v)
Agar
Agarose, low gelling temperature

Albumin Standard (2 mg/mL)

APS

Benzonase

Brilliant Blue G

Bromophenol Blue

BSA

Citric acid

cOmplete(TM), Mini, EDTA-free pro-
tease inh.

DNase |

EDTA
Ethanol, absolute
Glycerol

Glycine

HCI

HEPES
Isopropanol
KCl

Methanol

Milk powder
Na;HPO,

NaCl

NaOH

Normal goat serum

PhosSTOP

Ponceau S solution

Precision Plus ProteinTM Kaleido-
scopeTM prestained protein standard
RNaseZAPTM

SDS pellets

Sodium Fluoride

Sodium Orthovanadate

SYBRTM Green PlatinumTM qPCR Su-
perMix-UDG
TEMED
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Catalog No.
1610732
6755.1
10681.01
$210.3
A9414

23209

A3678
E1014-25KU
27815
A23331.0005
A4612
33114-1KG

4693159001
D4527-10KU
1034
20821.321
15523

33226
13-1683
9105.2
20842.330
6781.1

M/4000/PC17

T145.2
28029.292

BP358-1

30620
5-000-121
49068450001
A2935.0500

1610375

R2020-250ML
2326.1
$7920-100G

PO758L

11733046
2367.3

Supplier

Bio-Rad, Munich, Germany

Carl Roth, Karlsruhe, Germany
SERVA, Heidelberg, Germany
Carl Roth, Karlsruhe, Germany
Sigma-Aldrich, Munich, Germany
ThermoFisher Scientific Inc. Braun-
schweig, Germany
Sigma-Aldrich, Munich, Germany
Sigma-Aldrich, Munich, Germany
Sigma-Aldrich, Munich, Germany
AppliChem, Darmstadt, Germany
Sigma-Aldrich, Munich, Germany
Sigma-Aldrich, Munich, Germany

Sigma-Aldrich, Munich, Germany

Sigma-Aldrich, Munich, Germany
GERBU Biotechnik GmbH, Heidelberg,
Germany

VWR chemicals, Darmstadt, Germany
Honeywell Riedel-de-Haén, Seelze, Ger-
many

Sigma-Aldrich, Munich, Germany
Sigma-Aldrich, Munich, Germany
Carl Roth, Karlsruhe, Germany

VWR chemicals, Darmstadt, Germany
Carl Roth, Karlsruhe, Germany
ThermoFisher Scientific Inc. Braun-
schweig, Germany

Carl Roth, Karlsruhe, Germany

WR chemicals, Radnor, PA, USA
ThermoFisher Scientific Inc. Braun-
schweig, Germany

Sigma-Aldrich, Munich, Germany
Dianova, Hamburg, Germany
Sigma-Aldrich, Munich, Germany
AppliChem, Darmstadt, Germany

Bio-Rad, Munich, Germany

Sigma-Aldrich, Munich, Germany

Carl Roth, Karlsruhe, Germany
Sigma-Aldrich, Munich, Germany

New England Biolabs, Inc., Frankfurt am
Main, Germany

ThermoFisher Scientific Inc. Braun-
schweig, Germany

Th. Geyer, Renningen, Germany



Tricaine methanesulfonate

Triethanolamine

Tri-Sodium citrate dihydrate

Triton-X 100
Trizma Base
Tween 20

Vi-Cell Reagent Coulter cleanz
Vi-Cell Reagent Isoton Il

B-mercaptoethanol

3.1.5 Buffers and Solutions

3.1.5.1. Stock solutions

Table 14. 20% SDS.
Ingredient
SDS
ddH,0

Table 15. 1M Tris-HCl.
Ingredient
Trizma Base
HCI
ddH,0

Table 16. 1M NaCl.
Ingredient
NaCl
ddH,0

3.1.5.2 Cell lysis solutions

E10521
90279-100ML
27833.294
A4975.0500
T1503
500-018-3
8448222
8448011
39563

Amount
10g
added up to 50 ml

Amount

12.1g

added dropwise
added up to 100 ml

Amount
58¢g
added up to 100 ml

MATERIALS & METHODS

Sigma-Aldrich, Munich, Germany
Sigma-Aldrich, Munich, Germany
VWR chemicals, Darmstadt, Germany
AppliChem, Darmstadt, Germany
Sigma-Aldrich, Munich, Germany
Sigma-Aldrich, Munich, Germany
Beckmann Coulter, Krefeld, Germany
Beckmann Coulter, Krefeld, Germany
SERVA, Heidelberg, Germany

Final concentration
20% (w/v)

Final concentration
1M
topH 7.6

Final concentration
1M

10X phosphatase and 10X protease inhibitor stocks were prepared as follows: 1 tablet of PhosSTOP or
cOmplete Protease inhibitor were solved in 1 ml ddH,0 separately and stored at -20°C.

Table 17. RIPA buffer for cell lysis

Ingredient

1M Tris-HCI

1M NaCl

NP-40

Sodium deoxycholate
20% SDS in H,0
ddH,0

10x PhosphoSTOP

10x cOmplete Protease inhibi-

tor

Amount

2.5ml

10 ml

1ml

lg

0.5 ml

added up to 100 ml
added just before use

added just before use

Final concentration
25 mM, pH 7.6

100 mM

1% (v/v)

1% (w/v)

0.1% (v/v)

1X
1X
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MATERIALS & METHODS

Table 18. Cell lysis buffer for proteomic sample preparation.

Ingredient
RIPA Buffer
1M Sodium Fluoride

1M Sodium Orthovandate

Benzonase
DNase |
PhosphoSTOP

cOmplete Protease inhibitor

Amount
10 ml
100 ul
10 ul
100 ul
10 ul

1 pill

1 pill

Table 19. 4x Laemmli buffer for protein loading.

Ingredient

0.5 M Tris-HCl, pH 6.8
Glycerol

20% SDS in H,0
Bromophenol blue
ddH,0
B-mercaptoethanol

3.1.5.3 TBS and TBS-T

Table 20. 10X TBS
Ingredient
Trizma Base
NacCl
HCI
ddH,0

Table 21. 1X TBS-T
Ingredient

10X TBS, pH 7.5

Tween-20
ddH,0

3.1.5.4 Staining solutions

Amount

10 ml

8 ml

8 ml

2mg

added up to 40 ml
added just before use

Amount
120g
400 g

added dropwise until pH 7.5

added upto 5L

Volume
100 ml

1ml
addedupto 1L

Table 22. Coomassie Brilliant Blue staining for SDS gels.

Ingredient
Brilliant Blue G
Isopropanol
Acetic acid
ddH,0

Amount

500 mg

250 ml

100 ml
addeduptollL

Table 23. Ponceau staining for membranes.

Ingredient
Ponceau S Solution

30

Amount
5 ml

Final concentration

10mM
1ImM
250 U/ml
10 U/ml
1X

1X

Final concentration
62.5 mM Tris/HCI
20% (v/v)

4% (w/v)

5%

5% (v/v)

Final concentration
200 mM
1.37 M

Final concentration

20 mM Trizma Base, 137 mM
NaCl

0.1% (v/v)

Final concentration
0.05% (w/v)

25% (v/v)

10% (v/v)

Final concentration
10% (v/v)
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ddH,O 45 ml

3.1.5.5 Blocking buffers
Table 24. 5% milk in TBS-T as blocking solution. Stored at 4°C up to 1 week.

Ingredient Amount Final concentration
Non-fat dry milk 5g 5% (w/v)
1x TBS-T added up to 100 ml

Table 25. 5% BSA in TBS-T as blocking solution. Stored at 4°C up to 1 week.

Ingredient Amount Final concentration
BSA 5g 5% (w/v)
1x TBS-T added up to 100 ml

3.1.5.6 E3 zebrafish embryo buffer
Table 26. 50X E3 zebrafish embryo buffer.

Ingredient Amount Final concentration
NaCl 16.61¢g 5mM

KCl 0.63g 0.17 mM
CaCi2-:2H20 243¢g 0.33 mM

MgS0, 1.99¢ 0.33 mM

NaOH added dropwise topH7.2

ddH,0 addeduptollL

Table 27. 1X E3 buffer.

Ingredient Amount Final concentration
50X E3 buffer 20 ml 2% (v/v)
ddH,0 880 ml

3.1.6 Fluorescent dyes

Table 28. Fluorescent dyes.

Dyes Specificity Color Catalog No.  Supplier
Cell permeant mito-
TMRE chondrial membrane Red-orange ab113852 Abcam, Cambridge, UK
potential stain
Hoechst Cel! permeant DNA Blue H1399 ThermoFlsh(?r Scientific Inc.
33342 stain Braunschweig, Germany
RedDot2 Cel! impermeant DNA Far red 40061-1 Biotium, San Francisco Bay
stain Area, USA
Vybrant Cel! permeant lipophilic Far red V22887 ThermoFlsh(?r Scientific Inc.
DID stain Braunschweig, Germany
CM-Dil Cel! permeant lipophilic Red V22888 ThermoFlshgr Scientific Inc.
stain Braunschweig, Germany
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3.1.7 Consumables

Table 29. Consumables.

Article

4-20% Mini-PROTEAN® TGX™
Precast Protein Gels, 10-well
4-20% Mini-PROTEAN® TGX™
Precast Protein Gels, 15-well
7.5% Mini-PROTEAN® TGX™
Precast Protein Gels, 10-well
7.5% Mini-PROTEAN® TGX™
Precast Protein Gels, 15-well

Conical tubes, 15 ml

Conical tubes, 50 ml

Corning® Costar® ultra-low
attachment Multiple Well
Plates, 12 wells

Corning® Costar® non-treated
well plates, 48 wells

Cryo Vials 2 ml

D300e Digital dispenser dis-
penshead casettes, D4+
D300e Digital dispenser dis-
penshead casettes, T8+
Falcon® 5mL Round Bottom
Polystyrene Test Tube (FACS
Tubes)

Falcon™ Polystyrene Micro-
plates, 6 well

Falcon™ Standard Tissue Cul-
ture Dishes, 10 cm

Glassware

Hashimoto zebrafish imaging
96-well plates

Immun-Blot® PVDF Mem-
brane

Microplates, 384-well, round
bottom, black with clear bot-
tom

Millex-GS Syringe Filter 0.22
um, sterile

Pasteurpipettes, Glas 230 mm

Pipet tips, refillable, 10 pl
Pipet tips, refillable, 200 pl

Pipet tips, refillable, 1000 pl
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Catalog No.
4561094

4561096
4561023

4561026

188271
2098

CLS3471-24EA

351178
E315.1
30097371

30097370

10186360

353046

353003

SCHOTT AG,
Mainz, Ger-
many

HDK-ZFA101-

02a
1620177

3830

SLGS033SS
12908
961-001-20

961-201-20

961-1002-7

Supplier

Bio-Rad, Munich, Germany
Bio-Rad, Munich, Germany
Bio-Rad, Munich, Germany

Bio-Rad, Munich, Germany

ThermoFisher Scientific Inc., Waltham, MA, USA
ThermoFisher Scientific Inc., Waltham, MA, USA

Sigma-Aldrich, Munich, Germany

Sigma-Aldrich, Munich, Germany
Carl Roth, Karlsruhe, Germany

Tecan, Mannerdorf, Switzerland

Tecan, Mannerdorf, Switzerland

ThermoFisher Scientific Inc., Waltham, MA, USA

ThermoFisher Scientific Inc., Waltham, MA, USA

ThermoFisher Scientific Inc., Waltham, MA, USA

SCHOTT AG, Mainz, Germany

Hashimoto Electronic Industry Co., Ltd., Japan

Bio-Rad, Munich, Germany

Corning, Corning, NY, USA

Sigma-Aldrich, Munich, Germany

WU Mainz, Bamberg, Germany

Steinbrenner Laborsysteme, Wiesenbach, Ger-
many

Steinbrenner Laborsysteme, Wiesenbach, Ger-
many

Steinbrenner Laborsysteme, Wiesenbach, Ger-
many



Pipet tips, sterile, 10 pl
Pipet tips, sterile, 100 pl
Pipet tips, sterile, 1000 pl
Pipet tips, sterile, 20 pl
Pipet tips, sterile, 200 pl
Reaction tubes, 0.5 ml
Reaction tubes, 1.5 ml
Reaction tubes, 1.5 ml
Reaction tubes, 2 mi

Sapphire PCR tubes, 0.2 ml

Serological pipettes, 5 ml
Serological pipettes, 10 ml
Serological pipettes, 25 ml

T25 tissue culture flask
T75 tissue culture flask

T175 tissue culture flask

T25 tissue culture flask, for
suspension cells

T75 tissue culture flask, for
suspension cells

T175 tissue culture flask, for
suspension cells

Vi-CELL® 4 ml Sample Vials

3.1.8 Kits

Table 30. Kits.
Article
Agilent RNA 6000 Nano Kit
Agilent RNA 6000 Nano Lad-
der
Amersham ECL Prime West-
ern Blotting Detection Rea-
gent

Caspase-3/7 Assay Kit, fluoro-

metric
CellTiterGlo 2.0

PierceTM BCA Protein Assay

Kit

QlAamp® DNA Mini Kit
RNase free DNase Set
RNeasy Mini Kit
Trans-Blot Turbo RTA Mini

0.45 uM LF PVDF Transfer Kit

07-613-8300
07-642-8300
06-693-5300
07-622-8300
07-662-8300
30121023
72.690.001
30120086
30120094

683201

4487
4488
4489

690175
658175
660175
83.3910.502
83.3911.502

83.3912.502
383721

Catalog No.
5067-1511

5067-1529

RPN2232

ab39383
G9243
23227

51304
79254
74104

1704274
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Nerbe plus, Winsen/Luhe, Germany

Nerbe plus, Winsen/Luhe, Germany

Nerbe plus, Winsen/Luhe, Germany

Nerbe plus, Winsen/Luhe, Germany

Nerbe plus, Winsen/Luhe, Germany
Eppendorf, Hamburg, Germany

Sarstedt, NUrnbrecht, Germany

Eppendorf, Hamburg, Germany

Eppendorf, Hamburg, Germany

Greiner Bio-One GmbH, Frickenhausen, Ger-
many

Sigma-Aldrich, Munich, Germany
Sigma-Aldrich, Munich, Germany
Sigma-Aldrich, Munich, Germany

Greiner Bio-One GmbH, Frickenhausen, Ger-
many

Greiner Bio-One GmbH, Frickenhausen, Ger-
many

Greiner Bio-One GmbH, Frickenhausen, Ger-
many

Sarstedt, NUrnbrecht, Germany
Sarstedt, NUrnbrecht, Germany

Sarstedt, NUrnbrecht, Germany

Beckmann Coulter, Krefeld, Germany

Supplier
Aligent, Santa Clara, CA, USA

Aligent, Santa Clara, CA, USA

Sigma-Aldrich, Munich, Germany

Abcam, Cambridge, UK

Promega, Madison, WI, USA

ThermoFisher Scientific Inc. Braunschweig, Ger-
many

Qiagen, Hilden, Germany

Qiagen, Hilden, Germany

Qiagen, Hilden, Germany

Bio-Rad, Hercules, CA, US
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Venor® GenM Classic Myco-

11-1250
plasma Detection Kit

3.1.9 Instruments and devices

Table 31. Instruments and devices.
Instrument
2100 Bioanalyzer
Azure c400 imaging system
BarnsteadTM GenPureTM xCAD Plus Ultrapure
water purification system
Benchtop centrifuge Micro Star 17R
CellCamper® Mini
Centrifuge 5810 R
Cryo freezing container Nalgene® Cryo 1°C
“Mr. Frosty”
D300e Digital dispenser
Microliter pipette 0.1-2.5 ul, 0.5-10 pl, 2-20 pl,
20-200 pl, 100-1000 pl
Femtolet 4i Microinjector

FLUOstar Omega automated plate reader
FLUOstar OPTIMA automated plate reader
Hamilton syringe

Heat sealer “Folio”

Heating block Thermomixer® Comfort
ImageXpress Micro Confocal High-Content Im-
aging System

Incubator Heraeus B6420

LSM 710 confocal microscope

Magnetic stirrer with heating MR-3001
Microwave Severin MW 7869

Mosquito Liquid Handling System
Motorized stereo microscope (Leica M205 FA)
Multi-axle rotating mixer TRM 56
Nano-Drop ND-1000 spectrophotometer
NovaSeq 6000 System

pH meter SevenCompact

Pipetboy acu 2

Refrigerator with freezer

Rocking platform WT 16

StoragePod

Test tube shaker Reax Top

Tissue culture incubator “C200”

Tissue culture incubator “CB220”

Tissue culture sterile bench “MaxiSafe 2030i”

Tissue culture sterile bench “Safe2020”
Trans-Blot Turbo Transfer System
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Minerva Biolabs, Berlin, Germany

Supplier

Aligent, Santa Clara, CA, USA

Azure Biosystems, Dublin, CA, USA
ThermoFisher Scientific Inc. Braunschweig, Ger-
many

VWR International, Radnor, PA, USA

neolab Migge GmbH, Heidelberg, Germany
Eppendorf, Hamburg, Germany

ThermoFisher Scientific Inc. Braunschweig, Ger-
many

Tecan, Mannerdorf, Switzerland

Gilson, Middleton, WI, USA

Eppendorf, Hamburg, Germany

BMG Labtech, Ortenberg, Germany
BMG Labtech, Ortenberg, Germany
Hamilton Company, Reno, NV, USA
Severin Elektro, Sundern, Germany
Eppendorf, Hamburg, Germany

Molecular Devices, San Jose, CA, USA

Heraeus, Leverkusen, Germany

Zeiss, Oberkochen, Germany

Heidolph Instruments, Schwabach, Germany
Severin Elektro, Sundern, Germany

SPT Labtech, Melbourn, UK

Leica Microsystems, Germany

IDL GmbH, Nidderau, Germany

PEQLab, Erlangen, Germany

[llumina, San Diego, CA, USA
Mettler-Toledo, GieRen, Germany

INTEGRA Biosciences, Zizers, Switzerland
Liebher, Biberach and der RiR, Germany
Biometra, Gottinger, Germany

Roylan Development, UK

Heidolph Instruments, Schwabach, Germany
Labotect, Rosdorf, Germany

Binder GmbH, Tuttlingen, Germany

ThermoScientific, Waltham, MA, USA

ThermoScientific, Waltham, MA, USA
Bio-Rad, Hercules, CA, US



Ultra-low temperature freezer

Vacuum concentrator “Concentrator plus“
Vi-CELL XR automated cell counter

Vortexer IKA VF2

VWR ® Shaking water bath (18L)

3.1.10 Software

Table 32. Software.
Software

ABI 7500 software v2.3

Azure c400 acquisition software
BioRender

CellProfiler v.4.1.3

CellProfiler Analyst v.3.0.4

D300e Digital dispenser control software
GraphPad Prism v10.0.2

Imagel v2.9.0

Living Image Software Version 4.4

MaxQuant software v1.6.17.0

MetaExpress 6.5.559 Molecular Devices
Microsoft Office 2019

Mosquito software: v4.1

Omega Microplate reader software v5.11R4
OPTIMA Microplate reader software v2.20R2
R4.2.2

RStudio v2023.12.0

Vi-CELLTM XR 2.03 software

Zotero

3.1.11 Databases and online tools

Table 33. Databases and online tools.
Database
iTReX: interactive Therapy Response eXplora-
tion v1.3.0
R2 Genomics Analysis and Visualization Plat-
form
ShinyGO 0.80
Ensembl
NCBI
Gene Ontology Enrichment Analysis
Enrichr: a comprehensive gene set enrichment
analysis web server

MATERIALS & METHODS

ThermoFisher Scientific Inc. Braunschweig, Ger-
many

Eppendorf, Hamburg, Germany

Beckmann Coulter, Brea, CA, USA

IKA Janke & Kunkel, Staufen im Breisgau, Ger-
many

VWR chemicals, Darmstadt, Germany

Supplier

Applied Biosystems, ThermoFisher Scientific Inc.
Braunschweig, Germany

Azure Biosystems, Dublin, CA, USA
BioRender

Broad Institute, Cambridge, MA, USA
Broad Institute, Cambridge, MA, USA
Tecan, Mannerdorf, Switzerland

GraphPad Software Inc, San Diego, CA, USA
National Institutes of Health

PerkinElmer, Waltham, MA, US

Max Planck Institute of Biochemistry, Mar-
tinsried, Germany

San Jose, CA, USA

Microsoft, Redmond, WA, USA

SPT Labtech, Melbourn, UK

BMG Labtech, Ortenberg, Germany

BMG Labtech, Ortenberg, Germany

The R Foundation, Vienna, Austria
RStudio, Boston, MA, USA

Beckmann Coulter, Brea, CA, USA

Zotero

Website

https://itrex.kitz-heidelberg.de/iTReX/

https://hgserverl.amc.nl/

http://bioinformatics.sdstate.edu/go/
https://www.ensembl.org/index.html
https://www.ncbi.nlm.nih.gov/
https://geneontology.org/

https://maayanlab.cloud/Enrichr/enrich
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SynergyFinder+ https://synergyfinder.org/

ChatGPT 4.0 https://chatgpt.com/

Perplexity https://www.perplexity.ai/

DeeplL https://www.deepl.com/en/translator
Connected Papers https://www.connectedpapers.com/
String https://string-db.org/
Blood-Brain-Barrier-Drug-Penetration-Predic-

tions (BDPP) https://unite-bdpp.dkfz.de

3.2 Methods
3.2.1 Cell culture

The cell lines and models were maintained in a humidified environment with 5% CO, at 37°C. All the
cell culture experiments were performed under sterile conditions as well as with sterile consumables
under laminar flow unless stated otherwise.

3.2.1.1. Propagation of cells

Majority of the cell models used in the project were maintained in hydrophobic (low attachment) T25,
T75 and T175 flasks, where they formed spheroids either adherent or in suspension (Table 34). The
spheroids were replenished with fresh medium every 2-3 days. When reached 70-80% confluence,
and/or the core of the spheroids started turning brown (necrosis), they were dissociated. If the sphe-
roids were adherent, the flasks were added with the respective dissociation reagent (Table 34). In case
of spheroids growing in suspension, the cells were collected into 50 ml conical tubes, centrifuged at
500g for 5 minutes and the resulting cell pellet was resuspended with the respective dissociation agent
according to Table 34. After incubation for 5 minutes (min) at 37°C, the cells in the flasks were also
collected into 50 ml conical tubes and pipetted in slow mode a few times until single cell suspension
was obtained, which was checked under microscope. Upon resuspension with 10 ml tumor stem me-
dium (TSM) base, the cells were split according to a defined ratio described in Table 34 unless seeded
for an experiment, and centrifuged at 500g for 5 min. The resulting pellet was resuspended in TSM
complete and transferred to a new flask.

The rest of the cells were maintained in regular tissue culture flasks, where they grew adherent, and
passaged once or twice a week when 70-80% confluence was reached. For passaging, the supernatant
was decanted, and the cells were washed with PBS before being detached with Trypsin/EDTA. Follow-
ing incubation for 5 min at 37°C, the enzymatic reaction was stopped using the respective medium
containing FCS with thrice the amount of trypsin. The cells were seeded in a new cell culture flask
according to their respective splitting ratio described in Table 34.

Table 34. Cell culture conditions.
Dissociation Splitting

Cell models Adherence . Type of flask
agent ratio

HSJD-DIPG-007 Suspension, spheroids ~ Accumax 1:10 Low attachment

SU-DIPG-17 Adherent, spheroids TrypLE 1:30 Low attachment
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Semi-adherent, sphe-
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SU-DIPG-19 roids TrypLE 1:10 Low attachment

SU-DIPG-25 Suspension, spheroids  TryplLE 1:5 Low attachment

SU-DIPG-13 Suspension, spheroids  Accumax 1:3 Low attachment

SU-DIPG-4 Adherent, spheroids TrypLE 1:20 Low attachment

SU-DIPG-21 Suspension, spheroids ~ TryplLE 1:5 Low attachment

SU-pSCG1 Suspension, spheroids  TryplLE 1:5 Low attachment

SJ-DIPGX9 Suspension, spheroids ~ TryplLE 1:2 Low attachment
0.05% Tryp- )

KNS42 Adherent sin/EDTA 1:20 Regular

BT278 Se‘ml-adherent, sphe- TrypLE 1:2 Low attachment

roids

INF_R_1073_relapsel fsirg;-adherent, sphe- TrypLE 1:2 Low attachment
0.05% Tryp- )

SJ-G2 Adherent sin/EDTA 1:20 Regular

SU-pcGBM2 Suspension, spheroids  TryplLE 1:2 Low attachment

Isogenic cell lines Suspension, spheroids ~ Accumax 1:10 Low attachment

VH7/human fibro- 0.05% Tryp- )

blasts Adherent sin/EDTA 1:5 Regular

Regular, Matrigel

0.05% Tryp- ) coating (1:150) in

Fetal astrocytes Adherent sin/EDTA 1:2 DMEM w/o sup-

plements
. . 0.05% Tryp- )
HMC3 (microglia) Adherent sin/EDTA 1:10 Regular

3.2.1.2. Freezing and thawing cells

Before freezing, the cells were expanded into T175 flasks and maintained until 80% confluence was
reached. The TSM complete growing suspension cells were centrifuged at 500g for 5 min. After the
supernatant was discarded, the cell pellet was resuspended in 10 ml ice cold Synth-a-freeze cryopres-
ervation medium. The adherent cells growing in TSM complete were dissociated using their respective
dissociation reagent as described in Table 34. Following resuspension with TSM base and centrifuga-
tion at 500g for 5 min, the supernatant was descanted, and the resulting cell pellet was mixed with 10
ml ice cold Synth-a-freeze cryopreservation medium. 1 ml of the suspension were aliquoted into 10
cryovials, which were frozen at -80°C freezer in a cryogenic container (Mr. Frosty). The next day, the
cryovials were transferred to one of the respective cell storage boxes at -80°C freezer.

For the freezing of the remaining cells, the cells were trypsinized, and their cell number and the via-
bility were assessed using Vi-CELL XR automated cell counter. 1-2 x 10° cells/m| were frozen in their

respective freezing medium (Table 6).

For thawing, the cells were defrosted in 37°C water bath until little ice piece remained in the cryovial
and then resuspended in 10 ml cell culture media after being completely thawed. Next, the cells were
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centrifuged for 5 min at 500g and supernatant containing freezing medium was discarded. The result-
ing cell pellet was resuspended in fresh medium and seeded to a well of ultra-low-attachment 6-well
plate (spheroids) or to a regular T25 flask (non-spheroids) (Table 34).

3.2.1.3 Authentication and contamination testing of cell lines

The cell lines were subjected to comprehensive contamination screening using the Multiplex Cell Con-
tamination Test (McCT) and authenticated via the Multiplex Cell Line Authentication (MCA) test (Mul-
tiplexion GmbH, Friedrichshafen, Germany). To conduct the McCT, 10° cells were collected and cen-
trifuged at 500g for 5 min at tabletop centrifuge. The pellet was resuspended in 100 ul PBS and incu-
bated at 95°C for 15 min. After centrifugation at 20,000g for 5 min, the supernatant was transferred
to a new tube. For MCA test, DNA was isolated from 108 cells using the QIAmp DNA Mini Kit according
to manufacturer’s instructions. DNA amount was quantified by NanoDrop and diluted to 30 ng/ml in
30 ul using DNase and RNase-free water. Both McCT and MCA samples were stored at 4°C until the
analysis.

3.2.1.4. Routine mycoplasma check

Cell lines underwent routine monitoring for mycoplasma contamination via polymerase chain reaction
(PCR) monthly, utilizing the Venor®GeM kit (Minerva Biolabs). In this procedure, 200 pl of the cell
culture supernatant were transferred to a 1.5 ml reaction tube and centrifuged at 500g for 5 min to
pellet down the cells. The supernatant was subjected to 95°C incubation for 5 min and stored at cold
room (4°C) until the analysis, which had been performed by one of the technical assistants in the lab.

3.2.2 Epigenetic drug library printing and screening
3.2.2.1 Epigenetic drug library printing

The epigenetic drug library contains 102 compounds (Table 7), which arrived in vials in a 96-well pack-
age. They were all dissolved in DMSO and came in the same stock concentration of 10 mM, except for
Tazemetostat (2 mM) and Valproic acid (VPA), the latter was dissolved in water to the stock concen-
tration of 1 M. Each compound, except VPA was pipetted to the TECAN D300e dispenser, which dis-
pensed 5 ul of compounds into total of four 384-well long bottom plates in a concentration range.
Each compound was printed in replicates in a dose response series in 10-fold dilutions at five different
concentrations. Literature research was conducted to optimize the concentration range for each com-
pound according to their Cmax'®*in vivo if there were clinical data for the compounds. If not, the con-
centration range was defined based on ex vivo and in vitro findings. The compound concentrations
mainly ranged from 30,000 nM to 3 nM or 3,000 nM to 0.3 nM. In addition to the epigenetic drugs,
benzethonium chloride (BztCl; 300 uM) and staurosporine (STS; 250 uM) were printed on the plates
as positive (dead) controls (Table 10) and dimethyl sulfoxide (DMSO; final concentration 0.3%) as a
negative control. These plates are the so-called source plates were kept in StoragePods (Roylan De-
velopment) which is filled with dry and inert gas to prevent damaging exposure of compounds to
moisture and oxygen. The Mosquito HTS liquid handling system (ttp LabTech) used source plates con-
taining 5 pl of each compound and stamped up to four identical assay plates (384-well round-bottom
plates) from one source plate in one run with 75 nl of each drug in the same layout /concentration
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range as the source plate. VPA was printed on assay plates with TECAN D300e dispenser to the final
concentration range from 1,000,000 nM to 100 nM. The assay plates were used to create dose-re-
sponse profile of each cell model through metabolic activity assay.

3.2.2.2 Metabolic activity assay

Metabolic activity was determined using a single-reagent assay, CellTiter-Glo (CTG) 2.0. The assay aims
at detecting the amount of viable cells by measuring adenosine triphosphate (ATP), a marker indica-
tive of cellular metabolic activity. The luminescent signal obtained from the assay is directly correlated
with the abundance of viable cells.

3.2.2.2.1 Seeding density optimization

To assess optimal seeding density for each cell model, cells were seeded at two-fold dilutions in six
different densities ranging from 62 to 2000 cells in 25 ul per well in 384-well round-bottom plates in
quintuplicate. Five additional wells were kept as blank control, which were only added with 25 ul of
the media of the respective cell model. The cells grew as 3D spheroids in the wells. Upon incubation
for 72 hours (h), the plates and the CTG reagent of CTG 2.0 kit were brought to room temperature.
Next, 15 pl of the CTG reagent were added to each well. Following that the plates were shaken on a
bench-top plate shaker for 5 min and incubated at room temperature for 15 min, the metabolic activ-
ity was measured as luminescence signal using TECAN Spark plate reader pre-warmed to 28°C. The
results were normalized to the mean value of the blank controls. The linear relationship between in-
creasing number of cells and signal (relative light unit, RLU) were considered while deciding on the
optimal seeding density (Table 35).

3.2.2.3 Assessing drug sensitivity

To examine the drug response, the cells were seeded onto ready-to-use drug-printed assay plates
according to their corresponding seeding densities (Table 35), incubated for 72h and then with CTG
substrate to measure cell viability as described in 3.2.2.2.1 Seeding density optimization. The results
were analyzed using a Shiny App containing an R package, named iTReX (https://itrex.kitz-heidel-
berg.de/iTReX/)!®. iTReX computes an extended version of the drug sensitivity score (DSS) based on
advanced five-parameter log-logistic equation fit to dose-response curves. This asymmetric scoring

method called, DSS.m, quantifies drug sensitivities for each cell model and compound.
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Seeding density Table 35. Seeding densities for metabolic activity assays.
Cell model per well (25 pl) 384-well round bottom plates were used, where cells
formed 3D spheroids. Incubation time was 72h.
BT278 1000
KNS42 500
HSJD-DIPG-007 750
SU-DIPG-19 1000 3.2.3 TDSU drug library printing and com-
SU-DIPG-13 750 bination screens
SU-DIPG-25 1000
SU-DIPG-21 750 3.2.3.1 TDSU drug library printing
SU-DIPG-17 750
The Translational Drug Screening Unit (TDSU) drug
SU-DIPG-4 1000 . . - .
library used in combination screens is based on the
S)-DIPG-X9 750 one generated by Peterziel et al., 2022 featuring
SU-pSCG1 750 originally 76 drugs relevant to cancer treatment*®.
SU-pcGBM2 500 An extended version of the library comprising 86
SJ-G2 500 compounds was used in this project (Table 8). The
INF_R_1073_relapsel 1000 compounds of the library were printed on 384-well
T 1000 Iong—bottorrj plates .as .descrlbed in 3.2.2.1 Epige-
000 netic drug library printing by another doctoral stu-
aLileE ! dent, Sonja Herter, in the lab. Each of the four plates
VH7 2000

contained drugs at five different concentrations
centered around their respective Cna®*. Additionally, each plate included STS and BztCl as dead con-
trols (positive controls), in addition to negative control wells containing DMSO. One of the source
plates were added with 11 more epigenetic compounds from the drug classes of the identified epige-
netic hits (CDK9i, BETi, AURK:i) in a similar way to test the interaction between two epigenetic com-
pounds (Table 9). Then assay plates were produced by replicating all four source plates using the Mos-
quito HTS liquid handling system.

3.2.3.2 Printing of the combination partner

The TDSU compounds were printed in a concentration range in duplicates on the two halves of a 384-
well round-bottom assay plates. To one of the two halves, the epigenetic combination partner of in-
terest was added at 25% inhibitory concentration (IC25) for the respective cell model to be screened
(Table 36). With this, each TDSU drug library compound was screened as a single agent and in combi-
nation with one of the epigenetic hits.

Table 36. Cell models analyzed in combination screens and the combination partners.

Combination partner analyzed in combination screen with TDSU drug li-
Cell model

brary/1C25 (nM)
HSJD-DIPG-007 atuveciclib/565.6 mivebresib/7.6 alisertib/9.8
SU-DIPG-17 atuveciclib/744.2 mivebresib/18.8 alisertib/30.1
SU-DIPG-19 atuveciclib/471.7 mivebresib/3.5 alisertib/221.8
SU-DIPG-25 atuveciclib/433 mivebresib/15.7 alisertib/9.3
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3.2.3.3 Examining compound combination sensitivity

Four H3K27M mutant cell models were picked, which were HSJD-DIPG-007, SU-DIPG-17, SU-DIPG-19
and SU-DIPG-25. The experimental setup was the same as described in 3.2.2.3 Assessing drug sensi-

tivity. The raw data obtained from metabolic activity assay was run on iTreX'®

, Which provided two
types of DSSasym: DSSasym_mono and DSS.sym_combo for single agent and combination treatments, re-

spectively.

3.2.3 Synergy screens

Synergistic interaction between two compounds was investigated using two different methods: mul-
tiple-ray design and matrix design. Metabolic activity was measured as a readout in both methods.

3.2.3.1 Synergy screen with multiple-ray design

For the evaluation of potential synergistic interaction between atuveciclib (CDK9i) and BMS-986158
(BETi) for H3K27M DMG cell models, the ray design approach was employed with seven rays. This
method utilizes a set of fixed ratios to combine the compounds. Each ray design contained seven rays:

e Two rays corresponded to each drug alone (single agent rays).

o Rays 0 and 1 were assigned to the IC50s of atuveciclib (CDK9i) and BMS-986158 (BETi),
respectively for each individual cell model.

e Five rays consisted of five concentrations of both drugs combined in a fixed proportion unique
to each ray with respect to their IC50s (combination rays).

o 41to 1: Four parts atuveciclib (CDK9i) and one part BMS-986158 (BETi).

o 1.86to 1: 1.86 parts atuveciclib (CDK9i) and one part BMS-986158 (BETi).
o 1to 1: Equivalent ray consisting of equal parts of each compound.

o 11to 1.86: One part atuveciclib (CDK9i) and 1.86 part BMS-986158 (BETi).
o 1to 4: One part atuveciclib (CDK9i) and four parts BMS-986158 (BETi).

e For each combination, the drugs were serially diluted into seven levels, centered around the
IC50 for each drug, thereby covering a range from the minimal to maximal effective concen-
trations. This design allowed for a detailed dose-response curve, facilitating the identification
of dose-dependent synergistic, antagonistic, or additive effects.

o Minimum (min) and maximum (max) concentration tested were 0 to 30,000 nM for atu-
veciclib (CDK9i) and 0 to 3,000 nM for BMS-986158 (BETi).
o Dilution factors varied for each cell model to stay within min and max concentrations.
- 100, 10, 3,1, 0.3, 0.1 and 0.03 for HSJD-DIPG-007 and SU-DIPG-17.
- 8,4,2,1,0.5,0.25 and 0.125 for SU-DIPG-19.
- 31,10,3,1,0.3,0.1 and 0.03 for SU-DIPG-25.

The efficacy of drug combinations was quantitatively assessed using metabolic activity assay for the
stated four cell models, which were also investigated in combination screens (Table 36). The degree
of synergy based on the results from two replicates was calculated using Loewe model*® by Dr. Tim
Holland-Letz. The model exploited the interaction index (ii) to evaluate interaction effects. An ii less
than 1 indicated synergy, equal to 1 indicated an additive effect, and greater than 1 suggested antag-
onism.
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The analysis from Dr. Tim Holland-Letz included IC50 values corresponding to each ray, based on which
the concentrations of combination partners were determined given that the proportion of each com-
pound was predefined. This helped delineate the concentrations of both compounds used in combo
low treatment specific for each cell model.

The multiple-ray design method was chosen to determine the synergistic ratios between the two com-
pounds, which could potentially form a basis for the design of in vivo zebrafish xenograft experiments.

3.2.3.2 Synergy screen with matrix design

For the investigation of probable synergistic interaction between KB-0742 (CDK9i) and BMS-986158
(BETi) or CC-90010 (BETi) was investigated with 7x7 matrix design using SynergyFinder+'¥’. Each con-
centration of KB-0742 (CDK9i) was combined with each concentration of either of the BETis. Only SU-
DIPG-17 was examined in this experiment. The interaction between the compounds was measured
employing Loewe model. The 2D synergy maps generated by SynergyFinder+ displayed synergistic and
antagonistic dose regions in red and green colors, respectively. The heatmaps also helped identify the
most synergistic areas.

3.2.4 Western Blot
3.2.4.1 Cell lysate preparation

HSJD-DIPG-007 cells were seeded according to Table 37, and treated according to Table 38. For cell
lysis, cells were washed with ice-cold PBS once following harvesting, and lysed in 150-200 pl RIPA
buffer (Table 17). Lysates were incubated on ice for 30 min, centrifuged at maximum speed for 30 min
at 4°C, and the supernatant of each sample was transferred to a new 1.5 ml tube.

Table 37. Seeding densities in all experiments.

Method Plate format Cell model Seeding density
Epigenetic drug 384-well round bottom  All cell models Table 35

library screen

Combination 384-well round bottom HSJD-DIPG-007, SU-DIPG-17, Table 35
screens SU-DIPG-19, SU-DIPG-25

Synergy screens 384-well round bottom  HSJD-DIPG-007, SU-DIPG-17, Table 35
SU-DIPG-19, SU-DIPG-25

HCM imaging 384-well round bottom  SU-DIPG-17, HSJD-DIPG-007, Table 35
KNS42, HMC3

Sample genera- Ultra-low attachment 6- HSJD-DIPG-007 108/2 ml

tion for WB well

Sample genera- Ultra-low attachment 6- HSJD-DIPG-007, SU-DIPG-17,  10%/2 ml in tripli-
tion for RNAseq well SU-DIPG-19, SU-DIPG-25 cates
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Sample genera-
tion for MS/MS
proteomics

Caspase-3/7 as-
say

Soft-agar colony
formation assay
Flow cytometry

Ultra-low attachment 6-
well

Ultra-low attachment 6-
well

6-well

Ultra-low attachment 6-
well

Table 38. Concentrations used in in vitro assays.

Cell model

HSJD-DIPG-007

SU-DIPG-17

SU-DIPG-25

MATERIALS & METHODS

HSJD-DIPG-007, SU-DIPG-17,  108/2 ml in tripli-
SU-DIPG-19, SU-DIPG-25, cates

INF_R_1073 relapsel

HSJD-DIPG-007, SU-DIPG-17,  10%/2 ml

SU-DIPG-25
SU-DIPG-17

HSJD-DIPG-007

8,000

10%/2 mlin 6 wells
per treatment

Compound concentration (nM)

IC50 for IC50 for
atu- BMS-
veciclib 986158
(CDK9i) (BETi)

850 27
1522 21
716 103

Combo

(combination reaches
to 50% inhibition)

atuveciclib
(CDK9i)
BMS-
986158
(BETI)
atuveciclib
(CDK9i)
BMS-
986158
(BETI)
atuveciclib
(CDK9i)
BMS-
986158
(BETI)

3.2.4.2 Measurement of protein concentration

low

155

5.5

277

54

83

Combo high
o
:3;\2%—)986158 57
e asm
:3;\2%—)986158 21
S s
:3;\2%—)986158 103

Protein concentrations were measured utilizing the Pierce™ BCA Protein Assay Kit as per the instruc-

tions provided by the manufacturer. A range of protein standards, using albumin supplied in the kit

from 2000 pg/ml down to 25 pug/ml, was prepared in the appropriate lysis buffers (RIPA, Caspase-3/7

assay buffer). These standards were consistently maintained on ice and stored at -20°C when not in

use. Samples were diluted in ratios from 1:2 to 1:6 with their specific lysis buffers to align the concen-

trations within the range of the standard curve. 5 ul of each sample or standard were pipetted into a

clear, flat-bottom 96-well plate in triplicate, and then 200 pl of the BCA working solution (combining

reagent A and reagent B in a 50:1 ratio) was added. Following a 30 min incubation at 37°C, the colori-

metric change, indicative of the protein amount, was assessed using FLUOstar OPTIMA plate reader

by measuring the absorbance at 570 nm.
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3.2.4.3 Gel electrophoresis and immunoblotting

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was conducted to separate proteins based on
their molecular weight using pre-cast gels from Bio-Rad (4-20% and 7.5%). 20-30 ul of 10 pg protein
per sample were loaded in 10-comb gels, and 15 pl of 10 ug protein in 15-comb gels. For all the gels,
the Precision Plus Protein™ Kaleidoscope™ Prestained Protein Standard ladder was also loaded to pre-
dict the sample protein molecular weight. The gel electrophoresis was run in an electrophoresis cham-
ber containing 1:10 diluted 10X Tris-SDS Running Buffer from Bio-Rad at 100 V.

PVDF membranes were activated in either ethanol or methanol for 1-2 min and kept wet in 1:10 di-
luted 10X Transfer Buffer from Bio-Rad until the transfer. Membrane and gel were sponged between
Trans-Blot Turbo RTA Transfer Kit pads soaked in 1X BioRad Transfer Buffer. The proteins were trans-
ferred to a PVDF membrane from the SDS-PAGE gel using Trans-Blot Turbo RTA Mini 0.45 uM PVDF
Transfer Kit with the Trans-Blot Turbo Transfer System for 10 min at 1.3 A (one mini gel) or 2.5 A (two
mini gels) and up to 25 V.

Following the transfer, the SDS-PAGE gel was stained with Coomassie stain (Table 22) for 30 min at
room temperature to decipher whether all the proteins could be transferred. The membrane was im-
mersed in absolute ethanol for 1 min and stained with Ponceau (Table 23) for 5 min at room temper-
ature to detect the transferred proteins.

After the Ponceau staining, the membrane was blocked in 5% milk (Table 24) or 5% BSA (Table 25) for
1h at room temperature. Then, the membrane was incubated with the primary antibody (Table 11)
overnight (O/N) at 4°C. Horse radish peroxidase (HRP) conjugated secondary antibody (Table 12) in-
cubation was conducted at room temperature for 2h. The membrane was washed with TBS-T (Table
21) three times for 5 min after both antibody incubations. The detection of antibody binding was
achieved through the chemiluminescence produced by enhanced chemiluminescence (ECL) substrates
upon interaction with HRP, which was captured using an Azure Imaging System 400. Images were
analyzed using Imagel.

3.2.5 Caspase-3/7 activity assay

Caspase-3/7 activity assay was performed using Caspase-3/7 kit (Table 30), which depicted potential
apoptotic induction in H3K27M DMG models (HSID-DIPG-007, SU-DIPG-17 and SU-DIPG-25) under
mono- and combination therapy. The cells were seeded as detailed in Table 37, and treated
subsequently according to Table 38. After 24h incubation, the cells were harvested and pelleted at
500 g at 4°C in 2 ml reaction tubes. The cell pellets were washed with ice-cold PBS and spinned down
at 2000 g for 5 min at 4°C. The pellets were lysed in 65 pl ice-cold caspase assay cell lysis buffer on ice
for 15 min.

To quantify the protein amount, BCA was performed with 1:2 diluted lysates and standards prepared
in caspase assay cell lysis buffer as explained in 3.2.4.2 Measurement of protein concentration. All
the samples were diluted to 50 pg in 50 pl lysis buffer. 50 pl of lysis buffer were used as blank. The
samples and the blank controls were mixed with 50 ul 2x reaction buffer containing fresh 10 mM DTT.
Lastly, 5 ul of the substrate were added to each sample and blank, and mixed thoroughly by pipetting.
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The samples and the blank control were transferred in technical duplicates of 50 pl into a black flat-
bottom 96-well plate. Subsequently, the plate was subjected to fluorescent emission measurement
using a pre-warmed FLUOstar OPTIMA plate reader at 37°C, with readings taken every 10 min over a
3h period (20 cycles). The plate reader was configured for excitation at 380 nm and emission detection
at 520 nm, with a gain setting of 1400. Following the assay, the software integrated with the BMG
Reader Control Software was utilized to determine the time window exhibiting linear increase in flu-
orescent signal, and the slope of this linear increase was calculated accordingly. Graphs were plotted
using GraphPad Prism v10.0.2. This experiment was repeated thrice for each cell model.

3.2.6 Soft-agar colony formation assay (Soft-agar CFA)

To assess the impact of drugs on the growth of cells in an anchorage-independent manner, soft agar
CFA was conducted. Initially, a 3% sterile agar solution was melted at 45°C and combined with TSM
complete (Table 6), resulting in a final concentration of 0.6%. Subsequently, 2 ml of this mixture were
added to each well of a 6-well plate, serving as the base layer. After the bottom layer was solidified,
the upper layer, containing 8,000 SU-DIPG-17 cells together with varying drug concentrations (Table
38), were mixed with a 3% agar solution and TSM complete to achieve a final agar concentration of
0.3%. This top layer was then poured over the base layer in each well. Upon the solidification of the
top layer, the plates were incubated at 37°C, 5% CO,. One day after the seeding and every three days,
200 pl of TSM complete were added to each well to prevent the agar and the cells from drying. After
12 days, colonies were stained with 200 pl of MTT at a final concentration of 1 mg/ml O/N at 37°C.
The next day, each well was visualized with Azure Imaging System 400. Each treatment was tested in
duplicates. Images were generated using ImageJ.

3.2.7 High content microscopy imaging

To examine the cytostatic and cytotoxic effect of the treatments, high content microscopy (HCM) im-
aging was performed. SU-DIPG-17, HSJD-DIPG-007, KNS42 and HMC3 cells were stained with TMRE
(final concentration 100 nM) and seeded in 384-well round-bottom plates according to Table 37 in 14
replicates. 24h later, the spheroids were imaged using ImageXpress Micro Confocal High-Content Im-
aging System with 10x objective and Cy3 channel, and treated subsequently according to Table 38
with Tecan D300 drug dispenser. Both KNS42 and HMC3 were subjected to treatment conditions of
HSJD-DIPG-007 and SU-DIPG-17 (Table 38). 300 uM BztCl was used as a dead control and DMSO as a
negative control. 72h after the treatment, each well was added with 25 pl of TSM complete (Table 6)
containing 2X RedDot2 and 10 pg/ml Hoechst (Table 28), where they were diluted 1:2 more, and in-
cubated at 37°C, 5% CO, for 30 min. Following incubation with the dyes, the plates were imaged again
using the same settings including Cy5 and DAPI channels being activated. Image analysis was per-
formed using CellProfiler for spheroid area measurement and dead cell quantification, for the latter
CellProfiler Analyst was also employed.
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3.2.8 RNA sequencing
3.2.8.1 Sample generation

Gene expression analysis was conducted to decipher the mechanism of action behind the compound
and compound combination effect on H3K27M DMGs. HSJD-DIPG-007, SU-DIPG-17, SU-DIPG-19 and
SU-DIPG-25 cells were seeded and subsequently treated as indicated Table 37 and Table 39, respec-
tively in three technical and five biological replicates. 24h later, the cells were harvested and pelleted
down by centrifugation at 500g for 5 min. The resulting pellet was washed with ice-cold PBS thrice
and RNA was extracted using RNeasy Mini Kit with on-column DNA digestion according to the manu-
facturer’s instructions. RNA concentration was measured using Nano-Drop ND-1000 spectrophotom-
eter. RNA integrity representing the RNA quality was measured using 2100 Bioanalyzer and Agilent
RNA 6000 Nano Kit according to the manufacturer’s instructions.

Table 39. Treatment conditions used in omics analyses. Concentrations refer to IC50 for the respective cell
model.

Compound concentration (nM)

Cell model atuveciclib (CDK9i) ~ BMS-986158 (BETi) Combo low
tuveciclib (CDK9i) ~ 155
HSID-DIPG-007 850 27 gl\:\s;;scells(s (BETIi)) 5.5
tuveciclib (CDK9i) 277
SU-DIPG-17 1522 21 gl\:\s;;scells(s (BETIi)) 4
tuveciclib (CDK9i) 208
SU-DIPG-19 726 483 gl\:\:;scells(s (BETIi)) 130
SU-DIPG.25 16 103 atuveciclib (CDK9i) 54

BMS-986158 (BETi) 83

3.2.8.2 RNA sequencing

Total of 80 RNA samples were diluted to a final concentration of 60 ng/pl in 40 pl nuclease-free water
based on Nano-Drop results for submission to Next-Generation Sequencing (NGS) Core Facility at the
DKFZ, where the sequencing was conducted. Briefly, sequencing libraries were constructed using the
[llumina TruSeq mRNA Stranded Kit, adhering to the guidelines provided by the manufacturer. mRNA
was isolated from 500 ng of total RNA via oligo(dT) beads. Subsequently, the poly(A) containing RNA
was broken down into 150 bp fragments, synthesized into complementary DNA (cDNA), end-repaired,
adenylated at the 3’ end, adapter-ligated, and PCR-amplified for 15 cycles. The completed libraries
were then undergone quality control (QC) analysis using Qubit and TapeStation. 150 bp paired-end
sequencing was carried out by an [llumina NovaSeq 6000, following the manufacturer’s protocol.

3.2.8.3 Data analysis

The resulting FASTq files were subjected to downstream analysis involving read-trimming, alignment
to the hg19/GRCh37 human genome and calculation of raw read counts and transcript per million
(TPM) values by the One Touch Pipeline (OTP)!8 at the DKFZ. Both the raw data and TPM values of 80
samples were uploaded to R2: Genomics Analysis and Data Visualization Platform®®® for subsequent
gene expression analyses.
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3.2.9 LC-MS/MS proteomics
3.2.9.1 Sample generation

The same cells analyzed in RNA sequencing (RNAseq) were seeded, treated under the same conditions
and harvested as described in 3.2.8.1 Sample generation. Additionally, INF_R_1073_relapsel (H3 WT)
cells were seeded according to Table 37 and treated using the treatment conditions of each H3K27M
DMG model as detailed in Table 39. This way one to one comparison between H3 WT and H3K27M
pHGG cells was ensured. Following the ice-cold PBS washing of the pellets, the cells were lysed in 100
ul lysis buffer (Table 18) and proceeded as highlighted in 3.2.4.1 Cell lysate preparation. Four biolog-
ical replicates were generated per cell model and treatment condition. Protein concentration of 128
1:4 diluted samples was measured using PierceTM BCA Protein Assay Kit according to the manufac-
turer’s instructions as detailed in 3.2.4.2 Measurement of protein concentration.

3.2.9.2 Sample processing

The protein samples were diluted to 500 ng/ul final concentration in 40 ul lysis buffer (Table 18) for
submission to Proteomics Core Facility at the DKFZ, where the liquid chromatography-mass spectrom-
etry (LC-MS/MS) analysis took place. Below is the text from the Proteomics Core Facility describing
how they have processed the samples:

“Proteins (10 ug) were trypsin digested using an AssayMAP Bravo liquid handling system (Agilent tech-
nologies) running the autoSP3 protocol according to Miiller et al.**°.

A LC-MS/MS analysis was carried out on an Ultimate 3000 UPLC system (Thermo Fisher Scientific) di-
rectly connected to an Orbitrap Exploris 480 mass spectrometer for a total of 120 min. Peptides were
online desalted on a trapping cartridge (Acclaim PepMap300 C18, 5um, 300A wide pore; Thermo Fisher
Scientific) for 3 min using 30 ul/min flow of 0.05% TFA in water. The analytical multistep gradient (300
nl/min) was performed using a nanoEase MZ Peptide analytical column (3004, 1.7 um, 75 um x 200
mm, Waters) using solvent A (0.1% formic acid in water) and solvent B (0.1% formic acid in acetoni-
trile). For 102 min the concentration of B was linearly ramped from 4% to 30%, followed by a quick
ramp to 78%, after 2 min the concentration of B was lowered to 2% and a 10 min equilibration step
appended. Eluted peptides were analyzed in the mass spectrometer using data independent acquisi-
tion (DIA) mode. A full scan at 120,000 (120k) resolution (380-1400 m/z, 300% AGC target, 45 ms
maxIT) was followed by 40 windows of variable width covering the mass range of 400-1000 m/z for
fragment spectrum acquisition (collision energy 28%, resolution 30k and the maximum injection time
was 54 milliseconds (ms) with and AGC target of 1000%).

Analysis of DIA RAW files was performed with Spectronaut (Biognosys, version 17.1.221229.55965) in
directDIA+ (deep) library-free mode. Default settings were applied with the following adaptions. Within
the Pulsar Search in Peptides the Max Peptide Length was set to 35, in Result Filters the Peptide Charge
was enabled and the Max Charge set to 6 and the Min Charge set to 2. Within DIA Analysis under
Identification the Precursor PEP Cutoff was set to 0.01, the Protein Qvalue Cutoff (Run) set to 0.01 and
the Protein PEP Cutoff set to 0.05. In Quantification the Proteotypicity Filter was set to Only Protein
Group Specific, the Corss-Run Normalization was disabled, the Quantification window was set to Not
Synchronized and the Major Group Quantity was set to Sum peptide quantity. The data was searched
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against the human proteome from Uniprot (human reference database with one protein sequence per
gene, containing 20,591 unique entries from first of March 2023) and the contaminants FASTA from
MaxQuant (246 unique entries from twenty-second of December 2022).”

3.2.10 Radiosensitization analysis

To explore the potential radiosensitization effect of combo low, metabolic activity assay and CFA were
conducted in collaboration with Prof. Marlon Veldwijk in UniKlinikum Mannheim. All the experiments
in this section were repeated three times.

3.2.10.1 Plating efficiency test

Plating efficiency of HSID-DIPG-007, SU-DIPG-17, SU-DIPG-19, SU-pcGBM2, BT278 and
INF_R_1073_relapsel was determined by Prof. Veldwijk as described in Veldwijk et al., 2011,

3.2.10.2 Radiosensitivity assessment via colony formation assay

Radiosensitivity of HSJD-DIPG-007, SU-DIPG-17 and SU-DIPG-19 was assessed by Prof. Veldwijk’s
group according to Furth et al., 198192 performing a colony formation assay.

3.2.10.3 Metabolic activity analysis of combo low in conjunction with radiotherapy

To examine optimal drug combinations, which can potentially sensitize the H3K27M DMG models to
irradiation, metabolic activity assay was performed. In brief, HSJID-DIPG-007, SU-DIPG-19 and SU-
DIPG-25 cells were seeded according to Table 35 in drug-printed 384-well round-bottom plates. To
form a dose-response curve, a layout was prepared similar to the one described in 3.2.3.1 Synergy
screen with multiple-ray design specific for each cell model. The plates included BztCl and DMSO as
positive and negative control, respectively. Each cell model was analyzed in three plates, each of which
received different Gy doses (SF100 (0 Gy), SF75 (IC25) and SF50 (IC50)) predetermined in 3.2.10.2
Radiosensitivity assessment via colony formation assay 24h after being seeded and incubated with
drug combinations. 72-96h after irradiation, metabolic activity assay was performed using CTG as de-
scribed 3.2.2.2 Metabolic activity assay. The results were analyzed and plotted using GraphPad Prism
v10.0.2.

3.2.10.4 Radiosensitization exploration via colony formation assay

H3K27M DMG models, HSJD-DIPG-007 and SU-DIPG-17 cells, were seeded in 96-well plates and
treated subsequently according to (Table 40). 24h later, they were subjected to radiotherapy (RT) in
Gy doses of 0, 2, 4, 8 and 10. SU-pcGBM?2 (H3 WT) was also analyzed to demonstrate that presence of
H3K27M mutation is the sensitizing factor to RT when subjected to combo low treatment. For SU-
pcGBM?2, the highest concentrations of atuveciclib (CDK9i) and BMS-986158 (BETi) used in combo low
treatments of HSJD-DIPG-007 and SU-DIPG-17 were applied (Table 40).
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Table 40. Compound doses used in radiosensitization assay.
Cell model Compound concentration (nM)
Combo low
HSJD-DIPG-007 atuveciclib (CDK9i) 155
BMS-986158 (BETi) 5.5

SU-DIPG-17 atuveciclib (CDK9i) 277
BMS-986158 (BETi) 4
SU-pcGBM2 atuveciclib (CDK9i) 277

BMS-986158 (BETi) 5.5

3.2.11 Exploration of DNA damage induction in H3K27M DMG cell model under
treatment

The experiments explained here were performed in collaboration with Prof. Dr. Oliver Kramer at
UniMedizin Mainz.

3.2.11.1 DNA damage investigation with WB

HSJD-DIPG-007 cells were seeded according to Table 37 and subsequently treated with atuveciclib
(CDK9i), BMS-986158 (BETi) and combo high as detailed in Table 38. Additionally, 1 mM hydroxyurea
was used as a positive control for DNA damage analysis, and non-treated cells were kept as a negative
control. Moreover, 0.1% DMSO treatment was kept as a solvent control. 16h later, the cells were har-
vested, centrifuged at 500g for 5 min, the pellet was washed with ice-cold PBS once, pelleted down at
the same conditions, snapped frozen on dry ice and kept at -80°C. The samples were analyzed in WB

for yH2A.X, PARP1 cleavage, pChk1 and ACTB by Prof. Kramer’s technician as described in Pons, M., et
Y ge,p y
a|.193.

3.2.11.2 DNA damage investigation with flow cytometry

HSJD-DIPG-007 cells were seeded according to Table 37 and subsequently treated with atuveciclib
(CDK9i), BMS-986158 (BETi) and combo high as detailed in Table 38. Additionally, 1 mM hydroxyurea
was used as a positive control for DNA damage analysis, and non-treated cells were kept as a negative
control. Moreover, 0.1% DMSO treatment was kept as a solvent control. 16h later, the cells were col-
lected into 15 ml tubes, centrifuged at 500g for 5 min, dissociated with 1ml Accumax as described in
3.2.1.1. Propagation of cells. Resulting cell pellets were resuspended in 200 pul PBS and were prefixed
with 2 mlice cold 1% paraformaldehyde (PFA) in PBS for 15 min. Then, 5 ml PBS were added, and the
cells were centrifuged at 300g for 5 min. After washing with PBS and centrifugation steps were re-
peated, the pellets were resuspended with 200 pl PBS, added with 2 mlice cold 80% EtOH (-20°C) and
kept on ice while being transported to Mainz for flow cytometry analysis. Next, the cells were added
with 5 ml PBS and centrifuged at 300g for 5min. The resulting pellets were resuspended with 5 ml PBS
and incubated at room temperature for 5 min. After centrifugation, the pellets were permeabilized
with 1 ml 0.25% Triton X-100 in PBS and incubated on ice for 5 min. Next, tubes were added with 5 ml
PBS and centrifuged. The pellets were resuspended in 100 pl 1% BSA in PBS containing 0.5 pg anti-
YH2A.X Ab and incubated at room temperature with gentle agitation for 2h. Next, the cells were added
with 1 ml 1% BSA in PBS and centrifuged. The pellets were resuspended in 100 pl 1% BSA in PBS con-
taining 3.33 ug Alexa Fluor® 488-conjugated goat secondary Ab and incubated at room temperature
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with gentle agitation in dark for 1h. Next, the cells were added with 1 ml 1% BSA in PBS and centri-
fuged. The pellets were resuspended in 500 pl PBS containing 10 pg/ml Pl and 100 ug/ml RNase, incu-
bated for 30 min at 37°C in the dark and the cells were analyzed in flow cytometry measuring green
(530 nm) and red (>590 nm) fluorescence using blue light excitation (488 nm) for yH2A.X and Pl stain-
ings, respectively with the help of Prof. Kramer’s PhD student, Andreas Mieland.

3.2.12 Toxicity assay, xenotransplantation and drug treatment in zebrafish embryo

To validate the effect of the compounds and their combination in vivo, the zebrafish xenografts were
used.

3.2.12.1 Zebrafish embryo toxicity assay

Maximum tolerated dose (MTD) and lethal dose (LD) of both atuveciclib (CDK9i) and BMS-986158
(BETi), as well as their combination were determined in a toxicity assay using zebrafish embryos. This
experiment was performed by our MD student, Charlotte Gatzweiler. The concentrations of atu-
veciclib (CDK9i) and BMS-986158 (BETi) used in the toxicity analysis were mentioned in the respective
figure, and that of different combinations of these compounds were detailed in Table 41.

Table 41. Compound combination concentrations used in zebrafish embryo toxicity analysis.
Combination atuveciclib (CDK9i) BMS-986158 (BETi)

1 10 um 0.25 uM
2 7 UM 0.325 uM
3 13 uM 0.175 uM
4 16 uMm 0.1 uMm

5 20 uM 0.5 uMm

6 50 uM 0.5 um

Upon collection of zebrafish eggs, they were washed, and incubated in a petri dish with 1X E3 embry-
onic buffer (Table 27) at 28.5°C. At 24h post-fertilization (hpf), the buffer was replaced with 1X E3
embryonic buffer containing 0.2 mM 1-phenyl-2-thiourea (PTU buffer) to inhibit pigmentation.

Zebrafish embryos were treated at 2 days post-fertilization (dpf) in 48-well plates with increasing drug
concentrations in PTU buffer and solvent control (DMSO). Effective drug concentrations are generally
10-to 20-fold higher in the zebrafish embryo xenograft model compared to cell culture experiments'®*
1% Therefore, drug concentrations were adjusted to 10 times the in vitro metabolic IC50s (e.g., IC50
atuveciclib (CDK9i) = 700-1500 nM; 10-fold = 7-15 uM). During the treatment period (2 dpf to 5 dpf),
the embryos were maintained at 34°C. Three embryos were analyzed per treatment condition. Imag-
ing was conducted at 3 dpf and 5 dpf using a stereo microscope. Embryos were monitored for toxicity
indicators such as morphological changes (curvature of body, edema), mortality, and responsiveness
to external stimuli. MTD was identified as the highest concentration tested that did not result in tox-

icity signs, and LD as the dose which resulted in mortality.
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3.2.12.2 Zebrafish embryo xenotransplantation

The experiments in this and following section (3.2.12.3 Zebrafish embryo xenograft imaging and
treatment) were conducted by Dr. Sara Najafi in our lab. HSJD-DIPG-007 and KNS42 cells were disso-
ciated as previously described 3.2.1.1. Propagation of cells. The number of cells was assessed using
Vi-CELL XR automated cell counter, subsequently 10° viable cells/ml| were stained with CM-Dil or DiD
(Table 28) according to manufacturer’s guidelines. In brief, cells were incubated at 37°C for 10 min,
then centrifuged and washed three times with FCS-free RPMI medium without phenol red. Subse-
qguently, cells were resuspended in 1 ml of the same medium and incubated with 1 pl of Benzonase
for 10 min at room temperature. Following an additional centrifugation, the cells were resuspended
to a density of 108 cells/ml. A 40 um cell strainer was used for HSJD-DIPG-007 cells prior to labelling
besides described steps.

During microinjections, cells were kept on ice and protected from light. Embryos were anesthetized
using 0.02% (w/v) tricaine diluted in PTU buffer. 10 uL of cell suspension were loaded into each capil-
lary and injected into the yolk sac of the embryos using an Eppendorf Femtolet microinjector and a
stereomicroscope. Post-injection, tumor cell bearing zebrafish embryos were identified and main-
tained at 34°C.

3.2.12.3 Zebrafish embryo xenograft imaging and treatment

1-day post-injection (dpi), tumor bearing zebrafish embryos were placed in 96-well Hashimoto
zebrafish imaging plates and imaged with HCM at 34°C with 4x objective by acquiring multiple stacks
to evaluate tumor volume. Following imaging, embryos were treated with compounds diluted in PTU
for 48h in non-treated 48-well plates at 34°C. 3 dpi, the embryos were anesthetized using 0.02% (w/v)
tricaine in PTU buffer and imaged using HCM at 34°C in Hashimoto plates. The change in tumor volume
after treatment was evaluated with an automated analysis pipeline created in Imagel.

)196197 was utilized to cal-

The zebrafish-adapted Response Evaluation Criteria in Solid Tumors (RECIST
culate and illustrate the drug response. For a tumor to be classified as having progressive disease (PD),
its volume must increase by at least 20%. Conversely, for a tumor to be classified as having a partial

response (PR), its volume must decrease by more than 30%.

The plots were generated using GraphPad Prism v10.0.2 by me.

3.2.13 Statistical analyses

Drug sensitivity evaluations of epigenetic drug library and compound combination screens following

metabolic activity assays was performed using iTReX app (https://itrex.kitz-heidelberg.de/iTReX/)*®,

which computed DSSasym for mono and combination treatments, Z’, IC25 and IC50, and generated
dose-response curves. Hierarchical clustering heat map and PCA analyses of the epigenetic drug
screening were performed by Dr. Duy Nguyan. The multiple-ray design screen metabolic activity assay
raw data were analyzed using a Shiny App containing an R package designed by Dr. Tim Holland-Letz.
RNAseq data was uploaded and analyzed in R2 genomics Analysis and Visualization Platform
(https://hgserverl.amc.nl/)*®. Proteomic data analyses were conducted using ShinyGO0.80
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(http://bioinformatics.sdstate.edu/go/)**® All other statistical analyses were conducted in GraphPad
Prism v10.0.2 or R studio (version 4.2.2). The statistical test details and the number of biological rep-
licates for each experiment were detailed in the respective figure legends. Significance was defined as

p-value or adjusted (adj.) p-value < 0.05.

3.2.14 The use of artificial intelligence

ChatGPT4 was used to proofread part of the text in this thesis. It was only used for editing purposes,
the context was not generated by it. All unpublished, sensitive information was anonymized during
the proofreading of the text to prevent its disclosure. It was also employed to write R codes for data
analysis, specifically for omics part. Deepl was used to translate the summary to German, which was
then proofread by my friend, Anna Hartley.
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4 Results
4.1 Establishment of the epigenetic drug library to target H3K27M DMGs

DMGs with H3K27M mutation harbor drastic changes in their epigenome due to polycomb repressive
complex 2 (PRC2) sequestration and resulting global decrease in H3K27me3, a post-translational mod-
ification (PTM) that is associated with inactive transcription. Furthermore, an increase in H3K27ac on
H3 WT is reported in these tumors*’, which is linked to open chromatin and active transcription. Owing
to these alterations in the epigenome, H3K27M DMG is considered an epigenetic disease with tran-
scriptional vulnerability. In consequence, a therapy specifically targeting the epigenome might be a
promising strategy to tackle this disease. Accordingly, | aimed at identifying epigenetically-acting drugs
selectively targeting H3K27M DMG culture models.

A. Epigenetic drug library B. Distribution of drugs in clinical development

Sirtuin

approved
8% pp

13%

phase 3

phase 2
21%

others
11%

phase 1
5% 19%

Figure 4. Epigenetic drug library. (A) Pie diagram of drug targets and (B) the proportion of compound in clinical
development. HAT: histone acetyltransferase; HDAC: histone deacetylase; AURK: aurora kinase; BET: bromo-
domain and extra terminal domain protein; JAK: janus kinase; DNMT: DNA methyltransferase; HDM: histone
demethylase; HMT: histone methyltransferase; PARP: Poly (ADP-ribose) polymerase; PKC: protein kinase C.

A drug library, consisting of 102 compounds, was designed and generated by considering various epi-
genetic regulators from the drug classes of histone acetyltransferase (HAT), histone methyltransferase
(HMT), histone demethylase (HDM), histone deacetylase (HDAC), bromodomain and extraterminal
domain (BET) containing proteins, DNA methyltransferase (DNMT), aurora kinase (AURK), poly (ADP-
ribose) polymerase (PARP), protein kinase C (PKC) and sirtuin inhibitors. Some of the small molecule
inhibitors in this library presented as a single member drug class, such as atuveciclib (CDK9i) and MBQ-
167 (Rac/Cdc42 inhibitor) (Figure 4A). The majority of these compounds were experimental, some
were in clinical trials or Food and Drug Administration (FDA) and European Medicines Agency (EMA)
approved (Figure 4B). The compounds of this library were selected by scientists of the department,
before the start of my doctoral studies. Literature research was conducted by me for each compound
to define a concentration range centering around their maximum plasma concentration (Cmax) when
applicable. If Cmax Was not available, a range was set based on in vitro studies. The library additionally
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included two death controls (positive controls), staurosporine (STS, an apoptosis inducer)!® and ben-
zethonium chloride (BztCl, detergent), as well as dimethyl sulfoxide (DMSO) as a solvent (negative)
control. The final drug list with concentration ranges is depicted in Table 7.

Prior to the epigenetic drug library screening of each individual cell model in 384-well round-bottom
plates, the following pre-tests were performed. To determine the optimal seeding density, metabolic
activity assays using CellTiter-Glo (CTG) were employed for each cell model. Moreover, the efficiency
of drug dispensing of different volumes by Mosquito HTS liquid handling system was analyzed. For the
latter, the responsiveness of selected cell models to the death controls, BztCl and STS, was examined,
which indicated the sensitivity level of the cells to the killing compounds. DMSO was used as a negative
control.

Optimization of seeding density for each cell model that underwent drug screening was a crucial step
for the quality of the assay. Based on the linear relationship between the increasing number of cells
and luminescence signal from the CTG (Figure S1A), the optimal number of cells to be seeded was
determined (Table 35) as described in 3.2.2.2.1 Seeding density optimization.

STS was dispensed in three different volumes, 25 nl, 50 nl and 75 nl at a fixed concentration range,
along with BztCl and DMSO at a single concentration with Mosquito HTS liquid handling system. There
was no significant difference on STS effect between different dispensing volumes (Figure S1B). As
higher compound concentrations could be dispensed with 75 nl, this volume was picked as a dispens-
ing volume for all the compounds tested in 384-well plates in the scope of this project.

4.2 Epigenetic drug screen identified CDK9i, BETi and AURK:i as top hits for
H3K27M DMG models

Having determined optimal seeding densities, a metabolic activity assay was performed after 72h ep-
igenetic drug library exposure for 14 pHGG models with different H3 mutation status (nine
H3.3/H3.1K27M, two H3G34R/V, three H3 WT) alongside three non-malignant cell lines (VH7 human
juvenile fibroblasts, human fetal astrocytes, HMC3 immortalized human microglia) (Table 4).

4.2.1 All models passed quality control

The screen was subject to a stringent set of criteria to determine its usability for subsequent analyses.
These criteria were pivotal in assessing the assay performance and consistency, serving as a bench-
mark for its reliability. The predefined thresholds for these criteria were as follows:

e DMSO raw count was set at a minimum value of 5000 (luminometer-specific threshold).

e Z-prime (Z'), a measure of statistical effect size, was required to be equal to or greater than

0.5.

e The correlation coefficient (R) for replicates needed to exceed 0.7.

e The ratio of the negative control (DMSO), to the positive control (BztCl), had to surpass 7.
If the screen met all these criteria, it was considered reliable, warranting further analytical exploration.
Conversely, failure to meet any of these standards necessitated the repetition of the experiment to
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ensure the robustness of the results. This approach ensured that only assays with demonstrated reli-
ability proceed to further stages of analysis, thereby enhancing the overall quality of the experimental
findings. All cell models passed the QC criteria for downstream analyses (see Appendix for further
details).

4.2.2 Metabolic activity assay found mivebresib, atuveciclib and alisertib as lead
compounds specifically targeting H3K27M DMGs

The drug effect on cell viability was assessed as drug sensitivity score (DSSasym), Which was calculated
based on 5-paramter integral (5PL) scoring model incorporating the asymmetry coefficient (asym) in
addition to the original 4-parameter integral scoring model (4PL) factors. These parameters include
the x-coordinate at the inflection point (Xmid), the Hill slope (Slope), the lower and upper asymptotes
(Rmin and Rmax, respectively), and the activity threshold (Amin)®. The analyses were performed in
an automated fashion through the lab-internal
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Figure 5. H3K27M DMG models are clustered by PCA. The ~ Cells harboring H3K27M mutation.
PCA plot was generated using the DSS,sym Vvalues of cell

models obtained from epigenetic drug library screens. Tq pinpoint the compounds resulting in distinc-
Egg;&?KﬂM' purple: H3 WT, red: H3G34R, green: tive sensitivity profile for H3K27M DMG cell

models, an unsupervised hierarchical cluster-
ing heatmap based on DSS.sm vValues was generated (Figure 6). The heatmap classified the cell models
into two main clusters, one predominantly containing H3K27M DMG models, with the sole exception
being SJ-G2 (H3 WT). Only one H3K27M DMG model (SU-DIPG-13) was grouped in the other cluster.
Moreover, the compounds were sorted into two primary groups, with the first group encompassing
approximately 95% of all drugs, which was further subdivided into two arms. The upper arm, compris-
ing 26 compounds (Figure 7A), demonstrated significantly higher sensitization effect on the H3K27M
DMG cell models (Figure 7B). An in-depth examination of this segment revealed that the majority of
these 26 compounds were classified under the drug categories of DNMT (3.9%), JAK (7.7%), AURK
(15.4%), BET (15.4%), and HDAC (38.5%) inhibitors. Notably, 50% of all HDAC and AURK inhibitors and
25% of all BET inhibitors were present in the upper arm, indicating an enrichment of HDAC and AURK
inhibitors, while the representation of BET inhibitors remained constant. Consequently, the HDAC,
AURK, and BET inhibitor classes were identified as the primary hit drug classes. To
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Figure 6. The compound effect on pHGG models visualized by unsupervised hierarchical clustering heatmap.
The heatmap was generated based on the sensitivity of the cell models (listed at the bottom, n=14) to the epi-
genetic drug library (on the right, n=102). Z-score was calculated for each compound across all cell models. A
high value indicates sensitivity of a cell model for the respective compound.
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decipher the most effective compounds for the cells, specific criteria were employed: a drug needed
to achieve a DSS,qym of at least 10 in H3K27M DMG cell models, a condition met by all 26 compounds.
The delta DSSasym (ADSSasym) Was determined by deducting the average DSSasym for H3 WT (Figure 7C)
or H3G34R/V mutant pHGG models (Figure 7D) from that of H3K27M DMG models, which had to be
at least 5, narrowing the list down to 11 compounds. For these 11 drugs, a selective DSSasym (SDSSasym)
was calculated by subtracting the mean DSS.ym of non-malignant control cells from that of H3K27M
DMG cells, which had to be also at least 5 (Figure 7E). Ultimately, two HDACis (entinostat, tucidino-
stat), three AURKis (TAK-901, danusertib, alisertib), and four BETis (mivebresib, dBET1, OTX015, (+)-
1Q1), along with two other compounds (atuveciclib (CDK9i) and MBQ-167 (Rac/Cdc42 inhibitor)), were
shortlisted. Among these, mivebresib (BETi), alisertib (AURKi) and atuveciclib (CDK9i) exhibited the
most significant effect size and showed promise, with all advancing to Phase I/Il clinical trials
(NCT02391480, NCT01898078 and NCT02345382, respectively), which then have been completed.
Both atuveciclib (CDK9i) and mivebresib (BETi) reached 100% inhibition for all four cell models. The
potency of alisertib (AURKi) was less pronounced, as it did not achieve complete inhibition in HSJID-
DIPG-007 and SU-DIPG-19. DSS.sym values were above 10 for all compounds and the four selected
H3K27M cell models, except for SU-DIPG-19, for which alisertib (AURKi) could only attain DSSasym value
of 9.4 (Figure 9).
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Figure 7. Analysis on the upper arm of the hierarchical clustering heatmap. (A) The upper arm comprising 26
compounds. (B) Significant selectivity of the 26 compounds for H3K27M cell models. The mean DSSasym values
were calculated for each compound within each mutation group. Scatter plot with bar shows mean with standard
deviation (SD). Statistics were calculated using one-way ANOVA followed by Tukey’s test. ****p<0.0001; ns: not
significant. (C) The compounds passing DSSasym(K27M) of 10 and ADSSasym(K27M-WT) of 5. ADSSasym for H3K27M
versus H3 WT was calculated by subtracting the mean DSSasym values of H3 WT pHGG models from those of
H3K27M DMG models for all 26 compounds, and plotted against DSSasym values of H3K27M models. (D) The com-
pounds passing DSSssym(K27M) of 10 and ADSSasym(K27M-G34R/V) of 5. ADSSasym for H3K27M vs H3G34R/V was
calculated by subtracting mean DSSasym values of H3G34R/V DHG models from that of H3K27M DMG models for
all 26 compounds, and plotted against DSS values of H3K27M models. (E) The compounds passing DSSasym(K27M)
of 10 and sDSSasym(K27M-Non-malignant) of 5. sDSS.sym Was calculated by subtracting the mean DSS.qm values of
non-malignant cell models from H3K27M DMG models for 11 shortlisted compounds. Thresholds of five and 10
are depicted for ADSSasym/SDSSasym and DSSasym, respectively. The grey dots indicate the compounds which did not
fulfill the cut off criteria. The compounds meeting the criteria were color coded based on their drug classes: blue
for BETI, lilac for AURKi, dark purple for HDACi, magenta for others.

4.3 Identification of CDK9i plus BETi as optimal drug combination

Given that monotherapies frequently lead to resistance in cancer patients?*%2°!

, my objective was to
develop a combination therapy that could offer improved effectiveness and diminish the potential
toxicities associated with treatments using single agents. After pinpointing promising epigenetic hit
compounds, | conducted further screening based on metabolic activity measurements. In this phase,
each hit compound was individually paired with Translational Drug Screening Unite (TDSU) drug library

containing 86 clinically relevant drugs to assess their combined effects.

TDSU drug library Figure 8. Composition of
the TDSU drug library.

Adapted from Peterziel et

12%  1%4%q

e apoptotic modulator al., 2022*%.
@ conventional chemo
o differentiating / epigenetic modifier The TDSU library has
a1% | ® kinase i'?hibito_r_ been generated by the
29% e metabolic modifier

other INFORM  Translational
e rapalog Drug Screening Unite
(TDSU) of the depart-
12% ment to profile the

drug sensitivity of pa-
tient-derived fresh tissue cultures obtained through the international precision oncology program IN-
FORM?®°, This library was comprised predominantly of conventional chemotherapeutics and kinase
inhibitors (Figure 8), which are mainly FDA and EMA approved or in late phase clinical trials. Addition-
ally, 11 more compounds from the drug classes of CDK9, AURK and BET inhibitors (Table 9), not rep-
resented in the epigenetic drug library but active in clinical trials, were added to this library. Each
compound of the TDSU drug library was screened as a single agent and in combination with one of the
epigenetic hits (atuveciclib (CDK9i), mivebresib (BETi), alisertib (AURKi)) on one single plate. The hit
compounds were combined with the TDSU drug library at 25% inhibitory concentration (IC25) for the
respective cell model screened (Table 36).
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For the combination screen, four H3K27M DMG were selected based on their sensitivity to the epige-

netic hits (Figure 9) and their resemblance of the patient cohort. These cell models were HSJD-DIPG-
007, SU-DIPG-17, SU-DIPG-19 and SU-DIPG-25, and contained H3.3K27M mutation, which is more
commonly observed in the DMG patients compared with H3.1/H3.2K27M?*. Except for SU-DIPG-19,
all harbored a MYC amplification (Table 4). Please see Appendix for the dose response curves of non-
H3K27M models for atuveciclib (CDK9i), mivebresib (BETi) and alisertib (AURKi).
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Figure 9. Dose-response curves of the epigenetic hits for four H3K27M
DMG cell models selected for the combination screens. y-axis represents
the percentage inhibition and x-axis demonstrates the compound con-
centrations in nM. DSS.sm values corresponding to each treatment and
cell model are shown on each graph.

In a similar way to the epigenetic
drug library screen, the meta-
bolic activity readouts were ana-
lyzed for two types of DSSasym
values: DSSasym_mono assessing
single agent activity and
DSSasym_combo evaluating com-
pound combination potency by
the

were

iTReX application. Drugs

shortlisted if
DSSasym_mono was greater than
10 and the difference between
DSSasym_combo and
DSSasym_mono, drug combina-
tion DSSasym (dcDSSasym), was
greater than two. Based on
these selection criteria, all four
H3K27M DMG models re-
sponded best to the combina-
tion of CDK9 and BET inhibitors.
Combination with atuveciclib
(CDK9i) narrowed down 11 com-
pounds, among which four of
them were BETis (BMS-986158,
CC-90010, CPI-0610, I-BET151)
(Figure 10A). Similarly, combina-
tion with mivebresib (BETi) en-
hanced the sensitivity of the
cells to CDK9is (CYCO65,
AZDA4573, KB-0742, zotiraciclib)

(Figure 10B). Alisertib (AURKi) did not sensitize the cells to any specific drug class (Figure 10C). Detailed
analysis revealed that, all four H3K27M DMG cell models demonstrated greatest sensitivity to the
BETis when combined with atuveciclib (CDK9i) (Figure 10D), as evidenced by their elevated dcDSSasym
values. Moreover, the combination of BMS-986158 (BETi) with atuveciclib (CDK9i) yielded the highest
dcDSSasym (Figure 10A), suggesting that atuveciclib (CDK9i) notably elevated the sensitivity of the cell
models to BMS-986158 (BETi). Overall, the combination of CDK9i and BETi appeared to be the most
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beneficial treatment for H3K27M DMG models. Owing to the highest dcDSS.ym observed for BMS-
986158, this BETi was selected as a combination partner to atuveciclib (CDK9i).
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4.3.1 Synergy screens with multiple-ray design approach demonstrated that atu-
veciclib and BMS-986158 synergize for H3K27M DMG

To determine the synergistic effect of the drug pairs, which also has the benefit to reduce the dose
and the toxicity?°22% as well as to circumvent incidence of drug resistance?®*, | performed synergy
screens for the combination of atuveciclib (CDK9i) and BMS-986158 (BETi). The multiple-ray design
approach was employed to elucidate the optimal dose ratio. This methodological approach involved
the exploration of predetermined fixed ratios of the compounds on four H3K27M DMG models, HSJD-

DIPG-007, SU-DIPG-17, SU-DIPG-19 and SU-DIPG-25. Five ratios, based on which the two compounds
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were combined, were analyzed. Similar to the previous screens, metabolic activity assay was per-
formed, and the readout was run on a Shiny App containing an R program designed by Dr. Tim Holland-
Letz. The Shiny App analyzed the synergistic interactions between the two compounds based on
Loewe additivity model*®®. For all four models, a synergism was detected (interaction index (ii) < 1) for
all the ratios (Figure 11). For individual analyses of each cell model, please see Appendix. According
to this finding, atuveciclib (CDK9i) and BMS-986158 (BETi) were selected as a combination treatment
for H3K27M DMG throughout this study. For further experiments, the ratio of 0.50 reaching to 50%
inhibition was picked as one of the combination treatments (combo low), based on which the two
drugs were combined equivalently according to their IC50 values for the respective cell model (Table
39).

Figure 11. Synergism between atuveciclib (CDK9i) and BMS-986158
x Antagonism (BETi) for four H3K27M DMG cell models at 50% inhibition. Atu-
2 I | veciclib and BMS-986158 were combined in different ratios as de-
6 0.0 B, i picted on x-axis. y-axis illustrates the interaction index as a meas-
g i : PO | ure of the synergy scores. Three days after the cells were seeded,
2 e o ® | Synergism metabolic activity was assessed. ii < 1, synergism; ii = 1, additivity;
- ii > 1, antagonism. n=2.
0020 035 0.50 0.65 0.80
Ratio
HSJD-DIPG-007 e SU-DIPG-25
e SU-DIPG-17 e SU-DIPG-19

4.4 Combination treatment with atuveciclib and BMS-986158 specifically
targets H3K27M DMG in vitro

Having identified a promising combination treatment with atuveciclib (CDK9i) and BMS-986158 (BETi)
for H3K27M DMG models, | investigated the specificity and the mechanism of the compounds and
their combination on pHGG cell models with various H3 mutation status in vitro. For the single agent
treatments, | used the IC50 concentrations for the respective cell model (Table 38). Two combinations
were analyzed, combo low and combo high (one to one combination of the two drugs at their IC50)
unless stated otherwise. By using combo low, combination reaching to 50% inhibition, my objective
was to show that combining lower doses of the two compounds could achieve the same level of
potency (50% inhibition) as higher doses of each agent when administered alone.

4.4.1 Atuveciclib and BMS-986158 displayed on-target activity in H3K27M DMG cell
models

The decrease in Serine2 (S2) phosphorylation of RNAPII C-terminal domain (CTD) is used as a bi-
omarker for the assessment of CDK9 inhibitor effect®*. Moreover, it was demonstrated for hemato-
logical malignancies and some solid tumors that both CDK9 and BET inhibitors result in reduced MYC
expression as mentioned before. Besides that, HEXIM1 protein level has been analyzed as a pharma-
codynamic (PD) biomarker to assess BET inhibitor effect?®>2%, Consequently, | conducted WB analyses
with both single agent and combination treatments across various time points to determine when the
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Figure 12. On-target analysis
of the effects of atuveciclib
(CDK9i), BMS-986158 (BETi)
and combination treat-
ments in WB. The levels of
RNAPII pS2, c-MYC, RNAPII
and HEXIM1 were analyzed
for treatments (A) 850 nM
of atuveciclib (CDK9i) and
(B) 27 nM of BMS-986158
(BETi) on HSJD-DIPG-007
(H3K27M) cells over the
course of time. GAPDH was
used as a loading control. (C)
HSJD-DIPG-007 (H3K27M)
cells treated with 0.1%
DMSO, 850 nM of atu-
veciclib (atu), 27 nM of BMS-
986158 (BMS), combo low
(c. low; 155 nM atu + 5.5 nM
BMS) and combo high (c.
high; 850 nM atu + 27 nM
BMS) for 24h, 48h and 72h.
Non-treated (NT) cells were
kept as a negative control.
WB was performed for
RNAPII pS2, c-MYC, RNAPII
pS2, HEXIM1 and GAPDH.
The numbers beneath the
specified proteins represent
densitometric evaluations of
protein expression, normal-
ized to the loading control.
The protein levels of un-
treated cells were set as 1.
n=1.

treatments begin to exert their effects. | observed that atuveciclib (CDK9i) reduced the phosphoryla-
tion of RNAPII CTD S2 (RNAPII pS2) as early as 1h post-treatment, achieving nearly total inhibition by
72h. The expression of RNAPII itself also decreased upon atuveciclib (CDK9i) treatment hinting tran-
scriptional process impairment resulting in reduced levels of protein-coding mRNAs (Figure 12A). Sim-
ilarly, treatment with BMS-986158 (BETi) also led to a decrease in RNAPII pS2, although the effect was
less pronounced compared to the reduction observed with atuveciclib (CDK9i) treatment. RNAPII lev-
els remained largely stable until 16h after BMS-986158 (BETi) treatment initiation (Figure 12B).

MYC expression was observed to decrease 1h following atuveciclib (CDK9i) treatment and began to

rise again 16h after the treatment (Figure 12A). This pattern may be associated with the cells adapting

to the plates post-seeding and subsequently initiating proliferative signaling rather than as a result of
CDK9 inhibition. In cells treated with BMS-986158 (BETi), MYC levels drastically decreased beginning
4h after treatment, which is likely to disrupt cell cycle regulation (Figure 12B). Moreover, HEXIM1
levels continuously increased following BMS-986158 (BETi) treatment correlating with literature!’
(Figure 12B). The elevation in HEXIM1 protein levels observed after BET inhibition is likely to play a
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crucial role in regulating gene expression associated with cell cycle control and apoptosis contributing
to antiproliferative effects. On the other hand, CDK9 inhibition diminishes the activity of P-TEFb,
thereby reducing the requirement for HEXIM1 to regulate P-TEFb. As a result, HEXIM1 levels decline
as observed with atuveciclib (CDK9i) treatment (Figure 12A) since the transcriptional elongation is
hampered due to decreased RNAPII activity.

Another WB analysis was conducted to compare the combination treatment effect to that of single
agent treatments. It was found that combo low decreased the levels of RNAPII pS2 and RNAPIl com-
parable to atuveciclib (CDK9i) and BMS-986158 (BETi), while the combo high treatment completely
diminished them (Figure 12C). The expression of c-MYC was also reduced with combo low treatment,
which was abolished even more with combo high (Figure 12C). For combo low treatment, HEXIM1
expression was higher and lower compared to atuveciclib (CDK9i) and BMS-986158 (BETi), respectively
as expected since it resembles the effect of the single agent treatments alone. Combo high decreased
the expression of HEXIM1 almost entirely 24h onwards (Figure 12C).

4.4.2 High content microscopy analysis revealed that the combination treatment led
to complete remission in H3K27M DMG cell models

For the characterization of the potency and specificity of the compound combination in vitro for
H3K27M DMG cell models, a high content microscope (HCM) imaging was performed in 3D. | chose
two H3K27M DMG cell models, SU-DIPG-17 and HSJD-DIPG-007, and treated them with atuveciclib
(CDK9i) and BMS-986158 (BETi) as monotherapies, as well as in combination. The same treatment
conditions tested on SU-DIPG-17 and HSJD-DIPG-007 were further analyzed on KNS42 (H3G34V) and

HMC3 (microglia) cell lines to ensure

Hoechst RedDot2 Composite

the specificity of the treatment effect
for H3K27M DMG. This assay was in-
tended to detect spheroid area change

DMSO

Figure 13. Representative HCM images of
SU-DIPG-17 (H3K27M) spheroids treated
with different conditions for 72h. Cells
were pre-stained with TMRE prior to seed-
ing in 384-well round-bottom plates where
they formed 3D spheroids. DNA intercalat-
ing dye Hoechst33342 and cell-impermea-
ble dye RedDot2 were added just before
the imaging. DMSO was used as a solvent
control. Atuveciclib (CDK9i) and BMS-
986158 (BETi) were given as a single agent
at 1C50 for SU-DIPG-17, 1522 nM and 21
nM, respectively. Combo low represents
the combination of 277 nM atuveciclib
(CDK9i) and 4 nM BMS-986158 (BETi) as
predetermined in the synergy screens.
Combo high corresponds to the combina-
tion of 1522 nM atuveciclib (CDK9i) and 21
nM BMS-986158 (BETi). The scale is the
same for all the images with scale bar indi-
cating 100 pum.

combo low BMS-986158 atuveciclib

combo high
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from baseline upon treatment based on TMRE live staining, and cell death with Hoechst and RedDot2
staining.

SU-DIPG-17 (H3K27M) cells significantly slowed down the proliferation and achieved a smaller sphe-
roid area when treated with atuveciclib (CDK9i) and BMS-986158 (BETi) compared to solvent control
(DMSO). Combo low behaved similar but was slightly less potent compared to single agent treatments.
Combo high resulted in almost a full remission (Figure 13). The RedDot2 staining clearly demonstrated
that while the single agent treatments and the combo low did not induce considerable cell death com-
pared to DMSO, combo high effec-
tively eradicated nearly all the cells

*ok Kk *okokok

(Figure 13). Please see Appendix for
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s N = KNS42 (H3G34V) images belonging to other cell mod-
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(Figure 14A). Combo high expedited
100% partial response (PR) (Figure
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Figure 14. HCM imaging analysis depicting spheroid area change

from baseline and cell death. The treatment conditions applied were
1522 nM atuveciclib (CDK9i), 21 nM BMS-986158 (BETi), combo low
(277 nM atuveciclib + 4 nM BMS-986158) and combo high (1522 nM
atuveciclib + 21 nM BMS-986158). DMSO was kept as a solvent (neg-
ative) control. (A) Spheroid area change from baseline calculated for
each treatment and normalized to the solvent control of the respec-
tive cell model. (B) The number of death cells were counted for each
treatment and normalized to the solvent control of the respective
cell model. The data from three biological replicates are pooled for
each graph. Statistics were calculated using two-way ANOVA fol-
lowed by Tukey’s test. *p<0.05; **p<0.01; ***p<0.001;
***¥%*p<0.0001; ns: not significant. n=3.

14A), which is characterized by a
minimum reduction of 30% in the to-
tal diameters of target lesions (sphe-
roid area in this case), using the base-
line sum diameters as a reference ac-
cording to response evaluation crite-
ria in solid tumors (RECIST)*®” modi-
fied for cell culture spheroids. In con-
trast, the reduction in spheroid area
relative to solvent control was less
pronounced for KNS42 (H3G34V)

and HMC3 (microglia) under the same treatment conditions of SU-DIPG-17 (H3K27M) (Figure 14A).
Moreover, it was observed that the combo high was significantly and specifically more cytocidal for
SU-DIPG-17 (H3K27M) compared with KNS42 (H3G34V) and HMC3 (microglia) whereas there was no
significant difference detected between these cell models under single agent treatments and combo
low (Figure 14B). Similarly, HSJD-DIPG-007 (H3K27M) spheroid area shrank more when treated with
combo high compared with KNS42 (H3G34V) and HMC3 (microglia), which were treated with the same
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conditions as HSJD-DIPG-007 (H3K27M) (Figure S2A). Furthermore, the combo high resulted in signif-
icantly higher cell death for HSJD-DIPG-007 (H3K27M) (Figure S2B).

Overall, | found that the effect of monotherapies on H3K27M DMG models was cytostatic, while
combo high facilitated cell death, which was much less pronounced in non-H3K27M models. Combo
low elicited an effect size comparable to that of single agents.

4.4.3 Combinatorial treatment induced apoptosis in H3K27M DMG cell models

Having discovered that the combo high induced cell death, | sought the mechanism of cell death and
speculated that the observed effect was potentially attributable to apoptosis, given that both CDK9
and BET inhibitors are recognized for their capability of inducing apoptosis?®’~2%,

SU-DIPG-17 SU-DIPG-25 HSJD-DIPG-007 To detect apoptosis, | per-

formed a caspase-3/7 activity

s assay with three H3K27M
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Figure 15. Caspase-3/7 activity analysis of H3K27M DMG cell models upon ter atuveciclib (CDK9i) treat-
treatment. The cells were treated according to Table 38 for 24h before har- ment, it was not significant
vested. DMSO was given as a solvent control. Kruskal-Wallis test was per-
formed for the statistical analysis. *p<0.05; **p<0.01; ***p<0.001;
***%*p<0.0001; ns: not significant. n=3.

compared to the solvent con-
trol (DMSO). BMS-986158
(BETi) induced apoptosis
when administered alone only in SU-DIPG-25. Combo low did not facilitate caspase-3/7 activity in any
of the cell models, whereas combo high elicited apoptosis significantly in all cell models. Overall, single
agent treatments demonstrated cell model specific apoptosis induction, whereas combo low did not
induce any caspase-3/7 activity, indicating that its effect was mainly cytostatic for H3K27M DMG cell
models. Correlating with the results of the HCM screen (Figure 14B, Figure S2B), combo high was
detected to be cytocidal inducing apoptosis (Figure 15).

4.4.4 Combinatorial treatment prevented colony formation of H3K27M DMG in soft
agar colony formation assay

One of the defining traits of malignant cells is their ability to grow independently of anchorage, which
is a significant marker of tumorigenic potential and an indication of the capability of cells to initiate
tumors. This characteristic allows cancer cells to thrive without the attachment to a solid surface, a
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DMSO stuvecidlib fundamental deviation from normal cell behavior, which

typically requires attachment for growth and survival?*’. In
my study, | explored the effects of single agent and combi-
nation treatments on the anchorage-independent growth
of SU-DIPG-17 (H3K27M) cells via soft agar CFA. This assay
is a well-established method for evaluating the ability of
cells to proliferate without substrate attachment, thereby
mimicking the 3D growth environment of tumors?'!. The

results of the treatments revealed that while the individ-
. . ual treatments atuveciclib (CDK9i), BMS-986158 (BETi) as
Figure 16. Soft-agar colony formation assay.

8,000 SU-DIPG-17 (H3K27M) cells were Wellasthe combo low, showed a reduction in colony for-

combo low combo high

seeded on 0.3% soft-agar and subsequently mation relative to the solvent control, it was the combo

treated with atuveciclib (CDK9i), BMS-986158  hish that proved most effective, completely inhibiting col-
(BETi), combo low and combo high according

to Table 38. DMSO was used as a solvent con-
trol. n=1. low diminished the colony formation almost to same ex-

tent. Unexpectedly, the effect of BMS-986158 (BETi), how-
ever, was more pronounced compared to atuveciclib (CDK9i) and combo low (Figure 16). This suggests
that atuveciclib (CDK9i) and BMS-986158 (BETi) are acting through different mechanisms, and BMS-
986158 (BETi) is crucial for preventing colony formation.

ony formation (Figure 16). Atuveciclib (CDK9i) and combo

4.5 The combination of atuveciclib and BMS-986158 sensitized the H3K27M
DMG cells to radiotherapy

As radiotherapy (RT) is the standard of care for DMG patients, | next sought whether the combination
treatment would induce radiosensitization, or could be used in conjunction with RT. For that, | collab-
orated with Prof. Marlon Veldwijk. The data presented in this section are the results of experiments
designed by me and performed by Marlon’s team.

Before combining the drug treatment with RT, the radiosensitivity of three H3K27M DMG cell models,
HSJD-DIPG-007, SU-DIPG-17, SU-DIPG-19, was investigated in the absence of compound combination
treatment in a CFA. Each cell model exhibited varying degrees of sensitivity to irradiation, with SU-
DIPG-19 showing the highest sensitivity and SU-DIPG-17 displaying the lowest to increasing radiation
doses (Figure 17A). Surviving fraction (SF) 50 and 75 corresponding to IC50 and IC25, respectively was
calculated for each cell model (Table 42) to be further analyzed in conjunction with compound com-
bination. Similarly, the radiosensitivity of BT278 (H3G34R) and INF_R_1073_relapsel (H3 WT) pHGG
cell models was also attempted to be analyzed, however, it could not be detected due to the low
plating efficiency of these cells, which is essential for a colony formation assay (CFA).

Subsequently, the effects of compound combinations along with RT were analyzed using a metabolic
activity assay, which allowed for the evaluation of various compound and RT combinations in a robust
way. SF50 and SF75 detected in CFA were used for the respective cell model. The goal was to identify
optimal compound combinations inducing radiosensitivity to be further validated in CFA. It was essen-
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tial to ensure that the observed reduction in metabolic activity resulted from the radiosensitizing ef-
fects of the compound combinations, rather than from the compound treatment alone. Thereby,
every compound combination was tested also in the absence of RT. The cells were irradiated 24h after
the compound treatment and incubated for 72-120h to cover at least two doubling times to observe
the RT effect for the metabolic activity assay. As the sensitivity of SU-DIPG-19 cells to death control
(BztCl) decreased in each experiment, they were excluded from further analyses of RT (see Appendix
for the details of it). Concentrations used for combo low (Table 40) were examined in a dilution series
to obtain a concentration range, and it was observed for both HSJD-DIPG-007 (Figure S3) and SU-DIPG-
17 (Figure S4) that dilution factors of 3 and 10, hence the higher compound concentrations, facilitated
complete inhibition even in the absence of RT (SF100). This finding indicated that these concentrations
were too high to estimate the benefit of combination with RT. Compound combination administered
alone at dilution factor of 1 resulted in reduced proliferation, which decreased slightly more in com-
bination with RT. Dilution factors of 0.3 and 0.1 clearly distinguished between the 0 Gy, SF50, and SF75
doses. Administering the compound combination at these dilution factors without RT did not cause
inhibition. However, when used in conjunction with RT, the treatment of cells with the combo low led
to a substantial reduction in metabolic activity, achieving nearly 50% inhibition. Accordingly, combo
low was further evaluated in a CFA with the dilution factors of 1, 0.3 and 0.1.
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2
S Table 42. Calculated SF50 and SF75 values for H3K27M DMG
‘g 1071 cell models.
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Figure 17. Radiosensitivity and radiosensitization analyses. (A) Radiosensitivity assessment of three H3K27M
DMG cell models in a CFA. y-axis demonstrates Gy doses applied and x-axis shows surviving fraction (SF). n=3.
(B) Radiosensitization examination conducted using two H3K27M DMG models, HSJD-DIPG-007 and SU-DIPG-
17, and one H3 WT pHGG model, SU-pcGBM?2 in a CFA. Combo low treatment conditions detailed in Table 40
were tested in a concentration range. In the 1x condition for SU-DIPG-17, atuveciclib (CDK9i) was administered
at 277 nM alongside BMS-986158 (BETi) at 4 nM. Conversely, for HSID-DIPG-007 under the 1x condition,
atuveciclib (CDK9i) was delivered at 155 nM with BMS-986158 (BETi) at 5.5 nM. For the H3 WT model SU-
pcGBM2, atuveciclib (CDK9i) was given at 277 nM together with BMS-986158 (BETi) at 5.5 nM in the 1x
condition, The 0.7x, 0.5x, and 0.3x concentrations were derived by multiplying the drug concentrations in the 1x
condition of each respective cell model by 0.7, 0.5, and 0.3, respectively. DMSO was used as a negative control.
y-axis demonstrates Gy doses applied and x-axis shows surviving fraction (SF) for all three pHGG models. n=3.
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Given that the incubation period in a CFA is longer than in a metabolic activity assay, treatment effects
are more discernible as cells undergo multiple replications. Consequently, it was anticipated that using
dilution factors of 0.1 and 0.3 in combination with RT would produce a more pronounced effect in the
CFA compared to the metabolic activity assay. Interestingly, the CFA validations performed for HSJD-
DIPG-007 and SU-DIPG-17 demonstrated that dilution factor of 0.1 did not create any difference when
administered alone or in combination with RT. Therefore, it was excluded from further analyses. In-
stead, more dilution factors were added spanning 0.3 and 1 to preserve the concentration range. The
additive effect of the compound combination in conjunction with RT was clearly observed up to dilu-
tion factor of 0.7 for SU-DIPG-17, for which the curves overlapped. The highest dose of the compound
combination, at dilution factor of 1, resulted in a linear survival curve separated from the rest, demon-
strating that even a minor increase in radiation dose corresponded to a proportional increase in the
effect (Figure 17B). Notably, radiosensitizing effect of the compound combination was evident for
HSJD-DIPG-007 (Figure 17B), indicating that the compound combination therapy in conjunction with
RT improved clonogenic cell death.

As the compound combination was structured based on the data of H3K27M DMG cell models and it
was aimed to test the specificity of the combination therapy for H3K27M DMG throughout this study,
| also examined SU-pcGBM2 (H3 WT) cells in a CFA to assess whether the compound combination
would induce radiosensitization in a pHGG cell model which does not harbor H3K27M mutation. The
analysis demonstrated that the compound combination did not sensitize these cells for radiotherapy
(Figure 17B), which further signifies potential for use alongside radiation therapy for H3K27M DMG.

4.6 Multi-omics analysis identified the MoA of atuveciclib, BMS-986158 and
their combination for H3K27M DMG cell models

Following the initial characterization of the single agent and combination treatments, | conducted bulk
RNA sequencing (RNAseq) and mass spectrometry (MS) based protein analyses to elucidate the un-
derlying mechanism of action (MoA) of atuveciclib (CDK9i) and BMS 986158 (BETi), as well as that of
their synergistic effect observed for H3K27M DMG models. To achieve this, | employed four H3K27M
DMG models, HSID-DIPG-007, SU-DIPG-17, SU-DIPG-19 and SU-DIPG-25, and treated them with sol-
vent control (DMSO), atuveciclib (CDK9i) and BMS-986158 (BETi), and the combo low for 24h. The
concentrations administered for both single agents and the combo low were calibrated to induce a
50% inhibition after 72h, a level specific and unique for each cell model. This resulted in a uniform
effect size across all cell types as a comparative baseline. The reason why the combo low was selected
as the combination treatment, but not combo high, was to avoid apoptosis induction in the cells, as
this would trigger rapid and global decay of messenger RNAs (mRNAs) before other cellular processes,
such as DNA fragmentation?!2. Furthermore, inducing apoptosis could mask the actual expression level
of apoptosis-related genes, such as caspases, BCL-2 family and TP53%'3. Moreover, it was aimed to
detect the mechanism resulting in the synergistic effect of the two compounds by treating the
H3K27M DMG cells with combo low.

For proteomics alone, an additional H3 WT pHGG cell model, INF_R_1073_relapsel, was included and

subjected to the same individual treatment conditions as the four H3K27M DMG cell models, enabling
a pairwise comparison between each mutant and the WT model.
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4.6.1 The samples passed quality control pre- and post-omics analyses

Quality control analyses were conducted on each replicate data to identify potential batch effects that
could have arisen from sample generation, the use of different biological replicates, and the sequenc-
ing order during RNAseq and proteomic analyses.

Prior to RNAseq, a Bioanalyzer analysis of RNA samples was performed, which revealed that each
sample achieved a high RNA integrity number (RIN), approaching 10, indicating that the RNA samples
were intact and of high quality (see Appendix for further details). t-Distributed Stochastic Neighbor
Embedding (t-SNE) of the RNAseq data of 80 samples indicated that the cell models clustered accord-
ing to their intrinsic biological characteristics rather than the treatments applied (Figure S5A). Biolog-
ical replicates for each condition clustered closely together, with the exception of one replicate from
the atuveciclib (CDK9i) treated SU-DIPG-17 cells, suggesting the absence of batch effects. SU-DIPG-17
outlier was excluded from further analysis.

MS analysis of cell lysates identified between 8,000 and 9,000 proteins, with 7,000 to 8,300 of these
qguantified across all 128 samples submitted. The threshold for protein quantity set for further analysis
was 5,000, which all samples met (see Appendix for further details). Uniform Manifold Approximation
and Projection (UMAP) performed with proteomic data highlighted that the H3K27M cell models clus-
tered together, also based on their intrinsic features, and were distinct from INF_R_1073_relapsel
(H3 WT) samples (Figure S5B). Six samples belonging to various treatments of SU-DIPG-17, SU-DIPG-
19 and SU-DIPG-25 grouped with INF_R_1073_relapsel (H3 WT) samples, hence excluded from fur-
ther analysis (see Appendix for more details).

4.6.2 Gene expression analysis identified that DNA damage response pathways were
negatively regulated by atuveciclib and BMS-986158

RNAseq raw counts for each sample were uploaded on R2: Genomics Analysis and Visualization Pro-
gram (http://r2.amc.nl) for further analysis with dataset name: Exp DIPG - Oehme - 80 - DESeq2_rlog

- 102312, and were subjected to DESeqg2 analysis to identify differentially expressed genes between
each treatments vs DMSO. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of
pooled data of all four atuveciclib (CDK9i) treated H3K27M DMG cell models found that DNA replica-
tion was downregulated, as well as RNA transport, proteosome and mitogen-activated protein kinase
(MAPK) signaling pathway. Importantly, DNA damage response (DDR) pathways such as mismatch re-
pair, homologous recombination, base excision repair, and non-homologous end joining were down-
regulated (Figure 18A). Gene Set Enrichment Analysis (GSEA) based on Molecular Signature Database
(MSigDB) Human collections Hallmarks 2020 gene sets displayed that E2F and MYC targets, both as-
sociated with DNA replication and cell proliferation, were significantly downregulated (Figure 18B).
Decrease in the expression of mitotic spindle target genes suggests that cell division was negatively
regulated (Figure 18B).
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Figure 18. Pathway analysis of the pooled RNAseq data of downregulated genes upon atuveciclib (CDK9i) treat-
ment. (A) KEGG pathway analysis of negatively regulated pathways under CDK9 inhibition depicted as a volcano
plot. Each point represents a single term, plotted by the corresponding odds ratio (x-axis) and -logio(p-value) (y-
axis) from the enrichment results of the input query gene set. The larger and darker-colored the point, the more
significantly enriched the input gene set is for the term. (B) Enrichment analysis of gene expression data using
MSigDB Hallmarks 2020, presented as a bar chart showing the significance of pathway enrichment.

Similarly, BMS-986158 (BETi) resulted in downregulation of DNA replication and cell cycle. DDR path-
ways were also dysregulated, though to a lesser extent compared to atuveciclib (CDK9i) treatment
(Figure 19A). Downregulation of purine and pyrimidine metabolism (Figure 19A) also hints that cell
proliferation was negatively affected due to depletion of nucleotide pools essential for DNA and RNA
synthesis. This can facilitate cell cycle arrest and reduced cell proliferation, impacting tissue growth
and repair?%. KEGG analysis of BMS-986158 (BETi) treatment demonstrated that it upregulated au-
tophagy and lysosome pathways (Figure 19B) indicating increased activation of autophagy pathways
and enhanced lysosomal function in H3K27M DMG cell models. This could aid in the degradation of
cancer cells or in the elimination of defective proteins and organelles that might contribute to cancer
progression?'®. GSEA supported KEGG pathway analysis by showing that MYC and E2F targets were
downregulated (Figure 19C), as observed for atuveciclib (CDK9i) treatment.

Combo low treatment displayed combined characteristics of atuveciclib (CDK9i) and BMS-986158
(BETi). DNA replication and cell cycle were downregulated, as well as purine and pyrimidine metabo-
lism (Figure 20A), and macroautophagy was upregulated (Figure 20B) according to KEGG pathway
analysis. The expression of genes associated with cell cycle were differentially regulated between
combo low and solvent control treatment for all four H3K27M DMG cell models (Figure 21). Differently
from the single agent treatments, splicecosome was downregulated with combo low treatment (Figure
20A), which can lead to the accumulation of R-loops (RNA-DNA hybrids) that are a significant source
of genomic instability and DNA damage?!®2!’, Similarly to purine and pyrimidine metabolism, down-
regulation of one-carbon metabolism observed for combo low is also linked to decrease nucleotide
synthesis, as well as methylation reactions and energy production?8,
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Figure 19. Pathway analysis of the pooled
RNAseq data of differentially expressed
genes upon BMS-986158 (BETi) treatment.
KEGG pathway analysis showing (A) down-
regulated and (B) upregulated pathways
under BMS-986158 (BETi) depicted as a
volcano plot. x-axis displays odds ratio and
y-axis presents -logio(p-value). The larger
and darker-colored the point, the more
significantly enriched the input gene set is
;1 forthe term. (C) Gene enrichment analysis
of negatively regulated genes upon BMS-
986158 (BETi) treatment using MSigDB
Hallmarks 2020, illustrated as a bar chart.
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Figure 20. Pathway analysis of the pooled RNAseq data of differentially expressed genes following combo low
treatment. KEGG pathway analysis of (A) downregulated and (B) upregulated pathways under combo low
treatment shown as a volcano plot. x-axis displays odds
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Figure 21. Hierarchical clustering heatmap of KEGG cell cycle pathway genes for all four H3K27M DMG cell mod-
els under combo low and DMSO treatments. Overall differential changes in KEGG cell cycle pathway were de-
picted below the heatmaps for each replicate (rep). Blue and red boxes represent negative and positive regula-
tion, respectively.
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Both CDK9 and BET inhibitors are known to decrease MYC expression in diverse hematological malig-
nancies in vitro, such as diffuse large B-cell lymphoma?'® and hepatocellular carcinoma??°. Accordingly,
| analyzed the MYC expression level under different treatments across cell models. Atuveciclib (CDK9i)
treatment did not alter MYC expression in any of the four cell models (Figure 22), correlating with the
WB results (Figure 12A). BMS-986158 (BETi) treatment resulted in four-fold reduction in HSJD-DIPG-
007 and approximately two-fold in SU-DIPG-25 (Figure 22). No change was observed for SU-DIPG-17
and SU-DIPG-19 (Figure 22). Combo low had a similar effect as BMS-986158 (BETi) for HSJD-DIPG-007
(Figure 22). These findings suggest that atuveciclib (CDK9i) did not change MYC expression in H3K27M
DMG in vitro in the first 24h and BMS-986158 (BETi) had a cell model specific effect for MYC expres-
sion. On the other hand, MYC target genes were downregulated under both single agent and combo
low treatments in HSJD-DIPG-007 (Figure S6A), SU-DIPG-17 (Figure S6B), SU-DIPG-19 (Figure S6C) and
SU-DIPG-25 (Figure S6D).
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Overall, RNAseq conducted on H3K27M DMG cell models demonstrated that the two inhibitors down-
regulated essential cellular pathways such as DDR, spliceosome function, and the metabolism of pu-
rines and pyrimidines, which are vital for cancer cell proliferation and survival. Additionally, both in-
hibitors effectively inhibited DNA replication, potentially leading to cell cycle arrest. Notably, BMS-
986158 (BETi) also upregulated autophagy and lysosomal pathways, distinguishing itself with a unique
therapeutic mechanism that not only impedes critical functions in cancer cells but also enhances cel-
lular clean-up process. This dual action could provide a comprehensive approach to cancer therapy by
simultaneously disrupting cancer cell growth and promoting the degradation of defective cellular com-
ponents.

4.6.3 Proteomics analysis confirmed gene expression findings

One of the objectives of the LC-MS/MS analysis was to assess whether the treatments affected
H3K27M and H3 WT models differently. KEGG pathway analysis of the downregulated proteins
demonstrated that the treatments had similar effects on these cells. Pooled data of atuveciclib (CDK9i)
treated H3K27M DMG models showed that pathways associated with cell cycle and transcription were
downregulated (Figure 23A), which were also observed for that of INF_R_1073_relapsel (H3 WT) (Fig-
ure 23B). Gene ontology (GO) analysis for biological processes highlighted that DNA repair was nega-
tively regulated in the cells independent of H3K27 status under atuveciclib (CDK9i) treatment (Figure
S7A and Figure S7B).
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Figure 23. Downregulated pathways under atuveciclib (CDK9i) treatment in (A) H3K27M and (B) H3 WT models.
Each point represents a pathway, plotted against fold enrichment on the x-axis. Point color indicates the sta-
tistical significance of enrichment -logio(FDR) value from two to six, light purple to dark red, and size reflects
the number of involved genes (N. of Genes), emphasizing pathways with greater biological impact and gene
involvement.

KEGG pathway analysis for BMS-986158 (BETi) data displayed that few pathways were downregulated
in H3K27M models (Figure 24A). On the other hand, many GO terms associated with transcription
(Figure S8A and Figure S8B) was negatively regulated independent of the presence of H3K27M muta-
tion. Moreover, upregulation of autophagy was observed for BMS-986158 (BETi) treated H3K27M
models (Figure S8C), similar to transcriptomics results (Figure 19B). The pathways highlighted for
pooled analysis of H3 WT data suggest a disruption in processes like cell cycle regulation, signaling
pathways (like epidermal growth factor receptor family, ERBB), and cellular transport mechanisms.
Downregulation in aminoacyl-transfer RNA (tRNA) biosynthesis might suggest effects on protein syn-
thesis, essential for cell growth and maintenance. The observed downregulation patterns could be
associated with specific disease states, cellular stress responses, or other physiological or pathological
conditions. Alterations in Fanconi anemia pathway could indicate a response to DNA damage (Figure
24B).
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Figure 24. Downregulated pathways under BMS-986158 (BETi) treatment in (A) H3K27M and (B) H3 WT models.
Each point represents a pathway, plotted against fold enrichment on the x-axis. Point color indicates the statis-
tical significance of enrichment -logio(FDR) value from two to six, light purple to dark red, and size reflects the
number of involved genes (N. of Genes), emphasizing pathways with greater biological impact and gene involve-
ment.

Combo low impact on both H3K27M (Figure 25A, Figure S9A) and H3 WT models (Figure 25B, Figure
S9B) were comparable showcasing crucial cellular processes related to cell division, DNA repair, and
protein regulation being significantly influenced by downregulation.
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Figure 25. Downregulated pathways under combo low treatment in (A) H3K27M and (B) H3 WT models. Each
point represents a pathway, plotted against fold enrichment on the x-axis. Point color indicates the statistical
significance of enrichment -logio(FDR) value from two to six, light purple to dark red, and size reflects the number
of involved genes (N. of Genes), emphasizing pathways with greater biological impact and gene involvement.

Overall, proteomics results correlated with that of transcriptomics, and highlighted that combination
of atuveciclib (CDK9i) and BMS-986158 (BETi) negatively affected cell cycle, transcription and DNA
repair in pHGG cells, however this was regardless of the H3K27 status of the models examined.

4.7 DNA damage exploration displayed increased yH2A.X level under combo

high treatment
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Figure 26. DNA damage and apoptosis induction by combo high. HSJD-
DIPG-007 (H3K27M) cells treated with 850 nM atuveciclib (atu; CDK9i),
27 nM BMS-986158 (BMS; BETi) and combo high (155 nM atu + 5.5 nM
BMS) for 16h. 1 mM HU and 0.1% DMSO were kept as positive and
negative (solvent) controls, respectively. Non-treated (NT) cells were
also tested to examine the effect of DMSO. (A) Immunoblots showing
YH2A.x, pChk1 and cleaved (cl.) PARP1. ACTB (-actin) served as a load-
ing control. The numbers beneath the specified proteins represent
densitometric evaluations of protein expression, normalized to the
loading control. The protein levels of NT cells were set as 1. Data was
generated and provided by Prof. Krdamer’s group. (B) Flow cytometry
analysis showing YH2A.x positive populations for each treatment. n=1.
Data was generated by the help of Prof. Kramer’s group.

To understand whether the CDK9
and BET inhibition induces DNA
damage in H3K27M DMG cells, WB
and flow cytometry analyses were
performed to measure YH2A X lev-
els, which is a well-known marker
for DNA damage??. HSID-DIPG-007
(H3K27M) cells were treated with
atuveciclib (CDK9i), BMS-986158
(BETi) and combo high for 16h. Hy-
droxyurea (HU) and DMSO were
kept as positive and negative con-
trols, respectively. Both methods
displayed that HSJD-DIPG-007
(H3K27M) cells exhibited intrinsic
DNA damage, which increased un-
der combo high treatment as evi-
denced by elevated yH2A.X levels in
WB (Figure 26A) and flow cytome-
26B)
Checkpoint kinase 1 phosphoryla-

try (Figure experiments.
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tion (pChk1) was assessed to monitor DDR pathway activation??2. While HU increased the phosphory-

lation of Chk1, atuveciclib (CDK9i), BMS-986158 (BETi) and combo high did not elevate pChk1 levels
(Figure 26A), suggesting that DDR pathways were not activated, in line with RNAseq findings showing
the negative regulation of cell cycle checkpoints. Moreover, combo high facilitated PARP1 cleavage
(Figure 26A), which is a well-established marker for apoptosis?*>??%, confirming the results of caspase-
3/7 activity assay. Altogether, combo high induced DNA damage and apoptosis.

4.8 Compound combination was potent in vivo in zebrafish embryo xeno-
graft model

Zebrafish embryo xenograft models have emerged as a valuable tool in cancer research, particularly
for predicting drug responses in vivo. The use of zebrafish embryos, specifically through injections into
the yolk sac, offers a unique platform for observing the effects of potential anticancer compounds on
human cancer cells. This method leverages the transparent nature of zebrafish embryos, allowing for
real-time visualization of tumor progression and metastasis, as well as the direct observation of drug
effects on tumors??>2%, Moreover, the genetic and physiological similarities between zebrafish and
humans make this model particularly useful for studying cancer biology and drug metabolism. Re-
searchers can utilize genetically engineered or chemically treated zebrafish to explore specific path-
ways and the genetic basis of drug resistance. The model is also highly scalable, enabling medium- to
high-throughput screening of drugs, which is cost-effective and efficient??’. In line with this, | investi-
gated the compound combination effect on different pHGG cell models in vivo using zebrafish em-
bryos. Before investigating the compound effect on the xenografts, the toxicity of the drugs and their
combinations was assessed on zebrafish embryos. This part of the experiments was performed by an
MD student of the lab, Charlotte Gatzweiler, based on my experimental design. Maximum tolerated
dose (MTD) and lethal dose (LD) for BMS-986158 (BETi) were determined to be 0.5 uM and 2.5 uM,
respectively (Figure S10). Atuveciclib (CDK9i) was not lethal in the applied concentrations (up to 50
KUM) (Figure S10). As their combination was of interest, a toxicity analysis was performed with the
combinations of the two compounds in different ratios as also tested in the synergy screens (Table
41). When 0.5 uM of BMS-986158 (BETi) and 20 uM and 50 uM atuveciclib (CDK9i), were applied to
the buffer surrounding the embryos, they exhibited morphological changes, hence these combina-
tions were considered toxic (Figure $11). Zebrafish embryos injected with either fluorescently labelled
HSJD-DIPG-007 (H3K27M) or KNS42 (H3G34V) were incubated in buffer containing a non-toxic combi-
nation with 7 uM atuveciclib (CDK9i) and 0.325 pM BMS-986158 (BETi) for 48h (Figure 27A). Of note,
it is a common rule of thumb that approximately 1:10 to 1:20 of the drug is taken up by the embryos
and reaching the tumor??®. Preliminary results demonstrated that the combination therapy resulted
in significant shrinkage of HSID-DIPG-007 (H3K27M) cell mass in the yolk sac of zebrafish embryos
(Figure 27B, Figure S12A) (p = 0.0011), which was not the case for the KNS42 (H3G34V) model (Figure
27C, Figure S12B) (p = 0.8537) This further supported the specificity of the combination therapy for
H3K27M DMG and hold potential for subsequent mouse xenograft studies. Please see Appendix for
representative images of zebrafish early larvae bearing HSJD-DIPG-007 (H3K27M) and KNS42
(H3G34V) cells.

76



RESULTS

A. Figure 27. Waterfall plot demonstrating

dof 2 3 4 5 the change in tumor volume (%) from

| | | baseline for each individual zebrafish em-

tumor cell  imaging imaging bryo xenograft. (A) Timeline of in vivo

injection  treatment zebrafish embryo xenograft experiments.
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4.9 Blood brain barrier penetrability of atuveciclib and BMS-986158 was cal-
culated to be moderate

The blood-brain barrier (BBB) serves as a defense mechanism, protecting the brain from harmful ef-
fects of drugs and foreign molecules. Nonetheless, it is vital for treatments targeting neurological con-
ditions to penetrate the brain at therapeutic levels??®, Therefore, | investigated the BBB penetrability
of atuveciclib (CDK9i) and BMS-986158 (BETi) with support of the group of Dr. Kristian Pajtler. They
have calculated BBB scores for the compounds of interest based on Gupta et al.??8, which assesses
passive diffusion across the BBB by incorporating seven physicochemical characteristics: the number
of aromatic rings, number of heavy atoms, molecular weight, number of hydrogen bond acceptors,
number of hydrogen bond donors, topological polar surface area, and pK,'®*. The BBB score ranged
from a low probability of penetrating the BBB (BBB score approaching 0) to a high probability (BBB
score approaching 6), demonstrating that a higher BBB score is indicative of an increased likelihood of
crossing the BBB#*228 The scores for atuveciclib (CDK9i) and BMS-986158 (BETi) were determined to
be 2.03 and 2.73, respectively, corresponding to a moderate BBB penetrability (Table 43). Despite
that, they remain promising for clinical applications as this presents an opportunity for structural re-
modeling of these compounds to enhance their BBB penetrability.

Table 43. BBB scores of atuveciclib (CDK9i) and BMS-986158 (BETi).
Compound BBB score
atuveciclib (CDK9i) 2.03 (moderate)
BMS-986158 (BETi) 2.73 (moderate)
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4.10 The effect of blood brain barrier penetrant CDK9i, KB-0742, on H3K27M
DMG was found to be similar to atuveciclib

During the course of this study, two compounds, atuveciclib (CDK9i) and BMS-986158 (BETi) were
rigorously tested across various assays with the ultimate goal being to advance a potential combina-
tion therapy to clinical trials. A partnership was established with a pharmaceutical company, Kronos
Bio., that produces KB-0742 compound similar in class to atuveciclib (CDK9i). Leveraging this collabo-
ration, | analyzed KB-0742 (CDK?9i), which is currently in clinical trials and BBB penetrant (BBB score of
4.06, high penetrability), using same pHGG cell models with different H3 mutation status. This allowed
me to directly compare the effects of a clinically relevant drug with my results, providing a compre-
hensive understanding of their relative performances and informing future clinical applications. The
metabolic activity assay results of KB-0742 (CDK9i) resembled that of atuveciclib (CDK9i), achieving
high DSSasym values, between 14 and 18, and 100% inhibition in H3K27M DMG cell models (Figure 28).
In contrast to atuveciclib (CDK9i), KB-0742 (CDK9i) required higher concentrations to achieve 50% in-
hibition.

Furthermore, | examined the synergistic effect of KB-0742 (CDK9i) with two BET inhibitors, BMS-
986158 and CC-90010, which is known to be BBB penetrant??>23° on SU-DIPG-17 (H3K27M). The inter-
action between KB-0742 (CDK9i) and BMS-986158 (BETi) (Figure S13A), as well as KB-0742 (CDKO9i)
and CC-90010 (BETi) (Figure S13B), was primarily additive, though the synergism was achieved with
the combination of few concentrations.

Overall, KB-0742 (CDK9i) showed promise for further investigation in vivo and subsequent progression

to clinical trials.

HSJD-DIPG-007 SU-DIPG-17 Figure 28. Dose-response curves of KB-0742
150 150 (CDK9i) for four H3K27M DMG cell models. y-
100. DSSasym: 17.8 100. DSSasym: 14.2 axis represents the percentage inhibition and
/ x-axis demonstrates the compound concen-
%0 / 50 trations in nM. DSS.s,m values corresponding
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5 Discussion

Treating pediatric patients with DMG presents significant challenges, primarily owing to the aggressive
nature of the tumor, complex biology, and critical location in the brain. These tumors are often situ-
ated in vital midline structures such as the thalamus, brainstem, and spinal cord, where surgical inter-
ventions are inadvisable due to the high severe neurological damage risk. The resistance of these tu-
mors to conventional treatments such as chemotherapy and radiotherapy further complicates clinical
management. Although radiation may temporarily alleviate symptomes, it falls short of being curative,
and chemotherapy tends to be ineffective in halting disease progression or significantly prolonging
life?33232, To date, no chemotherapeutic agents, immunotherapies, or molecularly targeted treat-
ments could extend survival for children suffering from DMG. Additionally, the effectiveness of these
therapies is often limited by inadequate penetration of the BBB and the resistance mechanisms de-
veloped by DMGs. Recent studies have identified epigenetic dysregulation often resulting from K27M
point mutation in one of two histone genes, H3F3A or HIST1H3B, which rewires the epigenome, en-
hancing the oncogenic potential of these tumors?*. While it was initially discovered that the H3K27M
mutation acted by sequestering and inactivating the PRC2 enzyme, more recent research suggests
that residual PRC2 activity is maintained?**. Moreover, the activity of PRC2 is necessary for sustaining
a stem cell-like state in these cancer cells. The involvement of the H3K27M mutation in super en-
hancer-like elements, which reshape the enhancer landscape, together with the accumulation of PRC2
at tumor suppressor genes, leads to a notable block in differentiation and a continuous cycle of pro-
liferation. These characteristics are crucial in propelling the oncogenic properties of DMG cells har-
boring the H3K27M mutation?3372%, Given the substantial role epigenetic alterations play in the path-
ogenesis of H3K27M DMGs, epigenetic therapy emerges as a particularly promising approach. Conse-
qguently, the development and application of epigenetic therapies could offer a breakthrough in treat-
ing this devastating pediatric cancer, shifting the current therapeutic paradigm and potentially prolong
0s.

5.1 Compound screens

| compared the drug sensitivity of 14 patient-derived HGG cell models and three non-malignant con-
trol cell lines through high-throughput epigenetic drug library screening of 102 compounds. Atu-
veciclib (CDK9i), mivebresib (BETi) alisertib (AURKi) were selected as hit compounds specifically tar-
geting H3K27M DMGs, which also advanced into clinical trials. In non-H3K27M pHGG cell models,
these inhibitors resulted in notably low DSSasym values and relatively high 1C50s. The shared mode of
action among BET, CDK9 and AURK inhibitors lies in their capacity to disrupt essential regulatory path-
ways governing cell cycle progression and cell survival. By targeting distinct elements within these
pathways, these inhibitors prompt cell cycle arrest and apoptosis, effectively curbing the proliferation
of cancer cells. Specifically, BET inhibitors hinder transcriptional regulation by blocking the assembly
of transcriptional complexes!®®?3’, CDK9 inhibitors suppress transcription elongation, which results in
reduced levels of anti-apoptotic proteins®#°*11°, AURK inhibitors disrupt mitotic activities, inducing
chromosomal instability and subsequent cell death?3®. Together, the reason why these inhibitors came
up as hits for H3K27M DMGs could be that they all play a crucial role in impeding the proliferation and
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survival of these cells by influencing transcription regulation and cell cycle mechanisms. This observa-
tion could indicate that H3K27M DMGs are particularly vulnerable to disruptions in transcriptional
machinery and pathways associated with cell cycle regulation. Such susceptibility suggests that these
tumors rely heavily on specific transcriptional and cell cycle pathways for their growth and prolifera-
tion. Consequently, targeting these processes with discovered epigenetic hits may offer a strategic
approach to inhibit tumor progression and potentially enhance therapeutic outcomes.

Resistance to single agent therapies in cancer treatment poses a significant challenge in clinical oncol-
ogy. The primary issue is that cancer cells exhibit a high degree of genetic and epigenetic diversity,
which provides a reservoir of variations that some cells can exploit to survive even when exposed to
potent therapeutics. Over time, these surviving cells proliferate, leading to the development of a re-
sistant tumor. Mechanisms of resistance include the upregulation of drug efflux pumps, repair of drug-
induced DNA damage, and activation of alternative survival pathways. These resistance mechanisms
can be acquired as the tumor evolves in response to the selective pressure exerted by the ther-
apy?>%°, This complexity underscores the need for multi-faceted treatment strategies that combine
agents targeting different pathways to reduce the likelihood of resistance development and achieve
more durable responses in cancer therapy. In line with this, | aimed to develop a combination therapy
for H3K27M DMGs. | focused on four DMG cell models harboring the K27M mutation in their histone
H3.3, which most closely represent the patient cohort®. It was found through combination screens
with TDSU drug library and identified epigenetic hits that the combination of atuveciclib (CDK9i) and
BMS-986158 (BETi) was the most efficacious. A synergistic interaction between these two compounds
was also observed for all H3K27M DMG cell models tested. CDK9 and BET inhibitors display distinct
toxicity profiles that require careful management in clinical environments. They demonstrate hema-

241 3nd thrombocytopenia?*?, which may restrict their use in

tological side effects, such as neutropenia
clinical settings. However, the synergistic effect observed between the two inhibitors holds promise
for refining dosage regimens to enhance their effectiveness and reduce the toxicity of these inhibitors

in treating H3K27M DMGs.

It was additionally noted that SU-DIPG-25 (H3K27M) cells exhibited increased sensitivity to kinase in-
hibitors, particularly MEK inhibitors such as cobimetinib, trametinib, selumetinib, when these were
used in combination with mivebresib (BETi). The distinctive sensitivity of SU-DIPG-25 cells to combined
regimen of MEK inhibitors and a BETi might be attributed to their specific genetic background, which
includes a Neurofibromatosis Type 1 (NF1) mutation. This genetic alterations have been documented
to confer increased susceptibility to the combination of MEK and BET inhibitors in other cancer types,
such as malignant peripheral nerve sheath tumors?*®. Due to the modest increase in sensitivity, indic-
ative of additivity, this phenomenon was not explored further.

5.2 Molecular characterization of atuveciclib, BMS-986158 and their combi-
nation

Analyzing the effects of single agent and combination treatments was vital for understanding how the
therapy could impact the cellular and molecular mechanisms within the tumor. This way, | aimed to

decipher which pathways were affected, which genes were upregulated or downregulated, and how
the cells adapted or succumbed to therapy. This was crucial for evaluating and validating the efficacy
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of the treatment. Overall, such analyses could help me understand potential mechanism of action of
the combination therapy in targeting H3K27M DMGs. Throughout this study, | used atuveciclib (CDK9i)
and BMS-986158 (BETi) at their respective half-maximal inhibitory concentrations (IC50s), which were
different for all H3K27M DMG cell models. Using the IC50 for each model tailored the dosage to the
individual sensitivity of each cell model, which could vary due to differences in cell type, genetic back-
ground, or expression levels of targets or other proteins even though they all share H3K27M mutation.
This method was informative in understanding how each cell model responded to a dose that was
specifically effective for it, potentially mirroring a more clinically relevant scenario where treatment
is personalized. This approach was also useful for evaluating the mechanism of action or dynamics of
apoptosis at an optimally effective concentration for each model. Moreover, these IC50s were also
applied on non-H3K27M models, which allowed for a direct comparison of the effect of the com-
pounds and help identify differences in sensitivity and resistance across H3K27M and non-H3K27M
cell models.

5.2.1 Mode of cell death

While metabolic activity assay performed over the course of compound screens offered significant
advantages for high-throughput screening and initial assessments of the drug effects, it presented
notable limitations that | had to address to accurately characterize the therapy. Primarily, the meta-
bolic activity assay provided an indirect measure of cell viability, essentially based on metabolic activ-
ity, which does not necessarily correlate with cell proliferation or death. As a result, the observed
reduction in metabolic activity could be due to factors other than cytotoxicity, such as cellular senes-
cence or quiescence?*, To distinguish between cytostatic and cytotoxic effects of the single agent and
combination treatments, | performed high content microscopy (HCM) imaging of 3D spheroids to
mimic the tumor physiology more closely. Both single agents elicited minimal cytotoxicity, which was
not significantly distinguishable from the effect of solvent control. On the other hand, combo high
(one to one combination of the two drugs at their IC50 for the respective H3K27M DMG cell models,
SU-DIPG-17 and HSJD-DIPG-007) facilitated complete response in H3K27M DMG models by inducing
cell death as evidenced by the augmented number of RedDot2 positive cells. Combo low (combination
reaching to 50% inhibition) demonstrated a potency comparable to the single agent treatments, fur-
ther showcasing the synergistic interaction.

Although the HCM imaging of the spheroids was conducted in 3D through the acquisition of z-stacks
spanning each spheroid, the analysis was limited to 2D due to computational constraints. The analysis
of 3D images demands extensive computational resources for processing and feature extraction, as
well as substantial technical expertise. Consequently, only the maximum intensity projection images
were utilized for analyses. Nevertheless, quantifying dead cells remained a challenge; the segmenta-
tion of cells within the compact structures of 3D spheroids required meticulous optimizations to more
accurately reflect cell death in the 2D representations. For the scope of this project, 2D analysis was
sufficient; however, acquired 3D images provide an opportunity to develop new image analysis tech-
niques within the lab.

While the lead compounds alone were selective for H3K27M DMG cell models and not for non-

H3K27M models as proven by low DSSasym values and high IC50s obtained for non-H3K27M models, it
was still necessary to validate the specificity of the combination therapy for H3K27M DMG cell models.
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Therefore, HCM imaging was also employed to characterize the selectivity and specificity of the com-
bination treatment for H3K27M DMG. In line with this, a H3G34V diffuse hemispheric glioma (DHG)
(KNS42) and a non-malignant cell model (HMC3) were included in the analysis in addition to two
H3K27M DMG models. | observed more pronounced cell death and spheroid shrinkage for H3K27M
DMG cell models, supporting my hypothesis. However, it is necessary to further strengthen these find-
ings by analyzing also H3 WT pHGG models.

Understanding how a treatment induces cell death provides insights into its mechanism of action.
Apoptosis is particularly significant since it allows for regulated cell death, which minimizes potential

245 Moreover, apoptotic cells are typically cleared by the body more effi-

harm to surrounding tissue
ciently, reducing the risk of an inflammatory response that can promote metastasis and tumor
growth?*®. | discovered that combo high activated caspase-3/7 in all H3K27M DMG cell models tested
fitting to known properties of CDK9%” and BET?* inhibitors, which are widely recognized for their
apoptosis-inducing capabilities>*16%:207.209.215 The difference between combo high and the single agent
treatments was not significant, which can be attributed to the low statistical power of non-parametric
tests, that had to be applied owing to the small sample size. Only, SU-DIPG-25 cells were undergone
caspase-3/7 activation when treated with BMS-986158 (BETi) although a non-significant increase was
also observed for SU-DIPG-17. Similarly, atuveciclib (CDK9i) significantly elevated caspase-3/7 activity
only in SU-DIPG-17 cells. Moreover, combo high elicited PARP1 cleavage in HSJD-DIPG-007. Together,

this data suggests that combo high induced apoptosis in H3K27M DMG models tested.

Even with the same H3K27M mutation, differences in the genetic landscape could affect how each cell
model responds to treatment. SU-DIPG-25 harbors MET amplification and NF1 mutation in addition
to TP53 mutation and MYC amplification. The latter two mutations are also observed for SU-DIPG-17,
but not the former two. HSJD-DIPG-007 also contains MYC amplification plus PPM1D, ACVR1, PIK3CA
mutations, as well as CCND2 amplification (Table 4). Based on limited information on the genomic
profile of these cells, it could be argued that presence of NF1 mutation and/or MET amplification may
potentiate apoptosis induction upon BET inhibition in SU-DIPG-25 model. Additionally, the amplifica-
tion of MET proto-oncogene and mutation in the NF1 tumor suppressor gene could render this model
less susceptible to apoptosis through CDK9 inhibition. Although atuveciclib (CDK9i) and BMS-986158
(BETi) individually induced only low levels of caspase-3/7 activation in different cell models, it was
their combination that consistently elicited higher caspase-3/7 activity across all examined cells. This
observation suggests that each inhibitor targets distinct but complementary pathways essential for
cell survival. Individually, the activity of these pathways appears to be compensable; cells can bypass
the inhibition of one pathway by relying on the other. This compensatory mechanism likely accounts
for the lower levels of caspase-3/7 activity observed when either inhibitor was used alone. However,
when both inhibitors were applied concurrently, the cellular capacity for compensation was over-
whelmed, leading to a significant increase in caspase-3/7 activity despite the mutations harbored in
either TP53 or PPM1D genes. Mutation in PPM1D often results in overactivation of its protein nega-

249,250 which could lead to suppression of apoptosis®'~

tively regulating p53 acting like p53 mutation
253, Despite that, the increased caspase-3/7 activity and PARP1 cleavage could be attributed to that
when cells are overwhelmed due to stress induced by treatments, p73 can be triggered®*, leading to
the activation of pro-apoptotic genes. Similarly, p63 can activate some p53 target genes in the absence
of p53%%°. The synergistic effect between the two inhibitors on apoptosis induction underscores the

complexity of the signaling networks within H3K27M DMGs and highlights the potential advantage of
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simultaneously targeting multiple pathways by a combination therapy. This strategy could be particu-
larly effective in overcoming the acquired resistance that often limits the efficacy of single-agent ther-
apies in clinical settings.

The specificity of the combination treatment towards H3K27M DMG was further validated in vivo us-
ing zebrafish embryo xenograft models. The experiments were conducted with two cell models har-
boring either H3K27M or H3G34V mutations. However, more analyses should be performed also with
H3 WT pHGG models to further strengthen the findings. To enhance the understanding of the combi-
nation treatment effects, including its pharmacokinetics (PK), pharmacodynamics (PD), and blood-
brain barrier (BBB) penetrability, further in vivo evaluations will be conducted using a mouse model.
Notably, the upcoming in vivo studies will incorporate KB-0742 (CDK9i) instead of atuveciclib (CDK9i).
This adjustment is predicated on improved clinical tolerability, reduced side effects and better BBB
penetrability, aiming to optimize therapeutic outcomes while maintaining the mechanistic integrity of
the initial combination.

5.2.2 Mode of action

Identifying the genes and pathways differentially regulated by single-agent treatments, as well as un-
derstanding how their combination induces cell death, was of high interest. Additionally, elucidating
the mechanisms of synergy between these agents was critical, as it could provide deeper insights into
the biology of H3K27M DMGs.

5.2.2.1 Mode of action of BET inhibition

BET protein family, which includes BRD2, BRD3, BRD4, and BRDT, functions as chromatin readers and
facilitators of transcription. These proteins recognize acetylated histones through their bromo-
domains, recruiting the transcription elongation complex to enhance RNA polymerase Il (RNAPII) me-
diated transcription of genes, as well as oncogenes such as MYC?**72°8, BRD4, being the ubiquitously
expressed'® and most extensively researched member of the BET protein family, plays a crucial
role?>”2%8 |n DMGs, H3K27M interacts with H3K27ac to form heterotypic nucleosomes that BRD4 tar-
gets at super-enhancers, extensive clusters of enhancers characterized by high transcription factor
binding?3*. These super-enhancers regulate genes critical to cellular identity, which are often onco-
genic drivers in cancer cells®°. Therefore, cells in DMGs are highly susceptible to the transcriptional
interference?®. In this study, | conducted bulk RNAseq and proteomics to understand the mechanism
of action. Chromatin immunoprecipitation sequencing (ChlPseq) could also be conducted to explore
the interaction between BRD4 and histone proteins, aiming to identify the expression of which genes
is influenced when H3K27M DMG cells are treated with BETi. Transcriptomics results displayed that
DNA replication and cell cycle, as well as purine and pyrimidine metabolism and base excision repair
(BER) pathways were negatively regulated by BMS-986158 (BETi) treatment in H3K27M DMG cell mod-
els. Purines and pyrimidines are essential components in DNA repair mechanisms. Inhibiting purine
synthesis has been shown to disrupt DNA repair processes and enhance the sensitivity of H3K27M
DMG cells to radiation therapy. Conversely, pyrimidines are considered to have a more limited role in
DNA repair and radiotherapy resistance than purines?®!. These insights underscore the importance of
purines, especially regarding DNA repair and resistance to therapy in H3K27M DMGs. The downregu-
lation of the base excision repair (BER) pathway can significantly impact cellular function and genomic
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stability. BER is an essential DNA repair mechanism tasked with proofreading damaged bases resulting
from deamination, oxidation, and alkylation. If these bases are not repaired, they can lead to muta-
tions and DNA strand breaks, jeopardizing genomic integrity?®2. Downregulation of this pathway could
elevate DNA damage accumulation in H3K27M DMG cell models, leading to genomic instability and
potentially triggering cell death. Downregulation of DNA replication and cell cycle emphasizes that the
ability of these cells to proliferate was impaired, which could facilitate cell cycle arrest, thereby inhib-
iting growth and progression. Furthermore, Gene Ontology (GO) term analysis for biological processes
of proteomic data demonstrated that RNAseq results were reflected at the protein level as evidenced
by the observed negative impact of BMS-986158 (BETi) treatment on DNA repair, replication and pro-
liferation. The reason why the pathway analysis of proteomic data for H3K27M models under BMS-
986158 (BETi) treatment did not show enrichment for the ontologies identified in GO term analysis
could be that GO offers a broader categorization of gene functions and more detailed functional anal-
ysis?®3 compared to a pathway analysis. Moreover, gene expression analysis provided a more compre-
hensive elaboration on the effect of BMS-986158 (BETi) on H3K27M DMG models, which can be at-
tributed to that RNAseq can detect even low-abundance transcripts as RNA is amplified during library
preparation, which is not the case for proteins?®*. Therefore, proteomics generally has lower sensitiv-
ity due to the challenges in detecting proteins that are present at low concentrations or those that are
masked by more abundant proteins?®>. Thus, the differences in sensitivity in both methods could be
the underlying reason why more information was obtained from RNAseq data.

5.2.2.2 Mode of action of CDK9 inhibition

H3K27M mutation in DMG results in global loss of H3K27me2 and H3K27me3. Moreover, the mutant
histones, by forming heterotypic nucleosomes with H3 WT, facilitate elevated levels of H3K27ac,
which is associated with euchromatin and active transcription?>?34266:267 and BRD4 recruitment to
chromatin®#137.73 BRD4, in turn, recruits CDK9, which, together with Cyclin T1, constitutes the positive
transcription elongation factor b (P-TEFb), that is essential for the transcription elongation of nascent
MRNA strands through the phosphorylation of RNA Polymerase Il (RNAPII). This kinase plays a key role
in controlling several cellular processes such as proliferation, survival, cell cycle regulation, DNA dam-
age repair, and metastasis, all of which are crucial for the growth>*°22%8, |n line with the literature,
RNAseq data showed that inhibition of CDK9 with atuveciclib downregulated DNA replication, similar
to BMS-986158 (BETi) effect, as well as DDR pathways, such as non-homologous end joining (NHEJ)
and homologous recombination (HR). Proteomics analysis did not converge on any DDR pathway being
differentially regulated in H3K27M DMG cell models under atuveciclib (CDK9i) treatment; however,
GO term analysis indicated that DNA repair regulation was negatively regulated. Using atuveciclib
(CDK9i) to downregulate these DNA repair pathways could potentially increase DNA damage in
H3K27M DMG cells by suppressing key proteins involved in NHEJ and HR, essential for repairing DNA
double-strand breaks (DSB). The accumulation of non-repaired DSBs makes these cells susceptible to
cell death and sensitive to DNA-damaging treatments, such as radiation and chemotherapy. Addition-
ally, the accumulated DNA damage can induce apoptosis, which could explain the increased caspase-
3/7 activation observed for some of the H3K27M DMG models. Furthermore, Nepomuceno et al. dis-
covered that CDK9 interacts with and phosphorylates breast cancer type 1 susceptibility protein
(BRCA1), a critical protein involved in HR repair. Inhibition of CDK9 with short hairpin RNA (shRNA)
hinders the recruitment of BRCA1 to DNA damage sites and disrupts its subsequent HR functions, in-
cluding DNA end resection and DNA repair protein RAD51 homolog 1 (RAD51) loading?®. To prove the
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hypothesis that HR is dysfunctional after CDK9 inhibition, an IP analysis could be conducted to display
that CDK9 interacts with BRCA1, and this interaction is disrupted upon atuveciclib (CDK9i) treatment
in H3K27M DMG cells. Moreover, the levels of key proteins involved in NHEJ (e.g. Ku70, Ku80)?”° and
HR (e.g. RAD51, BRCA1/2)?" could be measured in a WB before and after atuveciclib (CDK9i) treat-
ment across different time points.

Several studies have highlighted CDK9 as a promising therapeutic target in cancer cells, given its crucial
function in the transcriptional regulation of genes that facilitate tumor growth and survival. Inhibiting
CDK9 has demonstrated potential in preclinical models by decreasing the transcription of these onco-
genes, such as MYC, which in turn disrupts tumor cell proliferation and survival?’%131273274 However,
the RNAseq data, as well as the time point analysis conducted in WB of atuveciclib (CDK9i) treated
H3K27M DMG cell models highlighted that MYC levels did not change. This observation suggests that
cytostatic effect of atuveciclib (CDK9i) on H3K27M DMG cell models was independent of MYC expres-
sion, which recapitulated the findings of another study where the authors investigated the same com-
pound on H3K27M DMG cells?’®.

5.2.2.3 The effect of the inhibitors on cell cycle

According to the gene expression analysis of H3K27M DMG cell models treated with BMS-986158
(BETi), although the expression of MYC decreased only in SU-DIPG-25 and HSJD-DIPG-007, as con-
firmed by WB for the latter, the MYC target genes were downregulated across all four cell models
along with E2F target genes. Atuveciclib (CDK9i) also negatively regulated MYC and E2F target genes.
Both E2F and MYC target genes play a crucial role in the drive of expression of genes required for the
cell cycle phase transitions and initiation of DNA replication?’72’8, Moreover, proteomics confirmed
that cell cycle pathway and nuclear replication events were downregulated under all tested treat-
ments. These observations highlight the negative effect of the BET and CDK9 inhibition on the cell
cycle. H3.3K27M mutation often co-segregates with TP53 mutation in DMGs*” (Figure 1), and in fact,
except for SU-DIPG-19, all the cell models analyzed in the omics analyses harbor either TP53 mutation
(SU-DIPG-17, SU-DIPG-25) or PPM1D mutation (HSJD-DIPG-007) (Table 4), which negatively regulates
p53%4%2%0 |t has been demonstrated that both PPM1D and TP53 mutations can override normal cell
cycle checkpoints, allowing continuous proliferation?*%?’°, Consequently, it is probable that these cells
cannot be arrested at any cell cycle phase although further experiments, such as flow cytometry, are
required to prove that.

5.2.2.4 The effect of the inhibitors on DNA damage

In the S-phase of the cell cycle, the coordination between chromatin regions actively transcribing RNA
and advancing replication forks is crucial. If the regulation and synchronization of transcription or rep-
lication are disrupted, it can lead to a misalignment of these chromatin-related processes. This desyn-
chronization may cause formation of R-loops (RNA:DNA hybrids) due to annealing of nascent RNA with
its DNA template, resulting in a three-stranded structure?®®28215 When RNAPI| is stalled due to e.g.
CDK9 inhibition, the nascent RNA can re-anneal with its template strand, forming an R-loop that an-
chors RNAPII to the chromatin. During S-phase, these R-loop-bound transcription machinery acts as
an obstacle to advancing replication forks?®32%%, When these R-loops remain unresolved, they can
cause collisions of the transcription complex with the replication machinery, leading to replication fork
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collapse and DSBs!®9284285286 BRD4 activates CDK9 through its C-terminal domain (CTD), triggering a
phosphorylation event that is crucial for efficient transcription elongation?®’-2%%, Previous studies have
demonstrated that the depletion of BRD4 following a BETi results in reduced RNAPII traveling ratios,
suggesting that RNAPII becomes paused on the chromatin?®. Additionally, direct chemical inhibition
of CDK9 has been shown to cause RNAPII stalling and an increase in R-loop formation?®>?°1, Moreover,
spliceosomes could resolve the R-loops with proper pre-mRNA splicing and when downregulated, as
observed for combo low treatment, R-loop accumulates?®2Y_ |n the light of these findings, | hypoth-
esize that both BET and CDK9 inhibition could facilitate R-loop formation, which further causes DNA
damage in H3K27M DMG cell models. In fact, when used in combination, both inhibitors synergistically
increased the DNA damage accumulation, as evident by increased yH2A.X levels detected in WB and
flow cytometry, which cannot be repaired due to the downregulation of genes essential for DNA dam-
age repair. The detection of R-loops is facilitated by several methods, each with its strengths and lim-
itations. While $9.6 mAb?°2 and RNase H1-based?** methods are commonly used, they face challenges
related to specificity, sensitivity, and technical implementation. S9.6 mAb binds to RNA:DNA hybrids,
but can also recognize double stranded RNAs (dsRNAs), leading to false positive results?®*. Overex-
pression of RNase H1 can be used to manipulate R-loop levels, while catalytically-dead versions of
RNase H1 or its hybrid binding domain (HBD) can be employed for R-loop detection in imaging and
immunoprecipitation assays?®>. Nevertheless, potential interference with endogenous RNase H1 ac-

tivity poses a challenge to the method?*“.

5.2.3 Specificity of combinatorial treatment with CDK9i and BETi towards H3K27M
DMG

To ensure the accurate expression of transcriptional programs in specific cell types or developmental
stages, polycomb repressive complex 2 (PRC2) antagonizes with the epigenetic regulators that facili-
tate gene expression?®®. PRC2 opposes some chromatin regulators such as CREB-binding protein (CBP),
which is involved in mediating H3K27ac*’. Research has demonstrated that malignant peripheral
nerve sheath tumors (MPNSTSs) are vulnerable to compounds that induce aberrant transcription, due
to the loss of function of PRC2 and the subsequent reduction in H3K27me2/3 (a repressive mark) and
corresponding increase in H3K27ac (an activating mark) observed in these tumors?®. Similarly, the
H3K27M mutation in DMGs creates a unique epigenetic landscape due to decreased PRC2 function,
which results in transcriptional dependencies?®, leading to a decrease in H3K27me2/3 and an increase
in H3K27ac compared to pHGGs without the H3K27M mutation?#2%°%4 This shift occurs despite the
fact that the H3K27M mutant protein only constitutes 3-17% of the total H3 proteins®®. The increased
H3K27ac in H3K27M DMGs colocalizes with BRD proteins at transcriptionally activated genes. This in-
teraction contributes to the activation of transcription by recruiting P-TEFb and RNAPI12342%0, The in-
crease in H3K27ac provides more binding sites for BRDs, making H3K27M DMGs more dependent on
BRD-mediated transcription, hence more vulnerable to BETis and drugs impairing transcription, such
as CDK9i. The combination of CDK9 and BET inhibition could exhibit synthetic lethality in H3K27M
DMG cells by capitalizing on their transcriptional vulnerabilities. This combinatorial treatment simul-
taneously disrupts transcriptional regulation and DNA damage response (DDR) pathways, leading to
the accumulation of lethal DNA damage. | hypothesize that if H3K27M DMG cells cannot be arrested
at any cell cycle phase - either due to the underlying mutations discussed above or as an effect of the
inhibitors, which has to be investigated further - and are unable to repair DNA-strand breaks, then
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DNA damage will accumulate as the cells undergo mitosis. This could ultimately lead to mitotic catas-
trophe. Mitotic catastrophe is an antiproliferative mechanism that takes place during defective or un-
successful mitosis. It is marked by distinct nuclear changes, including multinucleation and micronucle-
ation, which are used as morphological indicators for its detection3®. Although the signaling pathways
that elicit mitotic catastrophe are still poorly understood, it is known that in clinical practice, effec-
tively inducing mitotic catastrophe necessitates both the initiation of DNA damage and the inhibition
of molecular pathways that govern cell cycle arrest and DNA damage repair®°23%2, If mitotic catastro-
phe results in a lethal outcome, it triggers apoptosis, necrosis, or autophagy, and apoptosis and au-
tophagy are capable of regulating each other3°?3%* The upregulation of autophagy observed in multi-
omics analysis of BMS-986158 (BETi) treated H3K27M DMG cell models could be attributed to mitotic
catastrophe induction. Although further investigation is required, such as morphology analysis of cell
nucleus with and without treatment, for the characterization of mitotic catastrophe, it is probable that
the combinatorial inhibition of CDK9 and BET enhances mitotic catastrophe and eventually pushes the
cells to apoptotic cell death.

The design of the proteomic analysis included testing a H3 WT pHGG cell model to shed light onto the
differences between H3K27M and H3 WT models in response to the treatment. However, the inhibi-
tors elicited similar alterations in both H3K27M and H3 WT models, such as negative regulation of
DNA repair, replication and transcription. Therefore, a more comprehensive analysis is required, such
as ChlPseq, to stratify the genes affected by the treatments in pHGG models with different H3 muta-
tion status. Additionally, although HCM screens discussed in 5.2.1 Mode of cell death indicated that
the combo high was more specific for H3K27M DMG models, it would be still required to test H3 WT
pHGG models, e.g. the one analyzed in proteomics, to further strengthen the findings. Furthermore,
DDR proteins alongside YH2A.X could be monitored in WB for pHGG models with various H3 mutation
profiles to assess the differences in the DNA damage accumulation and repair.

5.2.4 Sensitization to radiotherapy

The downregulation of purine metabolism and DDR pathways were also observed when H3K27M DMG
cells were treated with combo low. In this instance, the reason why the radiosensitivity observed for
HSJD-DIPG-007 (H3K27M) cell model under combo low treatment can be attributed to a decrease in
DNA repair capacity of the cells. SU-DIPG-17 (H3K27M) demonstrated rather an additivity when
treated with combo low and radiation therapy (RT), which could be because this model was originated
from a patient who had undergone RT (Table 4). Consequently, SU-DIPG-17 might have developed
resistance against RT. Moreover, in the absence of the compound treatment, this model demon-
strated the lowest radiosensitivity compared to other H3K27M DMG cell models derived from patients
who had not received RT. Additionally, SU-pcGBM2 (H3 WT) was not sensitized to RT when treated
with combo low, suggesting that combination of RT with inhibition of CDK9 and BET could exploit
synthetic lethality in H3K27M DMGs.

The reason why additional cell models with different H3 mutation status were not included in the

radiosensitization analysis is that most of the cells exhibited limited plating efficiency, rendering them
unsuitable for investigation in a colony formation assay, which was crucial for this phase of analysis.
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6 Conclusion & Outlook

The main objective of this project was to develop a combination therapy specifically targeting H3K27M
DMGs, with the potential for clinical application. Epigenetic drug library screen identified atuveciclib
(CDK9i), mivebresib (BETi) and alisertib (AURKi) as lead compounds specifically targeting H3K27M
DMG cell models. These compounds were further screened in combination with TDSU library, which
revealed that the sensitivity of H3K27M DMG cell models to BETis increased when these inhibitors
were combined with atuveciclib (CDK9i). BMS-986158 (BETi) was selected as the combination partner
to atuveciclib (CDK9i) as its DSSasym Value increased the most, hence the sensitivity, compared with
other BETis screened in conjunction with atuveciclib (CDK9i). Synergy analysis with multiple-ray design
approach confirmed the synergistic interaction between atuveciclib (CDK9i) and BMS-986158 (BETi)
for all four H3K27M DMG cell models.

High-content microscopy imaging displayed that the combo high elicited cytotoxicity in H3K27M DMG
models, which was found to be the result of caspase-3/7 activation, indicative for apoptosis. Single-
agent treatments were identified to be rather cytostatic. In vitro specificity of the combination treat-
ment was further validated in vivo using zebrafish xenograft models. Combo high prevented colony
formation in anchorage-independent soft-agar colony formation assay. A combination therapy using
lower doses of atuveciclib (CDK9i) and BMS-986158 (BETi), referred to as combo low, achieved the
same effect size as higher doses of these two inhibitors used individually. This finding not only under-
scored the synergistic interaction between the compounds but also highlighted the potential for stra-
tegic dose adjustments to mitigate toxicity. The ability to optimize dosages is crucial, as it could help
enhance the patient safety and treatment efficacy, potentially broadening the therapeutic window in
clinical setting.

Multi-omics analyses demonstrated that DNA replication and cell cycle associated genes were nega-
tively regulated by atuveciclib (CDK9i), BMS-986158 (BETi) and combo low. Moreover, different DDR
pathways were downregulated by these inhibitors, suggesting a complementary inhibitory role on
DNA damage repair. WB and flow cytometry analyses displayed that combo high resulted in DNA dam-
age accumulation. Future experiments will focus on the hypothesis that the H3K27M DMG models
undergo mitotic catastrophe as a result of DNA damage accumulation and insufficient repair. To more
deeply understand the differences in sensitivity to the combinatorial treatment, assays will cover also
the H3G34V/R and H3 WT pHGG models.

Moreover, it was demonstrated that the combination therapy radiosensitized one of the H3K27M
DMG cell models, potentially resulting in synthetic lethality due to the downregulation of DDR path-
ways. Since either synergism or additivity was observed for the H3K27M DMG models screened, the
combination therapy appears to be safe for use with RT.

Altogether, the combinatorial treatment with CDK9 and BET inhibitors exploits the transcriptional vul-
nerability of H3K27M DMGs, which display decreased H3K27me2/3 and increased H3K27ac due to the
compromised function of PRC2. These inhibitors target multiple points in the transcriptional regula-
tion, leading to synergistic effects including downregulation of DNA replication and potentially cell
cycle arrest, accumulation of DNA damage and induction of apoptosis. This enhances the overall spec-
ificity and efficacy of the combination treatment against H3K27M DMGs.
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The last but not least, the first steps in the initiation of clinical trials were taken by establishing a
collaboration with Kronos Bio. Company, which produces a BBB penetrant CDK9i, KB-0742. This com-
pound is being investigated with H3K27M DMG models in vitro in combination with BETis. To thor-
oughly explore the clinical potential of the CDK9 and BET inhibitor combination, in vivo mouse exper-
iments are planned with KB-0742 (CDK9i) and BMS-986158 (BETi). These experiments will evaluate
BBB penetrability, on-target effects of the compounds (RNAPII pS2 and HEXIM1 levels) and survival
following the combination treatment. If promising, clinical trials will begin.
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Figure 29. Graphical explanation of CDK9i and BETi combination effect on H3K27M DMG. The experiments lead-
ing to the mechanistic explanation are in green and experiments to be performed are in red. K27M mutant
histones portrayed in orange, WT histones are in blue. CycT1, Cyclin T1; CycK: Cyclin K; 53BP1: p53-binding pro-
tein 1; DNA pol: DNA polymerase.
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Supplementary Figures
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Figure S1. Cell titer and drug dispensing volume controls. (A) SU-DIPG-19 (H3K27M) cells were seeded in two-
fold dilutions at six different densities, incubated for 72h and subjected to CTG. The data were normalized to
that of blank control. The linear relationship between increasing number of cells and increasing luminescence
signal (relative light unit, RLU) demonstrated the optimal cell number to be seeded. (B) STS was tested in three
different volume, 25 nl, 50 nl and 75 nl at a concentration range. SU-DIPG-13 (H3K27M) cells were seeded ac-
cording to Table 35, and incubated with pre-dispensed STS for 72h before CTG. Statistics were calculated with
non-parametric Friedman test followed by Dunn’s multiple comparison. ns: not significant.
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Figure S2. HCM image analysis depicting spheroid area change from baseline and cell death. Treatment condi-
tions belonged to that of HSJD-DIPG-007 (H3K27M), and were as follows: 850 nM atuveciclib (CDK9i), 27 nM
BMS-986158 (BETi), combo low (155 nM atuveciclib + 5.5 nM BMS-986158) and combo high (850 nM atuveciclib
+ 27 nM BMS-986158). DMSO was kept as a solvent (negative) control. (A) Spheroid area change from baseline
calculated for each treatment and normalized to the solvent control of the respective cell model. (B) The number
of death cells were counted for each treatment and normalized to the solvent control of the respective cell
model. The data from three biological replicates are pooled for each graph. Statistics were calculated using two-
way ANOVA followed by Tukey’s test. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; ns: not significant. n=3.
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Figure S3. Radiosensitization assessment of combo low on HSJD-DIPG-007 (H3K27M) cells conducted using a
metabolic activity assay. Different dilution factors (10, 3, 1, 0.3, 0.1) were employed to create a concentration
range. Dilution factor of 1 corresponds to standard combo low (155 nM atuveciclib + 5.5 nM BMS-986158).
Dilution factors were multiplied by the standard combo low concentration to give rise to new concentrations.
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Figure S4. Radiosensitization assessment of combo low on SU-DIPG-17 (H3K27M) cells conducted using a met-
abolic activity assay. Different dilution factors (10, 3, 1, 0.3, 0.1) were employed to create a concentration range.
Dilution factor of 1 corresponds to standard combo low (277 nM atuveciclib + 4 nM BMS-986158). Dilution
factors were multiplied by the standard combo low concentration to give rise to new concentrations.
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Figure S5. Quality check of bulk RNAseq and LC-MS/MS proteomic data. The cells were treated according to
Table 39, and analyzed in five and four biological replicates in RNAseq and proteomic, respectively. (A) t-SNE
plot of RNAseq data of 80 samples was generated in R2: Genomics Analysis and Visualization Platform. Only
SU-DIPG-17 atuveciclib replicate 2, highlighted in red circles, was detected as an outlier and excluded from the
analysis. (B) UMAP of proteomic data of 128 samples was plotted using RStudio.
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Figure S6. Hierarchical clustering heatmap using Z-score based on MSigDB HALLMARK MYC Targets version 1
(V1) and 2 (V2) for (A) HSID-DIPG-007, (B) SU-DIPG-17, (C) SU-DIPG-19 and (D) SU-DIPG-25. Each treatment
group was compared with DMSO. Overall differential changes in V1 and V2 were depicted below the heatmaps
for each replicate (rep). Blue and red boxes represent negative and positive regulation, respectively.
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Figure S8. GO term analysis for biological processes showing negatively regulated ontologies in (A) H3K27M DMG
and (B) H3 WT pHGG models, and (C) upregulated ontologies under BMS-986158 (BETi) treatment for H3K27M
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Figure S10. Toxicity analysis of atuveciclib (CDK9i) and BMS-986158 (BETi) on zebrafish embryos.
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Figure S11. Toxicity analysis of six different combination treatments with atuveciclib (CDK9i)
and BMS-986158 (BETi) on zebrafish embryos according to Table 41.
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Figure S13. Synergy screen with KB-0742 (CDK9i) and BETis using a matrix design. (A) BMS-986158 and
(B) CC-90010 were tested as BETis. The synergy calculation was performed based on Loewe model and
plotted on SynergyFinder+
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Appendix Figure 1. QC data of all cell models screened with epigenetic drug library. The drugs were dispensed
into four plates depicted as p1, p2, p3 and p4. Four graphs demonstrate correlation between replicates in each
plate, and the table illustrates Z’ for each plate. 1=2': an ideal assay; 1>2'>0.5: an excellent assay; 0.5>2'>0: a
marginal assay; Z'=0: a non-ideal assay; Z'<0: data is impossible to use. The data were generated using iTReX

shiny app.
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Dose (nM)

Appendix Figure 2. Dose response curves of non-H3K27M pHGG cell models for atuveciclib (CDK9i), mivebresib
(BETi) and alisertib (AURKi).
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Appendix Figure 3. Separate synergy plots for four H3K27M DMG models tested in synergy screens with 7-ray
approach. The y-axis represents the inhibition, 1 being IC100, 0 being ICO, and x-axis shows the logarithm base
10 of concentrations used in nM. The ratios of atuveciclib (CDK9i) and BMS-986158 (BETi) were depicted in boxes
in each plot.

111



APPENDIX

Hoechst RedDot2 Composite

DMSO

atuveciclib

BMS-986158

combo low

combo high

Appendix
(H3K27M)

Figure 4. HCM analysis of KNS42 (H3G34V) cells with the treatment conditions of SU-DIPG-17
as detailed in Table 38. TMRE stains the metabolically active cells, Hoechst stains nuclei and RedDot2

is a cell impermeant dye, staining only the dead cells. Composite is the merged images of all three channels.
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Appendix Figure 5. HCM analysis of HMC3 (microglia) cells under the treatment conditions of SU-DIPG-17
(H3K27M) according to Table 38. TMRE stains the metabolically active cells, Hoechst stains nuclei and RedDot2
is a cell impermeant dye, staining only the dead cells. Composite is the merged images of all three channels.
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Appendix Figure 6. HCM analysis of HSJD-DIPG-007 (H3K27M) cells under different treatments. The concentra-
tions used for each treatment were detailed in Table 38. TMRE stains the metabolically active cells, Hoechst
stains nuclei and RedDot2 is a cell impermeant dye, staining only the dead cells. Composite is the merged images
of all three channels.
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Appendix Figure 7. HCM analysis of KNS42 (H3G34V) model under the treatment conditions of HSJD-DIPG-007
(H3K27M) according to Table 38. TMRE stains the metabolically active cells, Hoechst stains nuclei and RedDot2
is a cell impermeant dye, staining only the dead cells. Composite is the merged images of all three channels.
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Appendix Figure 8. HCM analysis of HMC3 (microglia) under the treatment conditions of HSJD-DIPG-007
(H3K27M) according to Table 38. TMRE stains the metabolically active cells, Hoechst stains nuclei and RedDot2
is a cell impermeant dye, staining only the dead cells. Composite is the merged images of all three channels.
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1stexp — Gy 0 (SFO)

BztCl DMSO
mean 811 15825.1 Z’=0.55
std 172.0 2059.3

1stexp - Gy 0.5 (SF75) > 23 %

BztCl DMSO
mean 1066.00 12166.8 Z'=0.53
std 145.6 1595.9
1stexp — Gy 1 (SF50) = 38 %
BztCl DMSO
mean 942.60 9751.7 Z’=0.58
std 116.1 1113.0

APPENDIX

2nd exp — Gy 0 (SFO0)

BztCl DMSO
mean 2092.5 11235.6 72’=0.48
std 131.7 14518

2nd exp — Gy 0.5 (SF75) > 30 %

BztCl DMSO
mean 2920.50 7869.2 Z’=0.31
std 195.1  943.7
2nd exp — Gy 1 (SF50) = 49 %

BztCl DMSO
mean 3084.83 5687.2 Z'=-0.09
std 187.6  754.8

Appendix Figure 9. Radiosensitization experiments conducted on SU-DIPG-19 (H3K27M). Each table represents
a single plate, and they demonstrate counts detected for BztCl and DMSO in 1st and 2nd experiment (exp). Z’
was calculated as a QC criterion. Gray (Gy) doses used for each plate are mentioned above each table.
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Appendix Figure 10. Bioanalyzer QC check of RNA samples submitted for RNAseq. RIN: RNA integrity number.
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Appendix Figure 11. Identified and quantified proteins in LC-MS/MS. Each bar represents an individual sample.
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Atu_25_WT_rep3
BMS_7_WT_repl
Atu_19 WT_rep2
Atu_17_WT_rep4
BMS_17_WT_repl
DMSO_17_WT_rep4
syn_7_WT_repl
syn_17_WT_rep4
Atu_17_mut_rep4
DMSO_25_WT_rep2
Atu_7_WT_rep3
syn_25_WT_rep2
syn_19_WT_rep3
DMSO_19_WT_repl
BMS_25_WT_rep2
DMSO_7_WT_repl
BMS_19 WT_rep3
BMS_25_WT_rep3
DMSO_19_WT_rep3
Atu_25_WT_rep2
BMS_25_mut_rep4
syn_19 WT_rep4
syn_25_WT_rep4
DMSO_17_WT_repl
BMS_17_WT_rep3
syn_17_WT_rep2
syn_7_WT_rep4
BMS_7_WT_rep4
Atu_19 WT_repl
DMSO_25_WT_repl
BMS_19 WT_rep4
DMSO_7_WT_rep3
Atu_7_WT_repd
Atu_17_WT_rep3
syn_17_WT_rep3
DMSO_19_WT_rep4
DMSO_7_WT_rep4
BMS_19 WT_repl
DMSO_25_WT_rep3
syn_19 mut_repl
BMS_25_WT_repl
Atu_19 WT_rep4
syn_25_WT_rep3
BMS_17_WT_rep4
Atu_17_WT_repl
syn_19 WT_rep2
Atu_25_WT_rep4
syn_7_WT_rep3
BMS_7_WT_rep3
Atu_7_WT _repl
DMSO_17_WT_rep2
BMS_19 WT_rep2
BMS_19_mut_rep3
DMSO_19_mut_rep2
syn_25_mut_rep4
BMS_25_WT_rep4
Atu_25_ WT _repl

Treatment
atuveciclib
BMS-986158
atuveciclib
atuveciclib
BMS-986158
DMSO
combo low
combo low
atuveciclib
DMSO
atuveciclib
combo low
combo low
DMSO
BMS-986158
DMSO
BMS-986158
BMS-986158
DMSO
atuveciclib
BMS-986158
combo low
combo low
DMSO
BMS-986158
combo low
combo low
BMS-986158
atuveciclib
DMSO
BMS-986158
DMSO
atuveciclib
atuveciclib
combo low
DMSO
DMSO
BMS-986158
DMSO
combo low
BMS-986158
atuveciclib
combo low
BMS-986158
atuveciclib
combo low
atuveciclib
combo low
BMS-986158
atuveciclib
DMSO
BMS-986158
BMS-986158
DMSO
combo low
BMS-986158
atuveciclib

Cell model
SU-DIPG-25
HSJD-DIPG-007
SU-DIPG-19
SU-DIPG-17
SU-DIPG-17
SU-DIPG-17
HSJD-DIPG-007
SU-DIPG-17
SU-DIPG-17
SU-DIPG-25
HSJD-DIPG-007
SU-DIPG-25
SU-DIPG-19
SU-DIPG-19
SU-DIPG-25
HSJD-DIPG-007
SU-DIPG-19
SU-DIPG-25
SU-DIPG-19
SU-DIPG-25
SU-DIPG-25
SU-DIPG-19
SU-DIPG-25
SU-DIPG-17
SU-DIPG-17
SU-DIPG-17
HSJD-DIPG-007
HSJD-DIPG-007
SU-DIPG-19
SU-DIPG-25
SU-DIPG-19
HSJD-DIPG-007
HSJD-DIPG-007
SU-DIPG-17
SU-DIPG-17
SU-DIPG-19
HSJD-DIPG-007
SU-DIPG-19
SU-DIPG-25
SU-DIPG-19
SU-DIPG-25
SU-DIPG-19
SU-DIPG-25
SU-DIPG-17
SU-DIPG-17
SU-DIPG-19
SU-DIPG-25
HSJD-DIPG-007
HSJD-DIPG-007
HSJD-DIPG-007
SU-DIPG-17
SU-DIPG-19
SU-DIPG-19
SU-DIPG-19
SU-DIPG-25
SU-DIPG-25
SU-DIPG-25

H3 status
H3 WT
H3 WT
H3 WT
H3 WT
H3 WT
H3 WT
H3 WT
H3 WT
H3K27M
H3 WT
H3 WT
H3 WT
H3 WT
H3 WT
H3 WT
H3 WT
H3 WT
H3 WT
H3 WT
H3 WT
H3K27M
H3 WT
H3 WT
H3 WT
H3 WT
H3 WT
H3 WT
H3 WT
H3 WT
H3 WT
H3 WT
H3 WT
H3 WT
H3 WT
H3 WT
H3 WT
H3 WT
H3 WT
H3 WT
H3K27M
H3 WT
H3 WT
H3 WT
H3 WT
H3 WT
H3 WT
H3 WT
H3 WT
H3 WT
H3 WT
H3 WT
H3 WT
H3K27M
H3K27M
H3K27M
H3 WT
H3 WT

Replicate
rep-3
rep-1
rep-2
rep-4
rep-1
rep-4
rep-1
rep-4
rep-4
rep-2
rep-3
rep-2
rep-3
rep-1
rep-2
rep-1
rep-3
rep-3
rep-3
rep-2
rep-4
rep-4
rep-4
rep-1
rep-3
rep-2
rep-4
rep-4
rep-1
rep-1
rep-4
rep-3
rep-4
rep-3
rep-3
rep-4
rep-4
rep-1
rep-3
rep-1
rep-1
rep-4
rep-3
rep-4
rep-1
rep-2
rep-4
rep-3
rep-3
rep-1
rep-2
rep-2
rep-3
rep-2
rep-4
rep-4
rep-1
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syn_17_WT_repl
DMSO_17_WT_rep3
syn_7_WT_rep2
syn_19 WT_repl
Atu_7_WT_rep2
BMS_17_WT_rep2
Atu_19 WT_rep3
Atu_17_WT_rep2
syn_25_WT_repl
DMSO_25_WT_rep4
DMSO_7_WT_rep2
DMSO_19 WT_rep2
BMS_7_WT_rep2

Sample Name
DMSO_7_mut_repl
BMS_7_mut_rep3
Atu_7_mut_repl
syn_7_mut_repl
DMSO_7_mut_rep4
syn_7_mut_rep3
Atu_7_mut_rep3
BMS_7_mut_rep4
DMSO_7_mut_rep2
Atu_7_mut_rep2
syn_7_mut_rep2
BMS_7_mut_repl
syn_7_mut_rep4
BMS_7_mut_rep2
Atu_7_mut_rep4
DMSO_7_mut_rep3

combo low
DMSO
combo low
combo low
atuveciclib
BMS-986158
atuveciclib
atuveciclib
combo low
DMSO
DMSO
DMSO
BMS-986158

Treatment
DMSO
BMS-986158
atuveciclib
combo low
DMSO
combo low
atuveciclib
BMS-986158
DMSO
atuveciclib
combo low
BMS-986158
combo low
BMS-986158
atuveciclib
DMSO

SU-DIPG-17
SU-DIPG-17
HSJD-DIPG-007
SU-DIPG-19
HSJD-DIPG-007
SU-DIPG-17
SU-DIPG-19
SU-DIPG-17
SU-DIPG-25
SU-DIPG-25
HSJD-DIPG-007
SU-DIPG-19
HSJD-DIPG-007

Cell model

HSJD-DIPG-007
HSJD-DIPG-007
HSJD-DIPG-007
HSJD-DIPG-007
HSJD-DIPG-007
HSJD-DIPG-007
HSJD-DIPG-007
HSJD-DIPG-007
HSJD-DIPG-007
HSJD-DIPG-007
HSJD-DIPG-007
HSJD-DIPG-007
HSJD-DIPG-007
HSJD-DIPG-007
HSJD-DIPG-007
HSJD-DIPG-007

H3 WT
H3 WT
H3 WT
H3 WT
H3 WT
H3 WT
H3 WT
H3 WT
H3 WT
H3 WT
H3 WT
H3 WT
H3 WT

H3 status
H3K27M
H3K27M
H3K27M
H3K27M
H3K27M
H3K27M
H3K27M
H3K27M
H3K27M
H3K27M
H3K27M
H3K27M
H3K27M
H3K27M
H3K27M
H3K27M

rep-1
rep-3
rep-2
rep-1
rep-2
rep-2
rep-3
rep-2
rep-1
rep-4
rep-2
rep-2
rep-2

Replicate
rep-1
rep-3
rep-1
rep-1
rep-4
rep-3
rep-3
rep-4
rep-2
rep-2
rep-2
rep-1
rep-4
rep-2
rep-4
rep-3

APPENDIX

123



APPENDIX

124

UMARP cluster

w W W W w w w w w w w ww

UMARP cluster

B R S T N~ S S S S N T - T S - Y

Sample Name
DMSO_19_mut_rep4
syn_19_mut_rep2
Atu_19_mut_rep3
BMS_19_mut_rep2
Atu_19_mut_repl
DMSO_19_mut_repl
syn_19_mut_rep3
BMS_19 mut_rep4
DMSO_19_mut_rep3
BMS_19_mut_repl
Atu_19 mut_rep2
syn_19_mut_rep4
Atu_19 mut_rep4

Sample Name
syn_17_mut_rep2
BMS_17_mut_repl
DMSO_17_mut_rep3
DMSO_17_mut_rep4
Atu_17_mut_rep3
syn_17_mut_rep4
BMS_17_mut_rep2
syn_17_mut_rep3
BMS_17_mut_rep4
DMSO_17_mut_rep2
Atu_17_mut_rep2
Atu_17_mut_repl
DMSO_17_mut_repl
BMS_17_mut_rep3
syn_17_mut_repl

Treatment
DMSO
combo low
atuveciclib
BMS-986158
atuveciclib
DMSO
combo low
BMS-986158
DMSO
BMS-986158
atuveciclib
combo low

atuveciclib

Treatment
combo low
BMS-986158
DMSO
DMSO
atuveciclib
combo low
BMS-986158
combo low
BMS-986158
DMSO
atuveciclib
atuveciclib
DMSO
BMS-986158

combo low

Cell model
SU-DIPG-19
SU-DIPG-19
SU-DIPG-19
SU-DIPG-19
SU-DIPG-19
SU-DIPG-19
SU-DIPG-19
SU-DIPG-19
SU-DIPG-19
SU-DIPG-19
SU-DIPG-19
SU-DIPG-19
SU-DIPG-19

Cell model
SU-DIPG-17
SU-DIPG-17
SU-DIPG-17
SU-DIPG-17
SU-DIPG-17
SU-DIPG-17
SU-DIPG-17
SU-DIPG-17
SU-DIPG-17
SU-DIPG-17
SU-DIPG-17
SU-DIPG-17
SU-DIPG-17
SU-DIPG-17
SU-DIPG-17

H3 status
H3K27M
H3K27M
H3K27M
H3K27M
H3K27M
H3K27M
H3K27M
H3K27M
H3K27M
H3K27M
H3K27M
H3K27M
H3K27M

H3 status
H3K27M
H3K27M
H3K27M
H3K27M
H3K27M
H3K27M
H3K27M
H3K27M
H3K27M
H3K27M
H3K27M
H3K27M
H3K27M
H3K27M
H3K27M

Replicate
rep-4
rep-2
rep-3
rep-2
rep-1
rep-1
rep-3
rep-4
rep-3
rep-1
rep-2
rep-4
rep-4

Replicate
rep-2
rep-1
rep-3
rep-4
rep-3
rep-4
rep-2
rep-3
rep-4
rep-2
rep-2
rep-1
rep-1
rep-3
rep-1
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BMS_25_mut_rep3
DMSO_25_mut_rep3
syn_25_mut_rep2
Atu_25_mut_rep2
DMSO_25_mut_rep4
Atu_25_mut_repl
syn_25_mut_repl
Atu_25_mut_rep3
BMS_25_mut_repl
syn_25_mut_rep3
DMSO_25_mut_rep2
BMS_25_mut_rep2
Atu_25_mut_rep4
DMSO_25_mut_repl

Treatment
BMS-986158
DMSO
combo low
atuveciclib
DMSO
atuveciclib
combo low
atuveciclib
BMS-986158
combo low
DMSO
BMS-986158
atuveciclib
DMSO

Cell model
SU-DIPG-25
SU-DIPG-25
SU-DIPG-25
SU-DIPG-25
SU-DIPG-25
SU-DIPG-25
SU-DIPG-25
SU-DIPG-25
SU-DIPG-25
SU-DIPG-25
SU-DIPG-25
SU-DIPG-25
SU-DIPG-25
SU-DIPG-25

H3 status
H3K27M
H3K27M
H3K27M
H3K27M
H3K27M
H3K27M
H3K27M
H3K27M
H3K27M
H3K27M
H3K27M
H3K27M
H3K27M
H3K27M
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Replicate
rep-3
rep-3
rep-2
rep-2
rep-4
rep-1
rep-1
rep-3
rep-1
rep-3
rep-2
rep-2
rep-4
rep-1

Appendix Figure 12. UMAP clusters of 128 samples, which were undergone proteomic analysis. Yellow marked
samples showcase that they did not cluster with the other replicates of the same cell model and treatment.

DMSO

atuveciclib
(CDK9i)

BMS-986158
(BETIi)

combo

HSJD-DIPG-007
(H3K27M)

Appendix Figure 13. Representative images of a zebrafish early larvae engrafted with DiD stained HSJD-DIPG-
007 (H3K27M) cells in the yolk sac. 7 uM atuveciclib (CDK9i) and 0.325 uM BMS-986158 (BETi) were applied as
single agent and for the combination (combo) treatments for two days. The fish were imaged on day 1 (1 dpi, 3
dpf), before treatment, and on day 3 (3 dpi, 5 dpf), after treatment to assess the change in cell mass volume.
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KNS42
(H3G34V)

DMSO

atuveciclib
(CDK9i)

BMS-986158
(BETi)

combo

Appendix Figure 14. Representative images of a zebrafish early larvae engrafted with DiD stained KNS42
(H3G34V) cells in the yolk sac. 7 uM atuveciclib (CDK9i) and 0.325 uM BMS-986158 (BETi) were applied as single
agent and for the combination (combo) treatments for two days. The fish were imaged on day 1 (1 dpi, 3 dpf),
before treatment, and on day 3 (3 dpi, 5 dpf), after treatment to assess the change in cell mass volume.
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