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ABSTRACT

Examining the Effects of Epigenetic Modulation on IDH Mutant GBM Cells

Alisan KAYABOLEN

Doctor of Philosophy in Cellular and Molecular Medicine
December 24, 2019

Mutations in /DHI and IDH2 genes are common in low grade gliomas and
secondary GBM and are known to cause a distinct epigenetic landscape in these tumors.
To interrogate the epigenetic vulnerabilities of IDH-mutant gliomas, we performed a
chemical screen with inhibitors of chromatin modifiers and identified 5-azacytidine,
Chaetocin, GSK-J4 and Belinostat as potent agents against primary IDH1-mutant cell
lines. Testing the combinatorial efficacy of these agents, we demonstrated GSK-J4 and
Belinostat combination as a very effective treatment for the IDH1-mutant glioma cells.
Engineering established cell lines to ectopically express IDHIR®!¥H we showed that
IDH1-mutant cells adopted a different transcriptome with changes in stress-related
pathways that were reversible with the mutant IDH1 inhibitor, GSK864. The combination
of GSK-J4 and Belinostat was highly effective on IDH1R!32H cells, but not on wt glioma
cells or non-malignant fibroblasts and astrocytes. The cell death induced by GSK-J4 and
Belinostat combination involved the induction of cell cycle arrest and apoptosis. RNA
sequencing analyses revealed activation of inflammatory and unfolded protein response
pathways in IDH1-mutant cells upon treatment with GSK-J4 and Belinostat conferring
increased stress to glioma cells. Specifically, GSK-J4 induced ATF4-mediated integrated
stress response (ISR) and Belinostat induced cell cycle arrest in primary IDH1-mutant
glioma cells, which were accompanied by DDIT3/CHOP-dependent upregulation of
apoptosis. Moreover, to dissect out the responsible target histone demethylase, we
undertook genetic approach and demonstrated that CRISPR/Cas9 mediated ablation of
both KDM6A and KDM6B phenocopied the effects of GSK-J4 in IDHI1-mutant cells.
Finally, GSK-J4 and Belinostat combination significantly decreased tumor growth and
increased survival in an orthotopic model in mice. Together, these results suggest a
potential combination epigenetic therapy against IDH1-mutant gliomas.
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OZETCE

IDH Mutant GBM Hiicrelerinde Epigenetik Diizenlemelerin Etkilerinin incelenmesi

Alisan KAYABOLEN

Hiicresel ve Molekiiler Tip, Doktora
24 Aralik 2019

IDH1 ve IDH2 genlerindeki mutasyonlar diisiik dereceli gliomlar ve ikincil GBM
timorlerinde goriilmekte olup, belirleyici epigenetik farkliliklara sebep oldugu
bilinmektedir. Epigenetik hassasiyetlerini sorgulamak amaciyla, IDH mutant gliom
hiicrelerinde kromatin diizenleyici inhibitorlerinin  bulundugu kiitiiphane ile
gergeklestirdigimiz kimyasal tarama sonucunda bu hiicreleri yiliksek oranda etkileyen 5-
azacytidine, Chaetocin, GSK-J4 ve Belionstat kimyasallar1 tanimlanmigtir. Belirlenen
ajanlarin kombinasyon durumunda verimleri test edildiginde, GSK-J4 ve Belinostat
kombinasyonunun IDH mutant gliomlarda hiicre canliligimi énemli Slgiide etkiledigi
goriilmiistiir. IDHIR'*?! mutasyonu hiicrelerde ektopik olarak ifade edildiginde IDH
mutant hiicrelerinin transkriptomunun ve hiicresel stres kaynakli yolaklarin degistigini,
ve bu degisimlerin IDH mutant inhibitorii GSK864 ile geriye dondiiriilebilecegini
gosterdik. GSK-J4 ve Belinostat kombinasyonunun IDH1R!32 hiicrelerinde etkisinin
yiiksek oldugunu, ancak yabanil tip gliom hiicrelerinde ve malignant olmayan fibroblast
ve astrosit hiicrelerini etkilemedigi goriilmiistiir. GSK-J4 ve Belinostat kombinasyonu
hiicre 6liimii ve apoptozun indiiklenmesini igerir. RNA sekanslama analizleri glioma
hiicrelerinde artan stresi gosterir bigimde, GSK-J4 ve Belinostat verilen IDH-1 mutant
hiicrelerinde, inflamatuar ve katlanmamis protein cevabi yolaklarinin aktive oldugunu
gostermistir. Ozellikle, GSK-J4 indiiklenen ATF4 aracili entegre stres cevab1 (ISR) ve
Belinostat kaynakli primer IDHI1-mutant glioma hiicrelerinde hiicre dongiisiiniin
durmasina neden olmus, bunlara DDIT3/CHOP bagimli apoptoz eslik etmistir. Buna ek
olarak, sorumlu hedef histon demetilazini yok etmek i¢in CRISPR/Cas9 aracili genetik
bir yaklasim ile ve hem KDM6A hem de KDM6B'min ablasyonunun, IDH1 mutant
hiicrelerinde GSK-J4'iin etkilerini fenokopi ettigini gosterdik. Son olarak, GSK-J4 ve
Belinostat kombinasyonu, farelerde ortotopik bir modelde tiimdr biiylimesini ve
sagkalimi artirmistir. Bu sonuglar IDHI1-mutant gliomalara kars1 potansiyel bir
kombinasyon epigenetik tedavi onermektedir.
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Chapter 1: Introduction

1 INTRODUCTION

1.1 Glioma

Central nervous system (CNS) tumors derived from glial cells are called glioma.
Glial cells surround nerve cells in the brain or spinal cord and protect them; and they also
support their functions. Glial cells are the most common cell types in the brain, making
up ~80% of the brain volume. Gliomas cover almost 30% of all brain tumors and 80%
of malignant brain tumors !. There are 3 main types of gliomas according to cell origin

of the tumor, namely: Astrocytoma, Oligodendroglioma, and Ependymoma.

Ependymoma is a rare type of CNS tumor, which occurs in all age groups but is
observed more commonly in children. Oligodendroglioma, observed mostly in adults, is
more frequent than ependymoma, but it is still considered a rare CNS tumor type.
Astrocytomas are the most common type of gliomas in both children and adults. They are
originated from astrocytes or glial precursor cells and can be classified in 4 grades 2. Grade
I astrocytomas are mostly benign and confined. They have almost normal morphology
and they divide slowly. Grade II astrocytomas are known as diffuse astrocytoma because
of their infiltrative abilities and uncertain boundaries between normal tissue and tumor.
However, tumor cells still grow slowly, and they do not have a very abnormal appearance.
In grade III astrocytomas, which is called anaplastic astrocytoma, cells are actively
dividing, and they have an abnormal appearance. Grade IV astrocytomas are known as
glioblastoma multiforme (GBM) and they are the most aggressive type of the gliomas. In
GBM, tumor cells have bizarre morphologies and they divide rapidly. As a hallmark of
GBM, tumors have necrotic regions in their centers. Low grade astrocytomas or
oligodendrogliomas can transform into higher grade gliomas by time and gain aggressive

behaviors.
1.1.1 Treatment options in glioma

Glioma is one of the most aggressive tumor types. Highest grade of glioma which
is known as GBM is among the deadliest cancers with an average survival of 14-16
months even for patients receiving surgery and chemoradiation **. Survival rate is higher
in low-grade glioma (LGG), however most of the LGGs eventually progress to high-
grade glioma, known as secondary GBM °. Treatment options mostly lead to slowing

down of tumor progression, but unfortunately total cure is not possible. Tumor

1
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heterogeneity, invasive nature of the tumors, and protection by blood-brain barrier (BBB)
limiting the tumor delivery of many conventional cancer therapeutics are the main

difficulties for a successful treatment in GBM ©.

The first option for a newly diagnosed GBM is the removal of tumor by surgical
resection. The main goal in the surgery is complete removal of the tumor. However, since
GBM cells invade into the healthy brain tissue, most of the time residual tumor cells
remain after the surgery. Therefore, adjuvant therapies should be applied. In some cases,
surgery may not be safe because of the specific location of the tumor or the overall health
status and the inappropriate clinical parameters of the patient. In such cases, radiation
therapy and chemotherapy are the only standard treatment options. In radiation therapy,
beams with intense energy, mostly X-rays, are used to eradicate tumor cells via directing
beams to the exact coordinates of the tumor in the brain ’. In chemotherapy, drugs that
have the ability to kill the tumor cells are used. Temozolomide (TMZ) is the first FDA-
approved drug to be used in GBM 8. It is a DNA alkylating agent that causes methylation
of O° and N7 positions of guanine, leading to DNA damage-induced apoptosis °.
However, many tumor cells might gain resistance against TMZ by activating DNA repair
mechanisms. One of the best-known mechanisms is demethylation of the promoter
region of MGMT gene '°. In 2005, Stupp and his colleagues from EORTC and NCIC
clinical trials groups suggested an aggressive treatment regimen, which included
maximal surgical resection, followed with combination of radiation and TMZ therapy °.
This protocol, which is known as “Stupp protocol” is now accepted as the standard of
care for GBM treatment. However, even with this protocol, average survival was only
increased from 12.1 months to 14.6 months. Recently, a monoclonal antibody-based
drug, Bevacizumab, targeting the vascular endothelial growth factor (VEGF), is fully
approved by FDA for the treatment of recurrent GBM based on a phase III clinical trial
1 The main purpose of it, by inhibiting VEGF, is to inhibit new blood vessel formation
inside and around the tumor and prevent tumor growth and invasion '?. There are also
several other drugs such as lomustine, gliadel, or cisplatin which are used for recurrent
GBM 11314 ‘However, all of these drugs, even with maximal surgery and concomitant
radiation therapy, increase the average survival for only few months at most, and are not

sufficient to cure GBM.
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1.1.2 IDH mutation in glioma

In 2008, an integrated genomic analysis showed that there is a small subset of
glioblastoma samples that have a point mutation in IDHI gene '°. Further analyses
revealed that /DH I mutation is very common in low grade gliomas and secondary GBM
(Figure 1.1) 'S Mutations were always found at position 132 in IDHI and position 140
or 172 in IDH?2 genes, which changes Arginine amino acid found in active site of both
enzymes mostly into Histidine or sometimes into Cysteine, Serine, Glycine, Lysine,
Methionine '. Mostly, G base is converted to A base at position 395 (G395A) by a point
mutation, so wild type Arginine is replaced with Histidine (R132H) in IDH1 enzyme.
This happens at the site where Arginine normally forms hydrogen bonds with its
substrate, isocitrate !’. However, due to this mutation, IDH1/2 enzymes gain a new

function as described below.
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Figure 1.1 Frequency of IDH1 and IDH?2 mutations in CNS tumors. Figure adapted

from '©.

With the identification of these prevalent IDH mutations, World Health
Organization (WHO) now includes IDH in its classification scheme. In 2016, WHO
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classified glioma according to the /DH mutation status '8, Astrocytoma either diffuse
(grade II), anaplastic (grade III) or glioblastoma (grade IV) were classified as IDH-wild
type, IDH-mutant or “not other specified” (NOS), which has low evidence for any of the
two types or observation of markers for both. /[DHI mutant tumors mostly have also
mutations in 7P53 and ATRX genes, which are accepted as markers for astrocytic
identity. On the other hand, oligodendroglioma either diffuse (grade II) or anaplastic
(grade III) were classified as “IDH-mutant and 1p/19g-codeleted” or NOS. There is no
IDH-wild type for oligodendroglioma. Most of the oligodendroglioma have also co-
mutations with /DHI in TERT, CIC and FUBP genes !°. In WHO 2016 reports,
oligoastrocytoma term is mostly replaced with NOS, but in rare cases, where both
molecular markers are found together, it is designated as well. Mostly, IDH-mutant
glioma subtypes are associated with longer overall survival. However, there is still no
approved treatment specific to IDH-mutant subtypes, which have known potentials to
progress towards more aggressive higher-grade types, such as GBM. Therefore,
understanding the vulnerabilities of IDH-mutant tumors and identifying novel

therapeutics for these tumors are of utmost priority.
1.1.3 Functions of IDH1 enzyme and effect of mutation

Isocitrate dehydrogenase (IDH) is an enzyme produced by IDH1, IDH?2 and IDH3
genes, and it converts isocitrate to alpha-ketoglutarate (2-oxoglutarate) (Figure 1.2).
IDH1 is cytosolic isoform of IDH and it is NADP+ dependent. It produces cytosolic
NADPH, which is important for lipid synthesis and protection against oxidative stress. It
is also required for the activity of 2-OG dependent dioxygenases, such as histone lysine
demethylases (KDMs) or DNA demethylases (TET enzymes) 2°. IDH2 and IDH3 are
mitochondrial isoforms located in mitochondrial matrix. IDH3 is responsible for
catalyzing isocitrate to 2-OG reaction, which is one of the rate-limiting steps in the
Tricarboxylic Acid (TCA) cycle. It is NAD+ dependent and produces NADH, which is
used to produce ATP in the electron transport chain. IDH2 has a role in energy
metabolism by catalyzing reverse reaction, from 2-OG to isocitrate, when needed.
Isocitrate can flow through TCA cycle to produce more NADH and energy especially in

hypoxic conditions 2°.
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Figure 1.2 The mitochondrial and cytoplasmic roles of IDH family of enzymes.

Figure adapted from 2°

Point mutation in /DHI or IDH2 genes leads to a gain-of-function of enzyme.
Mutant IDH converts 2-OG produced by wild type IDH enzyme, into 2-hydroxyglutarate
(2-HG), which is thought as an oncometabolite 2!. 2-HG acts as an antagonist of 2-OG
and inhibits the activities of many 2-OG dependent enzymes, such as TET enzymes or
KDMs, which are DNA and histone demethylases, respectively (Figure 1.3). Therefore,
IDH mutation generates a hypermethylation both in DNA and histones >, There are
also some studies showing that 2-HG inhibits Prolyl Hydroxylase Domain (PHD)
enzymes, which are also 2-OG dependent 4%, PHD enzymes hydroxylate and lead to
degradation of HIF-1a, which is the major transcription factor responsible for cellular
survival and proliferation under hypoxic conditions. On the other hand, other groups
showed that 2-HG induces PHD activity more than 2-OG itself 7. Therefore, whether
2-HG leads to degradation or stability of HIF-1a, and therefore its role in cellular

transformation, is controversial.

Based on clonal evolution analyses in tumor samples, many studies suggested
that IDH mutation is the earliest event in tumorigenesis, so it is accepted as a driver
mutation in low grade glioma 2’-%°. Therefore, inhibition of mutant IDH enzyme with
specific inhibitors is considered as a promising strategy to induce differentiation and

delay the tumor growth by preventing tumorigenic effects of mutant IDH 3*2, On the
5
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other hand, it is known that IDH mutant cells grow slower than wild type counterparts.
Altered metabolic profile, because of the impaired TCA cycle metabolism *, inhibition
of mTOR and ATP synthase **, downregulation of LDHA enzyme ¥, were thought as
the potential reasons for the slow growth observed in IDH mutant glioma. Considering
these metabolic deficiencies, exploiting the vulnerabilities of IDH mutant cells by

inhibiting crucial pathways for these cells is also offered as an intriguing strategy 3.

Similarly, based on uniformity and tumor cell specificity of the /DHI mutation,
it was shown to be a potential target for immunotherapeutic approach . It was indicated
that mutant IDHI-R132H sequence is presented on MHC class II and promotes
immunological response in patients with mutant IDH. Considering that it is a suitable
epitope for specific targeting, vaccines targeting this epitope were developed and shown

1 1. Moreover, another study

to be effective in an intracranial murine glioma mode
demonstrated the immune evasion mechanism in /DH mutant glioma by suppression of
immune system-recruiting genes and showed that combination of vaccination therapy
with specific mutant IDH inhibitors is highly effective in /DH mutant glioma models in

mice 4.

Figure 1.3 Suggested roles of wild type and mutant IDH enzymes in tumorigenesis.

Figure adapted from 2!
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1.2 Epigenetics

Epigenetics is the field that studies modifications in the chromatin structure
without involving changes in DNA sequence. These modifications affect gene expression
profiles, may be heritable or may change dynamically. To understand the importance of
epigenetics, one may think that all cells in our body have the same genetic code as DNA
sequence, however there are many different types of cells and tissues with specialized
functions or structures. The main reason of this variety is distinct transcription profile of
cells arising from differences in their epigenetic profiles. Epigenetic regulations mainly
include DNA methylation, histone modification, chromatin remodeling, and non-coding
RNA-associated regulations. Dysregulations in epigenetic modifications may result in
abnormal activation or inactivation of genes, which leads to genetic disorders such as

cancers, degenerative or metabolic disorders.
1.2.1 DNA methylation

In eukaryotic DNAs, methylation occurs on the 5" carbon of cytosine (5-
methylcytosine, or 5-mC) nucleotide followed by a guanine nucleotide, also known as
CpG site, where p denotes the phosphate group between bases. Throughout genome, CpG
dinucleotides are mainly clustered in the promoter regions of genes and they are known
as CpG islands. More than 60% of genes in the human genome include CpG islands in
their promoter regions. Methylation of these CpG islands is mostly associated with close
chromatin state and gene silencing . On the other hand, CpG regions found throughout
the gene body are usually methylated to prevent internal transcription initiation,
especially from alternative promoter sites. DNA methylation is also critical for regulation
of DNA imprinting, stabilization of repeated genomic sequences such as LINEs and
SINEs, silencing of retrotransposons, and inactivation of one of the X-chromosomes in

females **.

DNA methyltransferases (DNMTs) are the enzymes that perform methyl group
transfer from S-adenosyl-methionine (SAM) onto the cytosine residues of CpG regions
in DNA. DNMT]1 is responsible for maintaining existing global methylation pattern in
newly synthesized strains during DNA replication, while DNMT3A and 3B can catalyze
de novo methylation events *°. Until recently, DNA methylations were considered as

stable and to be lost only during DNA replication when DNMTs are inhibited. However,
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in 2009 and 2010, by two independent studies, it was shown that Ten-eleven translocation
(TET) enzymes, are responsible for the hydroxylation of 5-methylcytosine (5-mC) to 5-
hydroxymethylcytosine (5-hmC) “¢. Subsequent studies showed that 5-hmC is the
precursor for the removal of these methyl groups from DNA, which proved that TET
enzymes are responsible for the active DNA demethylation *’. TET enzymes, PHD
containing enzymes and JmjC domain containing histone demethylases (JHDM), belong
to dioxygenase superfamily, which work as 2-oxyglutarate (2-OG) and Fe(II)-dependent
in the presence of Oz 8. Demethylation of CpGs found in promoter regions mostly
correlate with transcriptional activation of the related gene. There are also “reader”
proteins containing methyl-CpG binding domains (MBD) that can bind methylated CpG
on DNA, and function as transcriptional repressors for the related genes *° (Figure 1.4),

as described below.
1.2.2 Post-translational modifications (PTMs) of histones

Histones are positively charged proteins responsible for packaging DNA into
condensed, three dimensional structures known as nucleosomes, which are the subunits
of the chromatin. In each nucleosome, approximately 146 base pairs (bp) of DNA
segment turns almost two times around a histone octamer, which consists of two copies
of H2A, H2B, H3 and H4, also known as core histones >°. Histone H1 is accepted as
linker histone which is thought to stabilize chromatin structure by binding to nucleosome
core and linker DNA °. Other than their structural functions, histones were shown to
have important regulatory roles in transcription of genetic information which is known
as histone code hypothesis >!. N-terminal tails of these histones protrude from the
nucleosome and are exposed to post-translational, covalent modifications such as
acetylation, methylation, phosphorylation, ubiquitinylation, or sumoylation 2. These
modifications are added upon histones or DNA by enzymes known as “writers”,
recognized by “readers”, which affect chromatin structure directly or by recruiting other

proteins, and removed by “erasers” (Figure 1.4) 3.
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Figure 1.4 Epigenetic modifications on DNA and histone. Figure adapted from 3.
1.2.2.1 Histone acetylation

Acetylation is mostly associated with histone deposition on chromatin and is
shown to have important roles in DNA repair. It is mediated by histone acetyltransferases
(HATs), which add acetyl groups on the lysine residues of histones and cause loss of
positive charges on histones. Neutralized histones bind weaker to the negatively charged
DNA leading to open chromatin state and easier binding of transcription factors to DNA.
Therefore, histone acetylation is accepted as a gene activation mark. There are different
families of HATs based on their sequence similarities, such as GNAT (Gcen5-related N-
Acetyltransferases) family, MYST (MOZ, Ybf2/Sas3, Sas2 and Tip60) family and
p300/CBP (p300 and the CREB-binding protein) family >*.

Conversely, removal of acetyl groups from lysine residues on histones, which is
known as deacetylation and performed by histone deacetylases (HDACsSs), causes
reloading of histones with positive charge. Therefore, histone deacetylation is associated
with close chromatin state and accepted as a gene repression mark. HDACs are
categorized in 4 classes based on their sequence homologies *°. HDAC1, HDAC2 and
HDACS3, which are found primarily in the nucleus and HDACS, which is found both in
nucleus and cytoplasm, belong to class I. Class II has two subgroups as IIA and IIB.
HDAC4, HDACS, HDAC7 and HDAC9, which are found both in nucleus and cytoplasm
belong to Class IIA, while HDAC6 and HDACI10, which are found primarily in
cytoplasm, belong to Class IIB. Class III includes sirtuins, which have different structural
and mechanistical properties from other HDACs. There are seven known sirtuins in

mammals, of which SIRT1 and SIRT2 are found both in nucleus and cytoplasm, SIRT3,

9
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SIRT4 and SIRTS in mitochondria, and SIRT6 and SIRT7 in nucleus primarily. Class IV
have only one member, HDAC 11, which is not homologous to any other HDAC:s, is

found both in nucleus and cytoplasm.

Another protein family is called bromodomain and extra-terminal motif (BET)
proteins, which can bind to acetylated lysine residues on histones via their bromodomains
(BRD) (Figure 1.5) 6. These proteins can regulate gene expressions by recruiting
transcription factors and transcription machinery mostly to distant genomic regions from

promoter of related genes.

1.2.2.2 Histone methylation

One of the major modifications on histones is methylation, which is mostly
associated with dynamic transcriptional activation and inactivation and is very important
during embryonic development. It is mediated by histone methyltransferases (HMTs),
which transfer methyl groups from S-adenosyl-methionine (SAM) to the lysine or
arginine residues on the histone tails °’. The enzymes those specifically methylate
arginine residues are called protein arginine methyltransferases (PRMTs), while those
methylate lysine residues are called lysine methyltransferases (KMTs). Lysine can have
mono- (mel), di- (me2), or trimethylation (me3) since it has an NH3+ group, of which
each hydrogen can be replaced by a methyl group. Arginine, on the other hand, has an
NHa+ and a free NH group *. If one of the hydrogens in NH> group is replaced with
methyl group, it is called monomethyl arginine (MMA), while both hydrogens in NH>
group or one hydrogen from each amino group are replaced with two methyl groups, they
are called asymmetric dimethyl arginine (aDMA) or symmetric dimethyl arginine
(sDMA), respectively *°. aDMA is formed by type I PRMTs including PRMT1, PRMT?2,
PRMT3, PRMT4, PRMT6 and PRMTS, while sDMA is formed by type Il PRMTs
including PRMTS and PRMT9. Both type I and type Il PRMTs catalyze the formation
of MMA as an intermediate for aDMA and sDMA, respectively. On the other hand,
PRMT?7 which is the only member of type III, is responsible for MMA formation alone.

Unlike acetylation, methylation does not change charges on histones. Therefore,
their effects on transcription are determined by effector proteins called ‘readers’ that
recognize methylated regions. Specific binding of readers depends on the methylated
amino acid, methylation degree (mono-, di-, or tri-) and its position. For instance,
arginine methylation of both histones H3 and H4 is mostly accepted as active

10
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transcription mark except for H3R2, and symmetric methylation of H3R8 or H4R3
(Table 1.1). On the other hand, di- and trimethylation of H3 at lysine 9 (H3K9) or lysine
27 (H3K27) is associated with close chromatin state and transcriptional silencing, while
H3 methylation at lysine 4 (H3K4) is generally associated with transcriptional activation
(Table 1.1). Mostly, there are many enzymes responsible for the same type of histone
methylations. For instance, ASHI1L, ASH2L, MLL, SET1A/B and more are able to
catalyze H3K4 methylations. Similarly, G9a, GLP, Suv39h1, Suv39h2, and more can
catalyze H3K9 methylations. On the other hand, some types of histone methylations are
known to be catalyzed by single specific enzymes, such as H3K27 methylations by
EZH2, and H3K79 methylations by DOTI1L (Table 1.1).

Considering the nearly same half-life of histone methylations and histones, it was
thought, for a long time, that histone methylations are stable and irreversible °. However,
following the discovery of LSD1 (KDM1A) as the first histone demethylase (HDM) in
2004 °!, many other HDMs were discovered. As methylation occurs either in arginine or
lysine residues of histone tails, there are specific enzymes for the demethylation of each
residue. Lysine demethylases (KDMs) are divided into two families; flavin-dependent
KDM1s which include KDM1A (LSD1) and KDM1B, and 2-OG and Fe(IT)-dependent
JmjC domain containing enzymes which include KDM2, KDM3, KDM4, KDMS5,
KDM6, KDM7 and KDMS subfamilies %2, Some KDMs such as KDMS5 subfamily
which demethylates H3K4me2/3, and KDM6 subfamily which demethylates
H3K27me2/3, have single specific targets. On the other hand, some of them such as
KDM4 subfamily, which demethylates H3K9me2/3 and H3K36me?2/3, have more than
one target. Similarly, different KDMs may have the same targets. For instance, both

KDM3 and KDM?7 subfamilies can catalyze H3K9mel/2 demethylations.

Unlike many identified lysine demethylases (KDMs), only few arginine
demethylases (RDMs) are known to be responsible for arginine demethylation ®. PAD2
and PAD4 which are members of peptidyl-arginine deiminase (PAD or PADI) family,
are shown to be the first identified arginine demethylases *+%. However, both PAD2 and
PAD4 remove N®-methylation on arginine and convert it to citrulline which is neutral in
charge and has probably different properties than unmethylated arginine. Therefore, it is
claimed that they are not ‘true’ demethylases . Further studies identified JIMJD6, which

is a member of JmjC domain containing enzymes family, as an arginine demethylase ®”.
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A recent study showed that a subset of JmjC containing lysine demethylases can catalyze
arginine demethylations as well .

There are also reader proteins that recognize and bind methylated histones.
Chromodomain (CHD)-containing proteins are the main readers for the methylated
lysine residues ®%, and Tudor domain-containing proteins are the main readers for the

methylated arginine residues on histones * (Figure 1.5).

Table 1.1 List of known histone methyltransferases and demethylases and their

effects on transcription.

Known effect on

Histone Position Modification Responsible enzyme(s) o . Reference(s)
transcription
R2 Methylation PRMTS, PRMT6, PRMT7 Repression 70
. ASHI1L, MLL1-5, SETDI1A-B, . 71
9 Methylation SETD7. SETMAR Activation
__ KDM2B, KDM5A.D, LSDI, . B
Demethylation Repression
LSD2
Repression/activation
R8 | Methylation PRMTS, PRMT2/6 by . 773
symmetric/asymmetric
methylations
GYa, GLP, SETDB1-2,
Methylation SUV39H1-2, PRDM2-3, Repression 74
K9 PRDM16
. JMIJDIC, KDM3A-B, KDM4A-E, . 75
H3 Demethylation KDM7A-C. LSDI Activation
R17 | Methylation CARMI Activation 75
R26 | Methylation CARMI Activation 76
K7 Methylation EZH1-2 Repression 7
Demethylation KDM6A-C, KDM7A Activation 78
ASHI1L, MMSET, NSD1,
Methylation ~ SETD2-3, SETMAR, SMYD2, Activation 7
K36 WHSCIL1
Demethylation KDM2A-B, KDM4A-C Repression 80
K79 Methylation DOTIL Activation 81
Demethylation KDM2B Repression 82
Repression/activation
R3 Methylation PRMTI1, PRMT3, PRMTS5-7 . by . 8
symmetric/asymmetric
a4 methylations
K5 Methylation SMYD3 Activation 84
€20 Methylation SETDS, SUV420H1-2 Repression 85
Demethylation KDM7B Activation 86
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1.2.2.3 Histone phosphorylation

Phosphorylation is another type of PTMs of histones, and and it mostly associates
with condensation of chromatin during cell division, DNA damage and induction of
primary response genes (also known as immediate-early genes) upon a stimulus 378, It
takes place on serine, threonine and tyrosine residues of histone tails and is mediated by
protein kinases. One of the best-known mechanisms for this modification is
phosphorylation of the serine 139 residue on H2AX which is known as yH2AX ¥, H2AX
is a variant form of H2A histone; and it is phosphorylated by PI3- family kinases such as
ATM, ATR and DNA-PKcs when a double-strand break occurs in DNA. Upon DNA
repair, YH2AX is dephosphorylated by phosphatases such as PP2A, PP4, PP6 and Wipl.
On the other hand, phosphorylations of the serine 32 on H2B, and serine 10 and serine
28 residues of H3 are thought to be induced by epidermal growth factor (EGF) stimulus
and involved in activation of EGF-response genes *°. Another important mechanism
regulated by histone phosphorylation is chromosome compaction during mitosis and
meiosis. Phosphorylation of threonine 3, serine 10, threonine 11 and serine 28 residues
of histone 3 are shown to be involved in chromatin condensation, and generally used as

markers for these events in mitosis and meiosis *!2.

1.2.2.4 Ubiquitination and SUMOQylation

Ubiquitin and SUMO (small ubiquitin-like modifier) are less studied post-
translational modifiers that are conjugated on lysine residues of histones. 3 different
enzyme families are involved in the ubiquitination process. Firstly, ubiquitin is activated
by E1 enzymes, and directed to E2s. Then, it is carried by E2 enzymes towards the
substrate. E2s interact and complex with specific E3 ligases, and ubiquitin is bound to
substrate by E3 enzymes . Conversely, enzymes belong to a large protease family
(DUBSs) that are responsible for deubiquitination process. Lysine 119 residue of H2A and
Lysine 120 residue of H2B histones are the known substrates for ubiquitination **%,
H2A-K119 ubiquitination is mediated by Ring2 enzyme in the hPRCI1L complex and
mainly associated with transcriptional repression, while H2B-K120 ubiquitination is
mediated by UbcH6, RNF20/40 and hPAF complex, and associated with transcriptional

activation *+3. SUMOs, which are ubiquitin-like proteins, are also conjugated to H2A,

H2B or H4 histones, and associated with transcriptional repression. UBC9 is shown to
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be the E2 enzyme, which is responsible for the known SUMOylation reactions with help
of SUMO activating E1 enzymes and E3 ligases .

1.2.3 Chromatin remodeling complexes

Another group of proteins that regulate chromatin state, thus transcription, is
called chromatin or nuclear remodeling complexes. These complexes have similar
ATPase domains which provides energy from ATP hydrolysis for changing chromatin
structure, either by moving nucleosomes, removing histones from nucleosomes, or
replacing them with histone variants °"-%, There are at least 4 protein families known for
chromatin remodeling functions in humans; SWI/SNF family, ISWI family, NURD/Mi-
2/CHD family and INO80 family. Even if all complex families share a high homology in
terms of their ATPase domains, each have specific domains in their active regions.
Therefore, each remodeling complex is associated with different cellular pathways such
as development, differentiation, DNA repair, DNA replication, transcriptional

regulation, etc.
1.2.4 Non-coding RNAs

Non-coding RNAs are another group that have important epigenetic effects on
gene expression. These RNAs are the products of DNA transcription, but they do not
encode proteins. They contain short non-coding RNAs (short ncRNAs) which are mostly
around 20-25 bp length, and long non-coding RNAs (IncRNAs) which are longer than
200 bp length *°. Short ncRNAs include micro RNAs (miRNAs) which can lead to
degradation of target mRNAs by binding their 3’ UTR, short interfering RNAs (siRNA)
which can similarly leads to mRNA degradation or chromatin condensation together with
a repression complex, and piwi-interacting RNAs (piRNA) which binds transposon
transcripts and leads to their degradation by recruiting PIWI proteins '%°. Long ncRNAs
which constitute most of the non-coding RNAs, are also associated with gene repression
either in transcriptional or post-transcriptional level. It was shown that IncRNAs are able
to prevent binding of transcription machinery, and recruit methyltransferases, nuclear
remodeling complexes, or other regulatory proteins upon binding '°'71%_ One important
example is Xist IncRNA that bind to one of the whole X chromosomes in female and

inactivate it by preventing binding of transcription complexes on it %4105,
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1.3 Epigenetics in glioma

As in most of the cancer types, aberrant epigenetic changes are very common in
glioma. DNA methylation patterns vary between different grades and subtypes. In
aggressive subtypes of glioma, there is mostly a global hypomethylation which leads to
oncogene activations accompanied by specific hypermethylated regions mostly promoter
of tumor suppressor genes (TSGs). Also, hypomethylation of long repetitive regions
cause genomic instability which promote tumorigenesis '°°. On the other hand, since 2-
HG, product of mutant IDH enzyme, interferes with DNA and histone demethylases,
IDH 1/2-mutant subtypes have a hypermethylation phenotype called glioma CpG island
methylator phenotype (G-CIMP), which is accepted as a marker of prolonged survival
22 Another well-known and one of the first identified clinical epigenetic marker is
promoter methylation of MGMT gene. It encodes a DNA repair enzyme which can repair
defects generated by DNA-damaging chemotherapy drugs such as temozolomide. If its
promoter is methylated, so gene is silenced, DNA repair mechanism is disrupted,
therefore, tumor cells give better response to temozolomide treatment '%7. In addition, it
was shown that, in many glioma samples, there are mutations in some of the histone
modifier genes such as HDAC2, HDACY, JMID1A, JMJD1B, MLL3, MLLA4, etc. .
There are also many studies indicating significant changes in the expression level of
histone modifiers, such as HDAC1 and HDAC2 upregulation in astrocytic glioma '%, or
KDMG6A and KDM6B upregulation in persister glioma stem cells (GSCs) '%. Recently,
mutations in H3F34 and HIST1H3B genes encoding H3.3 and H3.1, respectively, which
are variants of histone 3 protein, were also identified in diffuse midline glioma %!,
These mutations cause a reduced methylation level in H3K27 residues which alter
transcriptome dramatically and induce tumorigenesis. Mutations in /DH1/2 and H3
variants, which lead to dramatic changes in epigenetic profile, are also evaluated as
important diagnostic and prognostic markers by World Health Organization (WHO) and
used in most recent WHO 2016 glioma classification '*. Moreover, in a recent study, a
direct DNA methylation-based classification was offered for the CNS tumors and shown
that almost 12% of diagnosis based on conventional observations were corrected with

this new method !'2.

Based on these various epigenetic aberrations and considering that they can be

reversed unlike genetic alterations, many inhibitors targeting epigenetic enzymes were
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tested in in vitro and in vivo glioma studies in recent years, and even some of them have
already entered clinical trials. These inhibitors targeting epigenetic pathways in glioma,
mainly include DNMT inhibitors, HDAC inhibitors, KDM inhibitors, HMT inhibitors,
BET inhibitors and mutant IDH inhibitors.

1.3.1 DNMT inhibitors

5-azacytidine and 5-aza-2’-deoxycytidine (decitabine) are the first DNMT
inhibitors (DNMTi) which are synthesized more than 50 years ago !'>. They are cytidine
analogs which can be incorporated into the new strands of DNA similiarly and inhibit
DNMTs by binding them covalently. 5-azacytidine and decitabine were approved by the
US Food and Drug Administration (FDA) in 2004 and 2006, respectively, for the
treatment of myelodysplastic syndrome (MDS) !'*!1>_ Even though they were not
approved by FDA for the acute myeloid leukemia (AML), they are mostly used off-label
for these tumors as well. Considering their relatively short half-lives, a more stable drug,
namely guadecitabine, was developed and entered phase III in a clinical trial for

treatment of AML (Clinical trial identifier: NCT02920008).

Considering hypermethylated phenotype in IDH-mutant glioma, DNMTi were
thought to be effective against these tumors by reversing this phenotype back. Both 5-
azacytidine and decitabine were shown to induce tumor differentiation and growth
inhibition by decreasing global methylation in xenografts derived from IDH1 mutant
glioma patients ''%!'7. There are ongoing clinical trials using DNMTi individually
(Clinical trial identifier: NCT03666559) or in combination with either mutant IDH
inhibitors (Clinical trial identifier: NCT02677922) or stabilizing agents (Clinical trial
identifier: NCT03922555) for the treatment of glioma or other IDH-mutant tumors such
as AML. There are also studies showing that decitabine induces the expression of tumor
antigens in normally non-immunogenic GBM cells and sensitize them to T-cell mediated

immunotherapies %1%,

1.3.2 HDAC inhibitors

HDAC inhibitors (HDAC:i) are a large group of compounds which are discovered
or developed to being used for treatment of many diseases, mainly cancer. Considering
that all class I, II and IV HDACs have a similar catalytic site which should bind to zinc

ion (Zn*?) to work, small molecules that occupy this core can be used to inhibit their
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catalytic activities '?. Class Il HDACs known as sirtuins, on the other hand, should bind
to nicotinamide adenine dinucleotide (NAD) for their deacetylation activities. Based on
their binding groups, HDAC:i are divided to 5 categories: hydroxamates, aliphatic acids,
benzamides, cyclic tetrapeptides and sirtuin inhibitors *!. Some HDACi such as TCA,
belinostat, vorinostat or panobinostat can inhibit all class of HDACs which is known as
pan-HDAC inhibitors, while others such as valproic acid, entinostat or rocilinostat act as
selective against some classes '?2. In recent years, highly specific HDACi have been
developed against one type of HDAC. For instance, CAY 10603 is shown to be highly
potent and selective inhibitor of HDAC6 !%. It was also shown that most HDAC
inhibitors may induce acetylation of non-histone proteins since the most HDACsS,

especially found in cytoplasm, may have non-histone targets as well 24,

Up to now, FDA has approved four HDAC inhibitors for different types of
hematological tumors: vorinostat and romidepsin for cutaneous T-cell lymphoma
(CTCL), belinostat for peripheral T-cell lymphoma (PTCL), and panobinostat for
multiple myeloma (MM) 257128 In addition, valproic acid has been approved by FDA
for seizures, bipolar disorder, epilepsy, and migraine, but not for any cancer type yet. For
the solid tumors, including glioma, there is no approved HDAC: yet, but there are many
ongoing clinical trials testing different HDAC inhibitors either individually or in
combination with other drugs. Even though many HDAC inhibitors have been shown to
be effective in pre-clinical models of glioma, results from first clinical trials were not as
expected. As the first HDACi to be clinically tested, vorinostat was shown to be well-
tolerated and has modest effects as single agent '?°. However, following studies
combining vorinostat with bortezomib, or standard chemoradiotherapies did not improve
the patient survival further 13132 Similarly, romidepsin alone or panobinostat with
bortezomib in phase II of clinical trials were shown to be ineffective and did not meet
the criteria to pass to the phase III **!3* On the other hand, panobinostat in a phase I
trial, and valproic acid in a phase II trial were shown to be effective as sensitizing agents
when added to radiotherapy and chemoradiotherapy, respectively, and warranted for the
next phases 3136 Belinostat is also thought as a promising drug for glioma treatment
and now being tested in ongoing phase II clinical trial, as an adjuvant therapy to

temozolomide and radiation (Clinical trial identifier: NCT02137759) 7.
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1.3.3 KDM inhibitors

Since the first KDM, lysine specific demethylase 1 (LSDI/KDM1A) was
discovered, KDMs were shown to have significant roles in many types of cancer 13513,
Therefore, they have been thought as potential anti-tumor drugs and many KDM
inhibitors were developed. First inhibitors were developed against KDM1, and most of
them were targeting monoamine oxidase (MAO) activities by binding to flavin adenine
dinucleotide (FAD) which is the cofactor of KDMIls !3*!40 These were mainly
tranylcypromine or phenelzine derivatives which bind to FAD irreversibly/covalently.
Then, inhibitors that bind reversibly have been developed since they were thought to
have less side effects. ORY-1001 which is developed as tranylcypromine derivative was
the first KDM inhibitor announced to be tested for treatment of acute myeloid leukemia
(AML), extended-stage disease small cell lung cancer (ED SCLC), and refractory acute
leukemia (AL) in clinical trials (EudraCT Numbers: 2013-002447-29, 2018-000469-35,
2018-000482-36) 4!, The results of this trial were not published yet. One of the
reversibly binding KDM1 inhibitors, GSK2879552, has also entered clinical trials for
treatment of small cell lung carcinoma (SLCL) and AML (Identifiers for clinical trials:
NCT02034123, NCT02177812). However, both trials were terminated recently as the

risk benefit did not favor continuation of the trials.

The second category of KDM inhibitors were small molecules that inhibit JmjC-
KDMs. Most of these inhibitors are competitors of 2-oxoglutarate (2-OG) which is the
co-substrate required by JmjC enzymes to work '#?. Recently, some allosteric inhibitors
have also been discovered and shown to be effective for inhibition of JmjC-KDMs. I0OX-
1, 2,4-pyridinedicarboxylic acid (2,4-PDCA) and N-oxalylglycine (NOG) are some of
the first JmjC-KDM inhibitors discovered and has broad-spectrum targets '4*. I0X-1
which acts 2-OG competitor and JIB-04 which is discovered later and shown to chelate
iron in the catalytic site, were accepted as potent inhibitor of all JmjC-KDMs, known as
pan-JmjC inhibitors '**. Even though JmjC-KDMs have high homology at their catalytic
sites, specific inhibitors for some types of them were developed recently. GSK-J1 was
one of the first of these, which was shown to inhibit selectively KDM6 subfamily,
although it was later shown to also have some potency against KDMS5 enzymes 414,
Since its cell permeability was very poor, a pro-drug strategy which masks its polarity

was used and GSK-J4 was developed. It has an ethyl ester group which is hydrolyzed
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upon cell penetration and converts to the functional drug. More recently, selective
inhibitors for KDM5 such as KDM5-C70 and KDOAM-25 were also developed and

shown to be effective in pre-clinical studies 4714,

Considering significant roles of KDMs in glioma, many KDM inhibitors were
tested in pre-clinical studies. GSK-J4 was shown to be effective against pediatric
brainstem glioma having H3K27M mutations in histone H3.3 variant gene '*°. Since this
mutation prevents the methylation of 27th residue of H3.3 which is replaced with
canonical H3 in some chromatin regions, inhibition of H3K27M demethylases, KDM6
subfamilies, via GSK-J4, reverted this hypomethylation and slowed down the tumor
growth. This study was also important since it was the first to show that GSK-J4 can pass
through blood brain barrier (BBB). After this study, GSK-J4 was tested on glioma cells
in several other pre-clinical studies. In one study, it was shown that KDM6A and
KDMG6B were upregulated in therapy-resistant glioma stem cells, and these persister cells
became dependent on these enzymes, so they are more sensitive to GSK-J4 treatment
109.151 " GSK-J4 was also suggested as a sensitizing agent to radiation therapy in diffuse
intrinsic pontine glioma (DIPG, or diffuse midline glioma, according to WHO 2016
classification). Another study indicated that both JIB-04 which is a pan-JmjC inhibitor,
and CPI-455 which is a specific KDMS5 inhibitor strongly reduced viability of
temozolomide (TMZ)-resistant GBM cells '°2. They also proved BBB permeability of
JIB-04 by both mass spectrometric analysis and functional tumor growth analysis. The
same group also showed that two KDM inhibitors, GSK-J4 and JIB-04 interestingly
synergized and could be used for TMZ-resistant GBM !%3,

1.3.4 Mutant IDH inhibitors

Since IDH mutations have been identified as driver mutations in various cancer
types, a specific inhibitor of mutant IDH enzyme is offered as a potential treatment. First
small molecules that inhibit mutant IDH1 or IDH2 enzymes were shown to be effective
against glioma and luekemia cells, respectively **'>*. They induced differentiation of
tumor cells by inhibiting 2-HG accumulation in cells, and slowed down the cell growth.
After these initial studies, many specific mutant IDH1 or IDH2 inhibitor, or pan-mutant
IDH inhibitors were developed 3>!%. Some of these inhibitors were also shown to be
effective in clinical trials for acute myeloid leukemia (AML) !5’ However, some

studies had opposite results indicating that even if they prevent 2-HG accumulation,
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mutant IDH inhibitors did not cause significant change in DNA or histone methylations,
and have no significant effect on cell growth, especially on glioma cells '°”!3%, Moreover,
there are many studies showing vulnerabilities caused by mutant IDH, and potential

therapeutic approaches targeting these vulnerabilities ¢

. However, mutant IDH
inhibitors may reverse these phenotypes and interfere with drugs targeting these

weaknesses.

Controversial results may be related with the cellular dependence on IDH mutation.
It is known that /DH mutations are critical for tumorigenesis in both glioma and AML
2729 However, it was shown that IDHI mutation is converted from driver to passenger
mutation in glioma '*°. Therefore, proliferation of glioma cells were independent of
mutant IDH. On the other hand, /DH?2 mutation is required for growth of leukemia cells
and maintenance of the tumor '®* which may be the reason for mutant IDH inhibitor
efficiency in AML. Still, for both /DH mutant glioma and other tumor types, there are
ongoing clinical trials with mutant IDH inhibitors individually or in combination with
other treatment options such as DNMT inhibitors (Identifiers for clinical trials:
NCT02073994, NCT02481154, NCT03343197, NCT03030066, NCT02381886,
NCT03684811, NCT02746081).

1.4 Cellular stress response

Many intrinsic or extrinsic signals may cause cellular stress that induce various
molecular changes in the cell which is known as stress response pathways. Changes in
extracellular conditions such as temperature, pH, nutrients, oxygen level, etc. or infection
are examples for extrinsic stressors. On the other hand, unfolded or misfolded proteins,
reactive oxygen species (ROS) accumulation, DNA damage, or disrupted cellular
homeostasis are some of the intrinsic stressors. Cells have different sensor proteins that
sense these stress conditions and activate appropriate response pathways. Stress
responses may be in various ways, either to protect cells against stress or to activate

senescence or cell death, according to stress level, duration, and other cell-specific factors
161

1.4.1 Heat shock response

One of the first mechanisms discovered to be induced in stress conditions is the

changes observed in Drosophila cells upon heat exposure which is named as heat shock
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response %2714 After the initial studies, it was observed that many other signals such as
heavy metals, oxidative or osmotic stress, or toxic chemicals have the ability to induce
heat shock response as well -1’ Mainly, these conditions interfere with the protein
folding which can be recognized by sensor proteins which is called heat shock proteins
(HSPs). Richter et al. (2010) classified these stress inducible HSPs into seven universal
categories %8, The first category comprises the best-known HSPs assisting the correct
folding of proteins which are now called as molecular chaperones. The second category
contains proteases which are required for degrading misfolded proteins. Proteins
involved in the repair mechanism of the stress-induced DNA or RNA modifications
consist the third category. Metabolic enzymes which are responsible for maintaining
cellular homeostasis are included in the fourth category. In the fifth category, there are
transcription factors and cascade proteins to induce response pathways. Structural
proteins important for cytoskeleton and organelle integrity are grouped as the sixth
category. The last category includes proteins involved in the export mechanism for the

removal of the stress source such as toxic chemicals.

Molecular chaperones are evolutionary highly conserved among species and can
be classified with respect to their molecular weights as HSP100, HSP90, HSP70, HSP60
and small HSP (sHSP) families which are approximately 100 kDa, 90 kDa, 70 kDa, 60
kDa and less, respectively '®*170. In the absence of stress, HSF1 which is the major
transcription factor responsible for induction of heat shock response genes, is kept as
inactive by the binding of HSPs such as HSP90 and HSP70 '"1172, When cell is exposed
to stress, accumulated misfolded proteins compete with HSF1 to bind HSPs, and released
HSF1 transferred to the nucleus and activate stress response genes. These genes include
other HSPs which correct misfolded proteins and inhibit many apoptotic pathways.
Therefore, HSPs are thought as protection proteins and required for survival of cells

under stress conditions !73.

1.4.2 Unfolded protein response

The endoplasmic reticulum (ER) is the principal site where correct folding and
post-translational modifications of the proteins that will be secreted or directed to the
membrane or other organelles !’#!7>, There are lots of quality control mechanisms in the
ER which regulate folding of newly synthesized proteins and degrade the misfolded ones

via ER-associated degradation (ERAD) mechanism. Binding immunoglobulin protein
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(BiP) which is also known as GRP78 and encoded from HSPAS gene, belongs to HSP70
family, and accepted as major ER chaperone !, In normal conditions, it is located in the
ER lumen as bound to transmembrane ER kinases: inositol-requiring enzyme 1 (IRE1),
PKR-like ER kinase (PERK) and activating transcription factor 6 (ATF6) '77. In a cell
that is exposed to various stress conditions, misfolded or unfolded proteins accumulate
in the ER lumen and compete for binding to BiP chaperone. Binding of BiP to unfolded
proteins, releases IRE1, PERK and ATF6 which induces different arms of a response

mechanism known as unfolded protein response (UPR) '8,

Released IRE1 functions as an endoribonuclease that cleaves the specific intron
sequence in the XBP1 mRNA and leads to translation of functional XBP1 protein '”.
XBP1 is a transcription factor that upregulate stress-related survival genes, especially
chaperones. ATF6 moves to the Golgi apparatus upon releasing from BiP and cleaved by
SP1 and SP2 proteases found in the Golgi '**!®!. Cleaved form of ATF6 translocates to
the nucleus and activate many genes involved in UPR. PERK is a kinase and
phosphorylates elF2a upon dissociation from BiP. elF2a is the regulatory subunit of
eukaryotic initiation factor 2 (elF2) complex which is recruited to 5’methylguanine cap
in mRNAs to initiate translation of almost all proteins in eukaryotes '*2. Phosphorylated
elF2a strongly bind to eIF2B which is guanidine exchange factor (GEF) for the elF2 and
inhibits its activity. Therefore, global cap-dependent protein translation is halted under
stress conditions '32. On the other hand, some specific nRNAs containing upstream open
reading frames (WORFs) on their 5° end, are selectively translated '3°. ATF4 mRNA, for
instance, has two uORFs of which the second one comprises the normal coding sequence
as out of frame. In normal conditions, since active elF2 complexes are highly available,
translation starts from the first uORF which has only 3 codon and re-initiate on the second
uORF which prevents translation of active ATF4 protein. Under the stress conditions,
however, phosphorylated elF2a blocks the activity of elF2 complex. Since there is low
amount of available e[F2 complexes, translation re-initiation on the uORF2 is inhibited.
Therefore, translation starts on normal ORF, and level of active ATF4 translation
increases unlike global translations '**. ATF4 is a major transcription factor initially
upregulating expression of necessary proteins to survive under mild stress conditions. In

case of prolonged or severe stress conditions, it upregulates apoptotic genes %,

22



Chapter 1: Introduction

By inhibiting global protein translation, cells alleviate unwanted accumulation of
unfolded or misfolded proteins and use all its energy to cope with stress. Preferential
translation of the stress-related proteins, on the other hand, is crucial for the protection

of cells against stress conditions.
1.4.3 Integrated stress response

Integrated stress response (ISR) is a highly conserved pathway among eukaryotes
which is triggered by various stimuli. It consists of four different signaling pathways
including the PERK arm of the UPR, and similarly depends on phosphorylation of
eukaryotic initiation factor 2 alpha (elF2a) by one of the four well-described kinases '%.
These kinases have similar catalytic domains, but have specific regulatory domains

which allow induction by different stress signals (Figure 1.5).

Protein kinase R (PKR) which is also known as double-stranded RNA-dependent
protein kinase is the first of these enzymes and activated upon viral infection. Double-
stranded RNAs longer than 30 bp which are markers for viral infection were shown to
bind two PKR monomers and triggers autophosphorylation of the kinase '%¢. Activated
PKR phosphorylates elF2a and induce global translation inhibition. By this way, cells
try to prevent production of viral proteins. General control non-derepressible 2 (GCN2)
is the second elF2a kinase which is activated upon amino acid deprivation '87. GCN2
was shown to be activated by binding uncharged, deacylated tRNAs which are normally
bind amino acids during protein synthesis. When there is amino acid deprivation in cell,
free tRNAs become available and activate GCN2 by binding and allowing
autophosphorylation of it via dimerization '*8, Activated GCN2 phosphorylates elF2a,
and inhibits global translation until more amino acids become available. Heme-regulated
inhibitor (HRI) is the third e[F2a kinase which is activated upon heme deprivation mainly
caused by iron deficiency. HRI is different from other elF2a kinases as being tissue-
specific and predominantly expressed in erythroid cells '*. It has two heme-binding sites,
one of which is stable and the other is reversible. Heme binding to the reversible site
inhibits kinase activity of dimerized HRI. Therefore, in heme deprivation conditions,
dimerized HRI is activated by autophosphorylation. Activated HRI inhibits global
translation by phosphorylating elF2a to protect red blood cells from globin aggregation
which may be toxic for cell '°. The fourth kinase which phosphorylates elF20 is PKR-
like ER kinase (PERK) which is activated upon ER stress caused mainly by unfolded
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protein accumulations, but also by disruption of calcium balance or redox status in the
ER. PERK is normally found on ER membrane as bound by BiP/GRP78. Upon
accumulation of misfolded unfolded proteins in the ER, BiP binds these proteins as a
molecular chaperone, and releases PERK. Released PERKs are dimerized, activated by
autophosphorylation and phosphorylates elF2a to inhibit global translation to prevent

unfolded protein accumulation !,
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Figure 1.5 Integrated stress response (ISR) pathway. Figure adapted from '’

In all four pathways, elF2a is phosphorylated and global, 5’ cap-dependent
translation is inhibited (Figure 1.5). However, inhibition of global translation is not the
only mechanism in ISR to cope with stress. Upon elF2a phosphorylation, some 5’ cap-
independent mRNAs which are regulated by upstream open reading frame (uORF) sites
and recruit ribosomes to their internal ribosome entry sites (IRES) instead of 5’ cap, are
preferentially translated under stress conditions '°?. Activating transcription factor 4
(ATF4) is one of these proteins and accepted as the master regulator of ISR (Figure 1.5).
To survive under mild stress conditions, ATF4 upregulated many stress-related genes
such as chaperones, amino acid transporters, heme oxygenases, etc. '*>!°*. However,
under severe or prolonged stress, ATF4 induced CHOP-mediated pro-apoptotic pathway
by upregulating pro-apoptotic proteins such as Bim, Noxa, Puma, etc. and

downregulating anti-apoptotic genes such as Bcl2, Bcl-xL and IAPs 1951 As a feedback
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mechanism, ATF4 also activates GADD34 which bind to PP1 and induces
dephosphorylation of elF2a '°7 (Figure 1.5).
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2 MATERIALS AND METHODS

2.1 Reagents

The epigenetic chemical probe library was constructed in Oxford University by
Dr. Udo Oppermann and kindly provided for screen and individual treatments. Bulk
amounts of GSK-J4 and Belinostat were purchased from Adooq Bioscience (USA) for
in vivo experiments. GSK864 was kindly provided by SGC Toronto. Z-VAD-FMK
(general caspase inhibitor), Z-FA-FMK (negative control), LB broth and LB agar
powders were purchased from BD Pharmingen (USA). ISRIB and PERKi was provided
by Dr. Udo Oppermann. QNZ, Ferrostatin-1 and TMZ was purchased from Selleckchem
(USA). Anti-IDH1 R132H (Hu) from mouse (clone: H09) antibody was purchased from
Dianova (Germany). Anti-PARP, anti-ATF4 (D4B8), anti-p21 (12D1), anti-H3 (D1H2),
anti-H3K4me3 (C42DS), anti-H3K9me3 (D4W1U), anti-H3K27me3 (C36B11), anti-
H3K27ac (D5E4), and anti-acetyl-a-tubulin (D20G3) were purchased from Cell
Signaling Technology (USA). Anti-GAPDH and anti-a-tubulin were purchased from
Abcam (UK). Anti-puromycin (4G11) antibody was purchased from Merck Millipore
(USA). GSK-J5, Thapsigargin and Cycloheximide were purchased from Cayman
Chemical (USA). D-luciferin was purchased from Biotium (CA, USA). BsmBI enzyme,
Cutsmart buffer, nuclease-free water, T4 PNK enzyme, T4 Ligase enzyme and T4 Ligase
buffer were purchased from New England Biolabs (USA). M-MLV RT enzyme, 5X FS
buffer, DTT, Random Hexamer, dNTP mix and Gateway LR Clonase Il enzyme mix
were purchased from Thermo Fischer Scientific (USA). DMEM 1X, FBS, Pen/Strep,
PBS 1X, Neurobasal medium, L-Glutamine, FGF-basic, B-27 and N-2 supplements were
purchased from Gibco (USA). Human EGF was purchased from PeproTech (USA).
Heparin solution was purchased from Stemcell Technologies (Canada). D-2-
Hydroxyglutarate (D2HG) Assay Kit, Polyethylene Glycol 8000, Puromycin
dihydrochloride and Protamine sulfate were purchased from Sigma-Aldrich (USA).
Blasticidin S HCI was purchased from GoldBio (USA). Fugene 6, Cell Titer-Glo (CTG)
Luminescent Cell Viability Assay, Caspase Glo 3/7 assay and recombinant RNasin were
purchased from Promega (USA). NucleoSpin Gel and PCR Clean-Up, NucleoSpin
Plasmid miniprep, NucleoBond Xtra Midi and NucleoSpin RNA kits were purchased
from Macherey-Nagel (Germany). LightCycler 480 SYBR Green I Master was

purchased from Roche (Switzerland).
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2.2 Plasmids

pCMV-VSV-G and pUMVC plasmids were gifts from Bob Weinberg (Addgene
plasmid #8449 and #8454, respectively) °%. psPAX2 plasmid was a gift from Didier
Trono (Addgene plasmid #12260). pMIG Bcl-xL and pMIG Bcl-2 were gifts from
Stanley Korsmeyer (Addgene plasmid #8790 and #8793, respectively) '*.
pLenti6.3/TO/V5 containing IDHIR32H was generated in Massachusetts General
Hospital *°. pLentiCRISPRv2 was a gift from Feng Zhang (Addgene plasmid #52961)
200 HSPAS overexpression vector was generated by cloning HSPAS ¢cDNA from donor
vector pDONR221 (commercially supplied from DNASU, clone HsCD00041118) into
pLEX307 (was a gift from David Root, Addgene plasmid # 41392) destination vector.
pLEX-GFP plasmid was generated by Gateway cloning method, first cloning GFP cDNA
into pENTR1A vector (was a gift from Eric Campeau & Paul Kaufman, Addgene
plasmid #17398) 2°!, and then into pLEX307 destination vector using LR clonase II
enzyme mix (NEB, USA). Pico2-Fluc.mCherry was a gift from Dr. Andrew Kung (Dana

Farber Cancer Institute).

2.3 Cell culture

Human embryonic kidney 293T (HEK 293T) cells, and GBM cell lines A172 and
LN18 were purchased from American Type Culture Collection (ATCC, USA). Human
astrocytes (HAs) were purchased from ScienCell Research Laboratories (CA, USA).
Fibroblast cell lines Fibrol and Fibro2 were established at Ko¢ University School of
Medicine from skin biopsies of GBM patients operated at Ko¢ University Hospital
(Ethics approval no: 2013-5). They were cultured in DMEM (Gibco, USA),
supplemented with 10% FBS (Gibco, USA) and 1% Pen/Strep (Gibco, USA) in a 37°C
incubator supplemented with 5% CO.. HAs were cultured on Poly-L-Lysine coated
plates. IDH1 mutant GBM cell lines MGG119 and MGG152 were established with
patient-derived xenograft model by Dr. Hiroaki Wakimoto in Massachusetts General
Hospital (MGH) . They were cultured as neurospheres in GBM/EF medium consisting
of neurobasal medium (Gibco, USA) with 7.5 ml L-Glutamine, 1X B-27 supplement
(Gibco, USA), 0.5X N-2 supplement (Gibco, USA), 0.5 ml heparin solution (0.2%,
Stemcell Technologies, Canada), 0.5% Pen/Strep, FGF (20 ng/ml), EGF (20 ng/ml).
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2.4 Viral packaging and transduction

Retroviral particles from pMIG Bcl-xL and pMIG Bcl-2 and lentiviral particles
from pLenti6.3/TO/V5 containing IDH1®!*?! pLentiCRISPRV2 containing gRNAs or
pLEX307 containing HSPAS cDNA, were produced in HEK 293T cells. Briefly, 293T
cells were seeded on 10 cm-plates as 2.5x10° cells/plate. The next day, with
approximately 70-80% confluency, cells in each plate were transfected with required
viral plasmids (2500 ng), and packaging plasmids; psPAX2 (2250 ng) or pUMVC (2250
ng), for lentiviral or retroviral packaging, respectively, and VSV-G (250 ng) by using 20
ul of Fugene 6 (Promega, USA). After overnight incubation, media were refreshed. Virus
containing media from 48 and 72 hours post transfection were collected. Then, they were
aliquoted either directly or after 100X concentrated with Polyethylene glycol (PEG 8000,
Sigma-Aldrich, USA) overnight, and stored at -80°C.

Adherent GBM cells were seeded as 100.000 cells/well of 6-well plate, and
transduced next day with virus containing media. Protamine sulfate (PS, 8 pg/ml) was
also added to increase transduction efficiency. Primary GBM cells cultured as
suspension, were transduced with spinfection method. Briefly, neurospheres were
resuspended as individual cells in 2 mL of EF medium supplemented with PS (8 pg/ml)
and seeded on 1 well of 6-well plates together with concentrated virus. Then, cells were
centrifuged in a plate-centrifuge (Beckman Coulter, USA) at 800g for 90 minutes. Both
adherent and suspension cells were incubated in virus containing media overnight in the
cell culture incubator, and then, media were refreshed. 48 hours post-transduction,
adherent and suspension cells infected with pLentiCRISPRv2 or pLEX307-HSPAS were
treated with 2 pg/ml or 1 pg/ml of puromycin, respectively, and selected for 3 days. A172
GBM cells infected with pLenti6.3/TO/V5 containing IDHIR!32H were selected with
blasticidin (10 pg/ml) for 5-7 days. Efficiency of pMIG BcL-xL and pMIG Bcl-2

infections was monitored via GFP expression under fluorescence microscope.

2.5 Cloning and CRISPR-mediated knock-out studies

gRNA sequences targeting exon regions of KDM6A and KDM6B genes were
obtained from GeCKO library designed by Feng Zhang’s laboratory at Broad Institute
200 sRNAs targeting DDIT3 gene were designed using Chopchop gRNA design tool %2,
All gRNAs synthesized at Macrogen Europe Laboratories as top and bottom strands.

They were annealed and cloned into lentiCRISPR v2 plasmid (Addgene #52961)
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according to protocol published by Zhang Lab 2%, Briefly, 1 ul of resuspended top and
bottom strand oligos (100 pM) were mixed with 0.5 pl of T4 PNK enzyme, 1 pl of T4
Ligase buffer, and 6.5 pl of nuclease-free water in a PCR tube. Annealing was performed
by using following conditions: 30 min at 37°C, 5 min at 95°C and then ramp down to
25°C with 5°C/min rate. On the other hand, 5 pg of pLentiCRISPRv2 plasmid was
digested in a 1.5 ml centrifuge tube containing 3 pl of BsmBI enzyme, 3 pl of Cutsmart
buffer, and nuclease-free water up to total of 30 pl, by incubating at 55°C for 3h. For
ligation, 1 pl of annealed oligos (after 1:200 dilution) were mixed with 1 pl of digested
and gel purified pLentiCRISPRv2 vector (from 50 ng/ul), 1 pl of T4 Ligase enzyme, 1
ul of T4 Ligase buffer, and 6 ul of nuclease-free water, and incubated overnight at 16°C.
3 pl of ligation products were transformed into home-made competent bacteria, and
liquid cultures were prepared from single colonies. Plasmids were isolated using either
NucleoSpin Plasmid miniprep or NucloSpin Xtra Midi kit (Macherey-Nagel, Germany).
All gRNA clonings were verified via Sanger sequencing. 3 gRNA plasmids targeting
each gene were pooled and lentiviruses were produced from these pools for each gene. 2
gRNAs targeting nowhere in human genome were pooled and used as non-targeting
control gRNAs (gNT) in further experiments. Cells were infected with ~MOI of 3. Then,
growth analysis, viability assays after drug treatments and gene expression analysis were
performed. Gene knockouts were validated via Sanger sequencing of targeted regions

(Figure 3.32 and 3.43). gRNA sequences were given in Table 2.1.

Table 2.1 Sequences of gRNAs used in knockout experiments

gRNA Sequence (5’ to 3°)

DDIT3 — gRNA1 GACTGATCCAACTGCAGAGA
DDIT3 — gRNA2 GGAAATCGAGCGCCTGACCA
DDIT3 — gRNA3 CCAGCTGGACAGTGTCCCGA
KDM6A — gRNA1 ACTGTAAACTGTAGTACCTC
KDM6A — gRNA2 CAGCATTATCTGCATACCAG
KDM6A — gRNA3 AAGTCGTAAATGAATTTCCT
KDM6B — gRNAL TACCACAGCGCCCTTCGATA
KDM6B — gRNA2 CGAGTCAGAGCACGATAGTG
KDM6B — gRNA3 CCAGAACTACTGCCATGTGA
NTI1 ACGGAGGCTAAGCGTCGCAA

NT2 CGCTTCCGCGGCCCGTTCAA
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2.6 Cell Viability Assay

Cell viabilities after required treatments were measured via Cell Titer-Glo (CTG)
Luminescent Cell Viability Assay (Promega, USA) according to manufacturer’s
instructions with some modifications. Briefly, cells were seeded to clear bottom black
side 96-well plates (Corning Costar, USA) as 4000 cells/well and as triplicates for each
condition. The next day, they were treated with corresponding chemicals of interest
individually or in combination for defined period. At the end of the treatment period,
media from each well were removed via multi-well pipette. 44 pl of CTG ready-to-use
mix which is prepared as 1:10 dilution of CTG reagent with DMEM, were added on each
well. For primary cells cultured as suspension, CTG reagent was directly added on cells
at 1:10 amount of culture medium. After 2 minutes of shaking and 8 minutes of
incubation, luminescence levels of each well were measured using a plate reader
(BioTek’s Synergy H1, Winooski, VT, USA). Relative cell viabilities were calculated by

using luminescent values of untreated samples as control.

2.7 Chemical screen with epigenetic regulator inhibitors

MGG119 and MGG152 spheres were dissociated into individual cells and seeded
in 96-well plates as 4000 cells/well. The next day, cells were treated with the chemical
probe library consisting of 46 inhibitors targeting bromodomains (BRD), histone
deacetylases (HDAC), histone methyltransferases (HMT), lysine demethylases (KDM),
prolyl hydroxylases (PHD), methyl lysine binders, DNA methyltransferases (DNMT),
poly ADP ribose polymerase (PARP), kinase inhibitors, and histone acetyltransferases
(HAT) (Appendix A). Cell viabilities after 48h of treatment were determined via Cell
Titer-Glo (CTG) Cell Viability Assay as described above. All treatments were studied as

triplicate.

2.8 Individual and combinatorial treatment of screen hits

5-azacytidine, Chaetocin, GSK-J4 and Belinostat were applied individually in a
dose dependent treatment on MGG119, MGG152, Fibrol and Fibro2 cells and cell
viability assays were performed after 72h of treatment. Both tumor and non-malignant
cell lines were subjected to all possible dual combinations of these inhibitors. Human
astrocytes (HA) were also treated with GSK-J4 (2.5 pM) and Belinostat (1 pM)

individually and in combination. Combination index (CI) values were calculated using
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CompuSyn software 2%, for 5-azacytidine and Chaetocin or GSK-J4 and Belinostat

combinations in MGG119 and MGG152 cells.

2.9 Sphere formation assay

Patient-derived IDH1 mutant MGG152 cells were seeded on 96-well plates at 150
cells/well. The next day, they were treated with different doses of 5-azacytidine,
Chaetocin, GSK-J4 and Belinostat. After 7 days of drug treatment, number of spheres
containing more than 1 cell were counted under microscope and recorded for each dose

of treated drugs. 3 wells were counted for each condition as replicates.

2.10 Generation and validation of IDH1 mutant GBM cell lines

IDH1 mutant GBM cell lines were generated by lentiviral infection of
pLenti6.3/TO/V5 containing IDH1 ¢cDNA with R132H mutation *¢. Cells were cultured
in parallel with parental wild type cells to obtain a paired cell line. Mutant IDHI
expression was analyzed with western blot and immunocytochemical staining by using
IDHIR32H  mutant  specific antibody (DIA-H09, Dianova, Germany). D-2-
Hydroxyglutarate production was assessed via D-2-Hydroxyglutarate (D2HG) Assay Kit
(Sigma-Aldrich, USA) in the presence or absence of GSK864. Briefly, cellular extracts
were obtained by lysing cell pellets in NP40 lysis buffer (1% NP40, 50 mM Tris buffer
pH 7.4, 250 mM NaCl, 5SmM EDTA, 50 mM NaF, 0.02% NaN3) supplemented with 1X
protease inhibitor cocktail set (cOmplete™ ULTRA Tablets, Roche, Germany) and ImM
PMSEF prior to usage. Cell lysates were centrifuged at 13.000 rpm for 10 min at 4 °C, and
supernatants were collected. Then, deproteinization was performed for all samples by
Trichloroacetic acid (TCA) precipitation. TCA was added to all samples with a final
concentration of 1M. After vortexing briefly, samples were kept on ice for 5 minutes.
They were centrifuged at 13.000 rpm for 2 min at 4°C. Supernatants were transferred to
a new tube and neutralized with 2M KOH. After vortexing, samples were centrifuged at
13.000 rpm for 15 minutes at 4°C. 25 pl of undiluted samples, 1:5 diluted samples, and
prepared standards were placed in a 96-well plate. After addition of 75 pl of D2HG
complete reaction mixture into each well, plate was covered with aluminum foil and kept
at 37°C for 60 minutes. Fluorescence levels were detected with Synergy microplate
reader, and D2HG levels were calculated based on the standard curve plotted with

measured values of standards. After validations, paired GBM cell lines were treated with
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hit inhibitors individually and in combination. Cell viabilities were determined after 72h

of treatments via CTG assay.

2.11 Caspase Activity and Caspase Inhibition Assays

For Caspase 3/7 activity assay, A172 wild type and IDH1R!32H cells were seeded
on 96-well plates as 4000 cells/well. The next day, cells were either untreated or treated
with GSK-J4 (2.5 uM) alone, Belinostat (1 uM) alone or both in combination. After 48h
of drug treatments, Caspase 3/7 activities in each well were measured via Caspase Glo

3/7 assay (Promega, USA), according to manufacturer’s instructions.

For caspase inhibition assay, A172 wild type and IDH1R!3?H cells were seeded on
96-well plates as 3000 cells/well. The next day, cells were pre-treated with Z-FA-FMK
(Negative Control for Caspase Inhibitors) or Z-VAD-FMK (General Caspase Inhibitor)
at 20 uM final concentration. After 24h of pre-treatments, cells were either untreated or

treated with GSK-J4 (2.5 pM) alone, Belinostat (1 pM) alone or both in combination.

2.12 Inhibition of Cellular Stress Pathways

For inhibition assays, cells were seeded on 96-well plates as 3000 cells/well. The
next day, corresponding pathway inhibitors were added on cells. PERKi (1 uM) was used
for inhibition of PERK enzyme, or ISRIB (1 uM) for inhibition of eIF2a phosphorylation
which both are responsible for stress response pathways. QNZ (10 nM) or Ferrostatin-1
(2 uM) was used for inhibition of NF-KB pathway or ferroptosis, respectively. After 24h
of pre-treatments, cells were either untreated or treated with GSK-J4 alone, Belinostat
alone or both in combination. After 72h of drug treatments, cell viabilities were measured

via CTG assay.

For inhibition of reactive oxygen species (ROS) in cells, N-acetyl-L-cysteine
(NAC) which is known as ROS scavenger was used. Similarly, cells were seeded on 96-
well plates as 3000 cells/well and pre-treated with NAC (2 mM) for 24h. Then, 5-
azacytidine, Chaetocin, GSK-J4 or Belinostat were added on cells individually. Cell

viabilities were measured after 48h of drug treatment via CTG assay.

2.13 Inhibition of Mutant IDH1

For inhibition of mutant IDH1 enzyme, cells were pre-treated with GSK864 (2.5
uM), a selective IDH1R!*?! inhibitor 32 for 3 days. Then, untreated and GSK864 pre-

32



Chapter 2: Materials and Methods

treated cells were either directly collected for qRT-PCR, western blot, and RNA-seq
analysis or re-seeded on 96-well plates to compare growth kinetics or drug responses. To
generate growth curves, cells were seeded on 96-well plates as 3000 cells/well, and cell
viabilities were measured via CTG assay at day 0, and then, each day for 96h. To compare
drug responses, cells were seeded on 96-well plates as 4000 cells/well. After 24h of re-
seeding, cells were either untreated or treated with GSK-J4 alone and Belinostat alone or
both in combination. Cell viabilities were measured after 72h of drug treatments via CTG
assay. Primary MGG119 and MGG152 cells were treated with GSK864 (2.5 uM) for 10

passages to observe long term effects.

2.14 Testing specificity of GSK-J4

To test the specificity of GSK-J4, MGG152 and A172 IDHIR32H cells were
treated with GSK-J5, an inactive form of GSK-J4, and other KDM inhibitors such as
IOX-1, inhibitor of pan-2-OG dependent enzymes, KDOAM-25 and KDMS5-C70,
inhibitors of KDMS5 enzymes, KDOAM-32, inactive form of KDOAM-25, and
KDOBAG67, inhibitor of KDM6 enzymes, in a dose-dependent manner. In addition, each
of the inhibitors was co-treated with Belinostat (1 uM) to test their combination effect.

Cell viabilities were performed after 72h of drug treatments via CTG viability assay.

2.15 Live cell imaging

Olympus Xcellence Pro inverted microscope with 10X air objective (Center
Valley, PA, USA) was used for the live-cell imaging experiments in a 37°C chamber
supplied with 5% CO,. A172 wild type and IDH1R?!3H cells were seeded on 24-well
plates at a density of 16.000 cells/well. Next day, they were treated with either GSK-J4
(2.5 uM) or Belinostat (1 uM), or in combination. Images of random positions from each
well were captured with 8-10 min intervals during 96h after drug treatment. Cell numbers
in 3 different frames for each condition was counted using ImagelJ software (NIH Image,

MD, USA) and viability curves were obtained for each condition.

2.16 Co-culture of fibroblasts with GBM cells

Fibrol fibroblasts were labelled with GFP-expressing lentiviruses, and A172
IDH1R!32H cells were labelled with mCherry-expressing lentiviruses. Fibroblasts and
A172 IDH1R32H cells were seeded on same well of 6-well plates with 1:1 ratio. Co-

culture wells were subjected to either no treatment, GSK-J4 alone (2.5 pM), Belinostat
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alone (1 uM), or combination of them. After 72h of drug treatments, fluorescent images
were taken under red and green fluorescent filters, and viable cells were quantified by

counting 3 different frames for each condition.

2.17 Cell cycle analysis

A172 wild type, A172 IDHIR*?H and MGG152 cell pellets were collected after
24h or 48h of either without treatment or treatments with GSK-J4, Belinostat and their
combination. They were washed with PBS and fixed with 200 pl of cold 70% ethanol
via incubating for 30 min at 4°C. Ethanol was added dropwise, and pellets were
resuspended either with flicking tube or pipetting gently after each drop. After fixation,
cells were centrifuged at 850g for 5 min, and washed 2 times with PBS. To remove RNA
content, pellets were resuspended in 50 pl of 100 pg/ml RNase and incubated for 15 min
at room temperature. Finally, 200 pl of 50 pg/ml propidium iodide (PI) solution was
added on samples, and they were incubated for 30 min at room temperature. Samples
were kept in the dark at 4°C until analysis was performed. Quantification of PI staining
were performed via flow cytometry (BD Accuri C6 Plus Flow Cytometry, BD
Biosciences, USA), and cell cycle intervals were determined by assigning the n peak as

GO/G1 phase, n to 2n interval as S phase and 2n peak as G2/M phase.

2.18 YO-PRO-1 staining

A172 wild type and IDH1R!3H cells were seeded on 24-well plates as 20.000
cells/well. The next day, cells were either kept untreated or treated with GSK-J4 (2.5
pM) and Belinostat (1 pM) in combination. After 48h of drug treatments, media were
removed, and cells were kept in fresh media containing 0.1% (v/v) YO-PRO-1 stock
solution. Plates were incubated at 37°C for 15 min, and fluorescent images were taken

directly, as soon as possible upon incubation.

2.19 Western blot and SUnSET assay

Cell pellets were collected after 24h or 48h of indicated drug treatments and stored
at -80 °C until the experiments were performed. Pellets were lysed in NP40 lysis buffer
(1% NP40, 50 mM Tris buffer pH 7.4, 250 mM NaCl, 5SmM EDTA, 50 mM NaF, 0.02%
NaN3) supplemented with 1X protease inhibitor cocktail set (cOmplete™ ULTRA
Tablets, Roche, Germany) and ImM PMSF prior to usage. Cell lysates were centrifuged

at 13.000 rpm for 10 min at 4 °C, and supernatants were collected.
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For histone analysis, cell pellets were lysed in Triton Extraction Buffer (TEB),
which consists of PBS with 0.5% Triton X 100 (v/v), 2 mM PMSF, 0.02% (w/v) NaN3
and 5 mM sodium butyrate, on ice for 10 min. Nuclei were precipitated via centrifuging
at 6500 g for 10 min at 4 °C, and washed again with TEB after discarding supernatants.
Pellets were resuspended in 0.2N HCl as around 1077 cells/ml and kept at 4 °C overnight.
Next day, lysates were neutralized by adding 1M of NaOH as 1/5 volume of HCl solution.
They were centrifuged at 6500 g for 10 min at 4 °C, and supernatants were stored as

histone lysates at -20 °C.

For SUnSET assay 2%, MGG152 cells were treated with GSK-J4 and/or Belinostat
for 24h or 48h. Thapsigargin (5 uM) or Cycloheximide (5 pM) were used as control
treatments by incubation for 4h before puromycin treatment. Then, all cells were treated
with puromycin (10 pM) for 30 min, pellets were collected and lysed in NP40 buffer as
explained above. For the blotting part, anti-puromycin (4G11) antibody was used.

Protein concentration of lysates from all protocols were determined via Pierce’s
BCA protein assay kit (Thermo Fisher Scientific, USA). Lysates were mixed with 4X
loading dye which is prepared by mixing 4X Laemmli Sample Buffer (Bio-Rad, USA)
with 2-mercaptoethanol in 9:1 ratio, and boiled at 95 °C for 10 min. Appropriate amount
of samples and protein ladder (Precision Plus Protein, Bio-Rad, USA) were loaded into
gradient SDS polyacrylamide gels (Mini-PROTEAN® TGX™ Precast Gels, Bio-Rad,
USA), and run at 25 mA for 40 min. Then, protein transfer was performed via Trans-
Blot® Turbo™ RTA Mini PVDF Transfer Kit (Bio-Rad, USA) with manufacturer’s
defined transfer protocol. Membrane was blocked with 5% non-fat dry milk for 1h with
gentle shaking at room temperature. Then, blocking buffer was replaced with primary
antibody diluted in PBST with 2% BSA and 0.02% NaNj3 by gently shaking overnight at
4 °C. Next day, antibody solution was removed, and membrane was washed 3 times with
PBST for 15 min each. Then, it was incubated with secondary antibody diluted in 5%
milk solution for 1h at RT and washed 3 times with PBST for 15 min each. Membrane
was incubated with Pierce™ ECL Western Blotting Substrate (Thermo Fisher Scientific,
USA) for 5 min at dark, and visualized by Odyssey ® Fc Imaging System (LI-COR
Biosciences, USA). Band intensities were quantified using ImageJ software (NIH Image,

MD, USA) and normalized according to intensities of reference protein bands.
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2.20 RNA sequencing

A172 wild type and IDH 1R3! overexpressing cells were cultured in the presence
or absence of GSK864 (2.5 uM) for 3 days. Cell pellets were collected from each
condition (Figure 2.1A). As the second set of samples, MGG152 patient derived IDH1
mutant cells were cultured without drugs as control, or with GSK-J4 alone, Belinostat
alone or both in combination. Cell pellets were collected after 48h of drug treatments
(Figure 2.1B). All samples were studied as duplicate. Total RNAs were extracted with
Nucleospin RNA kit (Macherey-Nagel, Germany), according to manufacturer’s protocol,

and stored at -80 °C until sending for RNA-seq analysis.

A) B)

MGG152 cells
A172 cells (primary, IDH1 mutant)
IDHlRlBZH
overexpression
No GSK864 J— GSK864 No GSK864 J— GSK864 GSK-J4 + Bel

Figure 2.1 Samples collected for RNA sequencing.

Preparation of the RNA-seq libraries and data analyses were performed by Dr.
Adam Cribbs in Oxford University. Briefly, the RNA-seq libraries were prepared using
NEBNext Ultra Directional RNA library prep kit for [llumina (NEB, USA), according to
manufacturer’s instructions. Prior to the analysis, 42 bp paired-end reads were quality
controlled using FastQC (version 0.11.4) 2%, aligned using HISAT2 (version 2.1.0) 2%,
and assigned to annotated features using featureCounts (subread version 1.5.0-p2). The
Fasta and GTF files for the human genome were obtained from the Ensembl FTP site
release 75. Computational pipelines were used by calling scripts from the CGAT toolkit

to analyze the next generation sequencing data (https:/github.com/cgat-developers)

207208 Data have been deposited in NCBI's Gene Expression Omnibus (with the
accession number of GSE134120). Differentially expressed genes (DEGs) were
identified using DESeq2 2%. Analysis of enriched pathways were performed using Gene

Set Enrichment Analysis (GSEA) and eXploring Genomic Relations (XGR) softwares

210211
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2.21 gRT-PCR experiments

Cell pellets were collected after specified treatments and stored at -80 °C until the
following experiments were performed. Total RN As were isolated via Nucleospin RNA
kit (Macherey-Nagel, Germany), according to manufacturer’s instructions, and stored at
-80 °C. For cDNA production, 1000 ng of total RNA from each condition was mixed
with 2.5 pl of ANTP mix (from 2 mM each), 1 ul of random hexamer, and nuclease-free
water up to 16.5 pl total. This mixture was incubated at 65°C for 5 minutes and
transferred on ice. Then, 5 pl of 5X First Strand (FS) buffer, 2 pl of DTT (0.1M) and 0.5
ul of RNasin were added into each tube, and they were incubated at room temperature
for 10 minutes. After addition of 1 ul of M-MLV RT enzyme into each tube, samples
were incubated in a thermocycler with following conditions: 37°C for 1 hour, 70°C for
15 minutes, and 4°C . qRT-PCR was performed by using SYBR green mastermix
(Roche, Switzerland), and LightCycler 480 instrument (Roche, Switzerland). Briefly, 2
pul of cDNAs from each condition were transferred into 3 wells of 96-well plate
(LightCycler 480 Multiwell Plate 96, white, Roche, Switzerland). 10 pl of SYBR green
mastermix, 7 pl of nuclease-free water, and 1 pl of primer mix (5 pM each) specific for
required gene were added into each well. Plate was covered with sealing foil and
centrifuged at 1300 rpm for 2 minutes in a plate centrifuge. qPCR reaction was performed
in LightCycler 480 instrument with following conditions: 95°C for 5 minutes, 45 cycles
of (95°C for 10 seconds, 60°C for 30 seconds and 72°C for 30 seconds), and 4°C oo.
Relative gene expressions were calculated by using AACt method, and GAPDH as

reference gene. Primers used in qRT-PCR experiments were given in Table 2.2.
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Table 2.2 Sequences of primers used in RT-PCR experiments

Gene Forward Primer Reverse Primer
ASNS GGAAGACAGCCCGATTTACT AGCACGAACTGTTGTAATGTCA
ATF4 ATGACCGAAATGAGCTTCCTG GCTGGAGAACCCATGAGGT
ATF5 GGAGTGGCGACAGGATAGAGCT CCTGTAGGATATGGGTCCCCTTC
BIRC5 GGACCACCGCATCTCTACAT GACAGAAAGGAAAGCGCAAC
BCL2L1 GGTCGCATTGTGGCCTTTTTC TGCTGCATTGTTCCCATAGAG
CDKNIA TCAGAGGAGGTGAGAGAGCGG CGCATGGGTTCTGACGGACA
COLI1A2 GGCCCTCAAGGTTTCCAAGG CACCCTTGTGGTCCAACAACTC
COL3A1l TGGTCCCCAAGGTGTCAAAG GGGGGTCCTGGGTTACCATTA
DDIT3 ATGAACGGCTCAAGCAGGAA GCAGATTCACCATTCGGTCAA
DDIT4 TCGGAGCATCACTACTGACCTGTTG | AACGCAGCTGCCAGGTGTAATTTT
DHRS2 CCTCTGGTAGGGAGCACTCT CCAGCGCCACTACTGGATTA
GAPDH AGCCACATCGCTCAGACAC GCCCAATACGACCAAATC
IF144L AAGCCGTAGTGGGGTCTGAT CATGCACAGTCCTGCTCCTT
IFIT1 GCTTACACCATTGGCTGCTG CCATTTGTACTCATGGTTGCTGT
ITGA2 CTGCTGGTGTTAGCGCTCAGT GGGTGAACCAACCAGTAACCAGT
NOXA ACCAAGCCGGATTTGCGATT ACTTGCACTTGTTCCTCGTGG
PSATI TGCCGCACTCAGTGTTGTTAG GCAATTCCCGCACAAGATTCT
PUMA GACCTCAACGCACAGTACGAG AGGAGTCCCATGATGAGATTGT
RARRES2 AGAAACCCGAGTGCAAAGTCA AGAACTTGGGTCTCTATGGGG
RSAD2 TTGGACATTCTCGCTATCTCCT AGTGCTTTGATCTGTTCCGTC
WNT7B TTTCTCTGCTTTGGCGTCCT GGCCAGGAATCTTGTTGCAG

2.22 Hypoxia experiments

A172 wild type, A172 IDHI1R¥2H MGG119 or MGG152 cells were seeded on
two separate 96-well plates as 4000 cells/well. One of the plates for each cell type was
incubated in normoxic conditions (21% O2), while the other plate was incubated in
hypoxic conditions (1% O2). The next day, cells in both plates were treated with GSK-
J4 or Belinostat individually or in combination, and some cells from each type were kept
untreated to use as control and to analyze effect of oxygen level on cellular growth. Cell

viabilities were measured after 72h of drug treatments via CTG cell viability assay.

2.23 In vivo studies

Non-obese diabetic/severe combined immunodeficiency (NOD/SCID) mice were
used for generation of orthotopic tumor models. All experiments were performed in Kog
University Animal Facility with appropriate conditions and all protocols were approved
by the Ko¢ University Ethics Committee. IDHI mutant primary MGG152 cells were
infected with lentiviruses containing both Firefly Luciferase and mCherry. 2x10"5 cells
were injected intracranially using stereotaxic injection in 7 ul PBS at the coordinates
anteroposterior (AP): -2 mm, mediolateral (ML): +1.5 mm, Dorsoventral (DV): +2 mm

from bregma, which is accepted as a universal anatomical reference. To monitor tumor
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formation and progression, D-Luciferin (50 mg/kg) was injected intraperitoneally and
luminescence due to luciferase activity was measured via in vivo bioluminescence
imaging system (IVIS Lumina III). After 17 days of tumor injection, mice were treated
with either DMSO or GSK-J4 and Belinostat combination. Both drugs were injected
intraperitoneally as 100 mg/kg, for 6 consecutive days. Tumor sizes were calculated as
average radiance via Living Image software (PerkinElmer, USA). Kaplan-Meier survival
plot was also generated via using GraphPad Prism version 8.0.2 for Windows, GraphPad

Software, (CA, USA).

2.24 Statistical analysis

All charts were plotted using GraphPad Prism version 8.0 or Microsoft Excel 365
softwares. Two-way ANOVA analyses were performed in GraphPad Prism, and unpaired
t-tests were performed in Microsoft Excel using pre-built functions. Combination
indexes (CI) were calculated using CompuSyn software. Gene set enrichment scores,
false discovery rate (FDR) values and p-values for enrichment analysis were calculated

using GSEA version 4.0 software

39



Chapter 3: Results

3 RESULTS:

3.1 Epigenetic inhibitor screen identifies potent compounds targeting IDH1-

mutant gliomas

To identify epigenetic compounds that can target IDHI mutant gliomas, we
conducted a chemical screen in two independent primary glioma cell lines that carry a
R132H point mutation in IDH1, namely MGG119 and MGG152 cells !°. We employed
a library composed of 46 compounds targeting different classes of chromatin modifiers
and assessed the overall viability of cells in response to treatment with a single dose of
chemicals with ATP based cell viability assays (Figure 3.1A). DMSO-only treated and
untreated cells served as negative controls. On average, most compounds had minimal
effect on cell viability (92.4+15.3% for MGG119, and 86.7+21.7% for MGG152)
(Figure 3.1B). We considered a compound a “hit” if it reduced cell viability 1 SD or
lower (77.1% and 65.0%, respectively) in both cell lines. Accordingly, 4 compounds
significantly decreased viability of both MGG119 and MGG152 cells (namely 5-
azacytidine, Chaetocin, GSK-J4 and Belinostat). Treatment of glioma cells as well as
non-malignant human fibroblasts, named Fibrol and Fibro2, revealed dose-dependent
effects of these compounds on both cell lines (Figure 3.2). Fibroblasts were not affected
from these compounds to the same extent, attesting to the tumor specificity of the selected

compounds.

We also performed sphere formation assay to see effects of hit drugs on sphere
formation capabilities of primary IDH1 mutant MGG152 cells. Control cells formed
large and mostly uniform spheres when cultured with serum-free media (Figure 3.3A).
On the other hand, spheres from drug treated cells were much smaller and less in number.
Number of spheres containing more than one cell decreased with the increasing doses of

each drug (Figure 3.3B).
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Figure 3.1 Epigenetic inhibitor screen. A) Pie chart shows total of 46 chemical probes
targeting different classes of epigenetic enzymes. Drug screen was performed in 96-well
plates as triplicates as shown in the scheme. B) Patient derived IDH mutant MGG119
and MGG152 cells were treated with chemical probe library for 48h. Black bar represents
DMSO control. Horizontal black line represents viability mean; staggered lines denote

SD=1.
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Figure 3.2 Individual treatment of screen hits. Patient-derived IDH mutant GBM cells
and non-malignant fibroblasts were treated with screen hits individually at increasing

doses for 72h; the tumor cells were markedly more sensitive to drug treatment.

41



Chapter 3: Results

A
Control 5-azacytidine Chaetocin GSK-J4 Belinostat
I
B
_ 100 _ 100 _100 _100
2 80 2 30 8 8o 2 50
E &0 E 60 E 60 £ 60
; 40 ; 40 £ 40 o 40
T 20 @ 20 E 20 @ 20
= = = =
& o 5 0 20 a0
0 1255 10 20 0 25 5 125 0 05 1 25 5 0 025 05 1 25
5-azacytidine (uM) Chaetocin (nM) GSK-J4 (uM) Belinostat (M)

Figure 3.3 Sphere formation assay. A) Representative images showed that drugs have
negative effects on sphere sizes and numbers. B) Patient derived GBM cells were seeded
on 96-well plates at 150 cells/well. Sphere numbers after 7 days were recorded upon drug

treatments at different doses.

In order to examine the combinatorial efficacy of the selected compounds, we
applied all possible dual combinations of the 4 screen hits on IDH1 mutant cells or
fibroblasts (Figure 3.4A). To this end, we chose compound concentrations that did not
markedly reduce viability individually on tumor cells. Accordingly, fibroblasts were not
affected from the treatment with compounds applied individually or in combination;
however, glioma cells displayed significantly reduced viability upon combination
treatments (Figure 3.5), as best illustrated as a heat map of the viability results (Figure
3.4B). Specifically, “5-azacytidine + Chaetocin” and “GSK-J4 + Belinostat”
combinations showed dramatic effects on both IDH1 mutant cell lines, without majorly
affecting fibroblasts. Indeed, the highest efficacy was demonstrated with the combination
of GSK-J4, an HDM inhibitor, and Belinostat, an HDAC inhibitor. Their effects were

synergistic on IDH1 mutant tumor cells, but not on fibroblasts (Figure 3.6).
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Figure 3.4 Combination of screen hits. A) Schematic view of drug combination
strategy for IDH mutant primary GBM cells and patient-derived fibroblasts. B) GBM
cells and fibroblasts were treated with all possible dual combinations of screen hits.
Effects of individual and combinatorial treatments on viability are represented as heat

map. Color scale indicates viability, increasing from red to blue.
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Figure 3.5 Viability results of each combination treatment. GBM cells and fibroblasts

were treated with all possible dual combinations of screen hits: 5-azacytidine and
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Chaetocin (#1), GSK-J4 and Belinostat (#2), GSK-J4 and Chatetocin (#3), Chaetocin and
Belinostat (#4), 5-azacytidine and GSK-J4 (#5), 5-azacytidine and Belinostat (#6).
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Figure 3.6 Combination index. Combination index for GSK-J4 and Belinostat or 5-
azacytidine and Chaetocin co-treatments with different doses in MGG119 cells (A) and
MGG152 cells (B) were calculated via CompuSyn software.

3.2 IDHIR3H gyerexpression leads to global transcriptome alterations that are

reversible with GSK864, an inhibitor of IDHR!32H

To examine the specific effects of IDH1 mutation on the response of IDH1 mutant
glioma cells to epigenetic inhibitors, we generated a paired cell line via overexpression
of mutant IDH1 (R132H point mutation) in A172 cells. Immunohistochemical staining
and western blot analysis using an antibody specific to mutant IDH1 enzyme, confirmed
the wild type and IDH1 mutant cells (Figure 3.7A, 3.7B). The production of 2-HG was
pronounced in the A172 IDHI1R!32H cells, which could be reversed with 3 days-long
treatment of the IDH1 mutant cells with GSK864 an inhibitor of mutant IDHI enzyme
(Figure 3.7C). We observed that A172 IDH1R!32H cells grew slower than A172 wt cells,
which was also reversible with GSK864 treatment (Figure 3.7D).
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Figure 3.7 Generation of IDH-mutant glioma model via IDH1R132H gverexpression.
Mutant IDH1 enzyme (IDH1R'*?") was overexpressed in A172 GBM cells to generate
wild type and mutant cell pairs. Overexpression was validated via immunohistochemical
staining (A) and western blot (B) using anti-IDH1 (R132H) antibody. C) The level of 2-
HG was highly increased via IDH1R!*?H gyerexpression, and blocked with GSK864 (2.5
puM), an inhibitor of mutant IDH1 enzyme. D) IDH1 mutation slowed down the growth
of A172 cells, and this was recovered with GSK864. p-values were determined by 2-way
ANOVA; ns, non-significant; *p < 0.05; **p <0.01; ***p <0.001.

To further examine the molecular differences between the A172 wt and A172
IDHIR!32H cells, we assessed the transcriptome differences in these cells by RNA
sequencing. To this end, cells were grown with or without GSK864 prior to sequencing
in order to dissect out mutant IDH1 driven differences between them (Figure 3.8A).
Accordingly, A172 wt and A172 IDH1R!32H cells displayed high number of differentially
expressed genes (DEGs), which was reduced in the presence of GSK864 (Figure 3.8B).

The MA plots showed that differential gene expression was most pronounced in the

1Rl32H 1 R132H

comparison of wt and IDH cells and also in the comparison of IDH cells

treated or not treated with GSK864. However, there were not high number of DEGs in
the comparison of wt cells that were treated or not treated with GSK864 (Figure 3.8C).

In support of this finding, heat maps and cluster diagrams revealed that the highest

1Rl32H

change was between the wt and IDH cells (Figure 3.8D). Accordingly, gene

1R132H

expression pattern was altered upon GSK864 treatment of IDH cells and got closer

to that of wt cells. qRT-PCR analysis confirmed the upregulation or downregulation of

1R132H

selected genes in the IDH cells, which were also reversible with GSK864 treatment

Figure 3.9). Interestingly, Gene Set Enrichment Analysis (GSEA) 2'? revealed that
(Fig gly y

1R132H

hallmark pathways that were activated in IDH cells compared to wild type cells

were inhibited in the presence of GSK864 in IDHI1R!32H cells (Figure 3.10). These

45



Chapter 3: Results

pathways included several inflammation related networks such as “Interferon alpha
response”, “TNFa signaling via NFKB”, “Interferon gamma response”, “Inflammatory
response”, as well as cell stress related networks such as “Hypoxia”, “P53 pathway”, and
“Unfolded protein response” (Figure 3.10A). Enrichment plots for “Interferon alpha
response” and “Unfolded protein response” showing that both pathways are significantly

1R132H

upregulated in IDH cells and conversely, significantly downregulated with

GSK864 treatment (Figure 3.10B).
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Figure 3.8 RNA sequencing of A172 wt and A172 mut cells. A) Scheme for treatment
and sample collection for sequencing. B) Left graph showing drastic decrease in the
numbers of differentially expressed genes (DEGs) in IDHIR!*H overexpressed A172
cells with GSK864 treatment. Right graph showing global effect of GSK864 on
IDHIR32H gverexpressed cells while it has almost no effect on wild type cells. C) MA
plots showing the DEGs upon IDH1R'*?! gverexpression in the absence or presence of

GSK&864. Significantly different counts were shown in red.
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Figure 3.9 RNA-seq validations. The log2 fold changes of highest ranking DEGs in
RNA-seq analysis of wild type and IDH1®!3H samples (A), and their validation with
qRT-PCR (B).
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Figure 3.10 GSEA analysis. A) GSEA results showing hallmark pathways changing

1 R132H were

upon IDHIR32H gverexpression. All pathways upregulated with IDH
downregulated with GSK864. NES, normalized enrichment score. B) Interpheron alpha
response and unfolded protein response pathways were significantly activated with
IDH1R!'3H and inhibited with GSK864. FDR, false discovery rate. p-values were

determined by 2-way ANOVA; ns, non-significant; *p <0.05; **p <0.01; ***p <0.001.

Taken together, these results suggest that A172 wt and A172 IDH1R*2H cell line
pair provided a comprehensive model to study the effects of IDH1 mutation in glioma.
Testing the epigenetic inhibitors on this cell line pair, we observed that A172 IDH1R!32H

cells were equally sensitive to 5-azacytidine or Chaetocin as A172 wt cells. However,
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IDH1 mutant cells were significantly more sensitive to GSK-J4 or Belinostat then A172
wt cells (Figure 3.11). This was also evident in another cell line pair that we established
similarly, namely LN18 wt and LN18 IDH1R!32! cells (Figure 3.12). Together, these
results suggested that IDH1 mutant cells were more vulnerable to GSK-J4 or Belinostat

treatment than wt or non-malignant cells.
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Figure 3.11 Individual drug treatment of generated wild type and IDH1R'32H cells.
A172 wild type and IDHIR!32H overexpressed cells were treated with screen hits
individually at different doses for 72h. IDH1®!32H cells were more sensitive to GSKJ4
and Belinostat than wild type cells. p-values were determined by 2-way ANOVA; ns,
non-significant; *p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 3.12 Generation of IDH-mutant LN18 cell line. Mutant IDH1 enzyme
(IDH1R'3?M) was overexpressed in LN18 GBM cells to generate wild type and mutant
pairs. Overexpression was validated via immunohistochemical staining (A) and western
blot (B) using anti-IDH1 (R132H) antibody. C) LN18 wild type and IDH mutant cells

were treated with screen hits individually at different doses for 72h.
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3.3 GSK-J4 and Belinostat combination selectively targets IDH1 mutant glioma

cells

To assess the combinatorial efficacy of GSK-J4 and Belinostat in IDH1 mutant
glioma cells, we applied each compound individually or in combination to the established
cell line pairs and measured cell viability. Accordingly, GSK-J4 and Belinostat
combination significantly reduced the viability of IDH1 mutant cells in a synergistic
manner. On the contrary, the reduction in cell viability was not to the same extent in wt
cells (Figure 3.13). As a non-malignant control, viability of human astrocytes was not

affected significantly from either individual or combination drug treatment (Figure
3.14).
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Figure 3.13 Combination treatment on A172 and LN18 cells. A) Heatmap of the effect
of drug combinations on viability of A172 and LN18 wt and IDH1R!*?" overexpressed
cell pairs. B) GSK-J4 and Belinostat combination was highly effective on IDH1R!32H
overexpressed A172 and LN18 cells, while it did not cause an additional effect on wild
type cells. p-values were determined by unpaired t test; ns, non-significant; *p < 0.05;
**p <0.01; ***p <0.001.
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Figure 3.14 Effects of drugs on human astrocytes. Viability of normal human
astrocytes (NHA) were not affected significantly from individual or combinational
treatment of GSK-J4 (2.5 uM) and Belinostat (1 uM). For all panels, p-values were

determined by unpaired t test; ns, non-significant; *p <0.05; **p < 0.01; ***p < 0.001.

To further visualize the differential effects of GSK-J4 and Belinostat on wt and
IDH1 mutant cells, we monitored cells with a live cell imaging system up to 96h after
treatment (Figure 3.15A). Quantification of the number of live cells at Oh, 24h, 48h, 72h
and 96h for each condition demonstrated that IDH1 mutant cells were more vulnerable
to GSK-J4 and/or Belinostat treatment than wt cells (Figure 3.15B). As evident in both
the videos and the graphs, GSK-J4 and/or Belinostat treatment modestly affect the
growth of wt cells, causing no detectable cell death. However, individual GSK-J4
treatment on IDH1 mutant cells slowed their growth, and individual Belinostat treatment
led to death of few of these cells (Figure 3.15). Moreover, combination of GSK-J4 and
Belinostat led to marked induction of cell death starting at 24 hours after treatment and
complete eradication of tumor cells at 72 hours (Figure 3.15). These potent selective
effects of GSK-J4 and/or Belinostat treatment on A172 IDHI1R!32H cells were further
investigated with co-culture experiments of tumor cells and fibroblasts (Figure 3.16).
A172 IDHIRB2H cells labelled with mCherry and Fibro2 cells labelled with GFP
plasmids were admixed and then treated with compounds individually or in combination.
After culturing these cells for 5 days, fibroblasts remained viable under all conditions,
whereas A172 IDH1R!32H cells were significantly reduced in number after treatment
(Figure 3.16). The selective sensitivity of A172 IDHIR!3?H cells to GSK-J4 and

Belinostat combination could be reversed with pre-treating cells with GSK864, while it
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has no effect on drug response of wild type cells (Figure 3.17). Together, these results
suggest that IDH1 mutant glioma cells are more vulnerable to GSK-J4 and Belinostat

treatment.
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Figure 3.15 Live cell imaging. A) Live cell images of A172 wild type and IDH1R!32H
mutant cells after Oh, 24h, 48h, 72h and 96h of control, GSK-J4 (2.5 uM), Belinostat (1
uM) or GSK-J4 + Belinostat combination treatments. B) Quantification of live cell
images indicate that IDHIR3?H cells were completely eliminated with GSK-J4 +

Belinostat combination, while few cells were dead in wild type cells.
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Figure 3.16 IDH-mutant GBM and fibroblast co-culture. A) mCherry-labelled IDH
mutant A172 cells were co-cultured with GFP-labelled fibroblasts and treated with GSK-
J4 and Belinostat individually and in combination. B) Quantification of co-culture
images indicated that fibroblasts were not markedly affected by either GSK-J4,
Belinostat or combination. However, A172 IDH mutant cells diminished after individual
or combination treatments. p-values were determined by unpaired t test; ns, non-

significant; *p < 0.05; **p < 0.01; ***p <0.001.
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Figure 3.17 Effect of mutant IDH inhibitor (GSK864) on drug response. GSK864
(2.5 pM) pre-treatment recovered sensitivity of IDH mutant A172 cells against GSK-J4
and Belinostat treatments, while it has no effect on IDH wild type A172 cells. Horizontal
axis represents increasing concentration of Belinostat in the presence of 2.5 pM of GSK-

J4. p-values were determined by 2-way ANOVA test.

3.4 GSK-J4 and Belinostat combination leads to cell cycle arrest and apoptosis

in IDH1 mutant glioma cells

To address the mechanism behind the observed reduction in cell viability upon
combinatorial treatment, we first investigated the cell cycle distribution of glioma cells.

Flow cytometric measurements with PI staining showed that both GSK-J4 and Belinostat
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caused a cell cycle arrest in all IDH mutant cells (Figure 3.18). While GSK-J4 caused
modest changes in cell cycle, Belinostat, caused a G2/M arrest in both the primary
MGG119, MGG152 cells as well as A172 IDH1R!3H cells. We then investigated caspase
activity of glioma cells. While GSK-J4 or Belinostat as single agents only moderately
increased Casp3/7 activity, combinatorial treatment resulted in major elevation of
Casp3/7 activity in A172 IDH1R!32H cells (Figure 3.19A). Application of general caspase
inhibitor Z-VAD-FMK on tumor cells recovered the GSK-J4 and Belinostat induced
decrease in cell viability (Figure 3.19B). Cleavage of Poly (ADP-ribose) polymerase-1
(PARP-1), an important hallmark of apoptosis, was also markedly enhanced upon
combinatorial treatment in A172 IDHIR3! cells but not in A172 wt cells (Figure
3.20A). This was also evident for MGG152 primary cells (Figure 3.20B). With a
fluorescence dye-based “live/dead assay” utilizing YO-PRO-1 staining, we observed
significant number of apoptotic cells upon combinatorial treatment in A172 IDH1RI32H
cells (Figure 3.21A). Similarly, counting the number of live and dead cells in the media
collected from treated cultures, we observed a significantly higher number of cells
undergoing cell death upon combination of GSK-J4 and Belinostat in A172 IDH]R!32H
cells (Figure 3.21B). The number of the alive cells detached from surface to the medium
which may be a marker for anoikis, were also higher in IDHIR'3?! cells. To further
investigate the changes in apoptotic machinery in glioma cells, we examined the
expression levels of anti-apoptotic proteins Bel-xL and XIAP. Accordingly, Belinostat
decreased XIAP expression levels in all cells tested, and the Bcl-xL levels in the IDH1
mutant cells (Figure 3.20). Indeed, overexpression of Bcl2 or Bel-xL partly recovered
the GSK-J4 and Belinostat induced cell death in primary MGG152 cells (Figure 3.22A).
Bcl-xL overexpression was slightly more effective for recovery. Even if up to lesser
degree, A172 IDHIR!32H cells were also partly recovered from drug effects by
overexpression of Bcl-xL (Figure 3.22B). Taken together, these results suggest that
GSK-J4 and Belinostat induced reduction in cell viability involves the activation of

apoptotic programs in IDHI1 mutant cells.
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Figure 3.18 Cell cycle analysis. A) Cell cycle analysis of MGG119 and MGG152
primary cells indicated that GSK-J4 causes cell cycle arrest in S phase, and Belinostat
causes a G2/M arrest after 24h of treatment. B) In IDHIR3?! overexpressed A172 cells,
GSK-J4 causes cell cycle arrest in GO/G1 phase, and Belinostat causes an G2/M arrest

after 24h of treatment.
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Figure 3.19 Caspase activity and inhibition assays. A) Caspase-Glo 3/7 activity assay
showed that GSK-J4 and Belinostat combination treatment highly increased the Caspase
3/7 activity of IDH mutant A172 cells, compared to wild type cells. B) Z-VAD-FMK, a
general caspase inhibitor, recovered the effects of GSK-J4 and Belinostat treatments on
the viability of IDH mutant A172 cells. p-values were determined by unpaired t test; ns,
non-significant; *p < 0.05; **p < 0.01; ***p <0.001.
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Figure 3.20 Western blot analysis for pro-apoptotic and anti-apoptotic markers. A)
PARP cleavage was pronounced in western blots of IDH mutant A172 cells upon GSK-
J4 and Belinostat co-treatment. Belinostat, individually or in combination, caused a
decrease in level of anti-apoptotic Bcl-xL and XIAP proteins, especially in the IDH1R!32H
cells. B) GSK-J4 and Belinostat combination induced PARP and Bid cleavage and
reduced the XIAP level which are indicating the apoptosis in MGG152 cells. Cleavage

and reduction level increased at 48h compared to 24h.
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Figure 3.21 YO-PRO1 and anoikis assays. A) YO-PROI staining indicated cells
undergoing apoptosis in A172 wt and A172 IDH mutant cells. A172 IDH mutant cells
display more YO-PRO1 positive staining upon GSK-J4 and Belinostat treatment. B) As
an indicator of anoikis, the number of both dead and alive cells were higher in the
collected media of A172 IDH mutant cells after 24h of treatment with GSK-J4 and

Belinostat combination.
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Figure 3.22 Recovery studies via Bel-xL. overexpression. A) Primary IDH1-mutant
MGG152 cells were partially recovered from drug effects via overexpression of anti-
apoptotic Bcl2 or Bel-xL proteins. B) Similarly, drug effects on A172 IDH1R!32H cells
were slightly recovered by Bcl-xL overexpression. p-values were determined by

unpaired t test; ns, non-significant; *p < 0.05; **p < 0.01; ***p <0.001.

3.5 RNA-seq analysis on 1°IDH1 mutant glioma cells reveals global changes and

stress response activation upon GSK-J4 and Belinostat treatment.

In order to comprehensively assess the mechanism behind GSK-J4 and Belinostat
induced cell death in IDH1 mutant cells, we performed global transcriptomic analysis in
MGG152 cells upon treatment with compounds individually or in combination for 2 days
(Figure 3.23A). GSK-J4 and/or Belinostat treatment led to a high number of DEGs
(Figure 3.23B). There were overlapping genes between treatments (Figure 3.23C).
While individual treatments caused significant alterations in transcriptome, most changes
were observed with the combination treatment. Principle component analysis (PCA)
showed distinct clustering of samples from each condition (Figure 3.23D). qRT-PCR
analysis validated the differential regulation of selected genes upon with individual or
combined GSK-J4 and Belinostat treatment of MGG152 cells (Figure 3.24). GSEA
analysis indicated many hallmark pathways deregulated with each treatment (Figure
3.25). Interestingly, some pathways were distinct between GSK-J4 and Belinostat
individual treatments (Figure 3.26), however some were commonly altered (Figure
3.25). The commonly altered networks included activation of “Epithelial-mesenchymal
transition”, “TNFa signaling by NFkB”, “Hypoxia”, “Xenobiotic metabolism”, and
“UV-response-dn”’; and inhibition of “Myc targets, E2F targets”, and “G2M checkpoint”

among others. Major downstream changes were observed upon GSKJ4 exclusively,
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including “Activation of genes by ATF4” and “Unfolded Protein Response”. Given the
numerous cell stress-related pathways observed, we further focused on characterizing
stress-response as a candidate underlying mechanism for selective vulnerability of IDH1

mutant cells for GSKJ4 and Belinostat.
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Figure 3.23 RNA-seq analysis on 1°IDH mut GBM cells. A) Scheme for treatment and
sample collection for sequencing. B) Graph showing the number of differentially
regulated genes (DEGs). C) Venn Diagram showing the number of common genes
altered in different treatment conditions. D) Principal component analysis of samples

treated with GSKJ4 and/or Belinostat.
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Figure 3.24 RNA-seq validations. qRT-PCR results of genes selected from different

pathways for validation of RNA-seq analysis. Expression level of selected genes

increased by individual treatments and further increased by combination treatment.
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Figure 3.25 GSEA analysis. GSEA output showing the hallmarks that were specifically

enriched in DEGs. Inset shows the GSEA hallmark pathways commonly deregulated in

all 3 conditions. NES, normalized enrichment score.
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Figure 3.26 Reactome analysis. The bar graphs showing the top 10 enrichments in the

reactome pathways database with GSK-J4 or Belinostat. The false discovery rate (FDR)

is also displayed.
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Given that ATF4 is a major transcription factor that upregulates survival pathways

85 we first examined

under stress conditions, or apoptotic pathways under severe stress !
the changes in ATF4 signaling in IDH1 mutant cells treated with GSK-J4 and/or
Belinostat. Accordingly, we observed ATF4 upregulation in both mRNA (Figure 3.27A)
and protein level (3.28A) upon GSK-J4 treatment. Expression of known ATF4 targets
such as ASNS, DDIT4, PSATI, ATF5 and DDIT3 was also upregulated upon GSK-J4
treatment (Figure 3.27A). The changes in ATF4 signaling components were majorly
affected by GSK-J4, but not Belinostat treatment. On the contrary, the effects of
Belinostat was pronounced on anti-apoptotic and cell-cycle related gene expression.
Specifically, expression of the anti-apoptotic genes, such as BCL2LI/Bcl-XL and
BIRCS5/Survivin was decreased, and major cell cycle regulator CDKNIA/p21 was
increased upon Belinostat treatment (Figure 3.27B). Interestingly, Belinostat also
downregulated the ATF5 gene which is shown to be responsible for survival under stress
conditions ?'* (Figure 3.27B). Increase in p21 protein levels was also evident upon
Belinostat treatment in the western blots, where the hyperacetylation of a-tubulin served
as positive control (Figure 3.28A). SUnSET assay also indicated significant decrease in

global translation rate 2%

, which is a cell stress indicator, in primary GBM cells upon
GSK-J4 treatment either individually or in combination. (Figure 3.28B). Together, these
results suggested that while GSK-J4 activates ATF4 mediated stress response pathways,
Belinostat activates cell cycle arrest and inhibits anti-apoptotic pathways, resulting in

eradication of IDH1 mutant glioma cells.
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Figure 3.27 qRT-PCR validation for activation of stress response and apoptotic
pathways. A) The genes involved in ATF4 mediated unfolded protein response (UPR)
pathway were upregulated with GSK-J4 and combination treatment in MGG152 cells.
B) The genes involved in apoptosis and cell cycle pathways were deregulated with GSK-
J4 and Belinostat in MGG152 cells.
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Figure 3.28 Western blot and SUnSET assays. A) Western blot images showing effects
of GSK-J4 and Belinostat on ATF4, CDKN1A/p21 and acetyl-a-tubulin after 24h and
48h of treatments in MGG152 cells. B) SUnSET assay showing drug effects on global
translation levels after 24h and 48h in MGG152 cells. GSK-J4 decreased global
translation after 48h of treatment. Thapsigargin (5 pM) and cycloheximide (5 pM) were
used as positive controls.

3.6 Blocking stress response protects IDH1 mutant glioma cell from GSK-J4

and Belinostat induced cell death

Given our finding that ISR is activated in IDH1 mutant cells because of the
increased cellular stress conferred by epigenetic drug treatment, we sought to address the
necessity of ISR in this vulnerability. To this end, we applied ISRIB, an inhibitor of
integrated stress response, to IDH1 mutant glioma cells and observed significant
protection of cells from GSK-J4 and Belinostat induced death (Figure 3.29A). PERKj,
inhbitor of endoplasmic reticulum kinase PERK, which is activated during ER stress,
provided only slight recovery upon drug treatment (Figure 3.29B). Similarly, ISRIB
partially recovered IDH1®!3?H gverexpressed cells especially from GSK-J4 induced death
(Figure 3.29C). Similar with innately IDH1 mutant glioma cells, stress response genes
were significantly upregulated in IDHIR*?! overexpressed cells upon GSK-J4 and
Belinostat treatment (Figure 3.30). On the other hand, these increases in gene
expressions were blocked in the presence of GSK864. Compared to wild type cells,
IDH1R!32H gverexpressed cells were also much more sensitive to Thapsigargin treatment

which is recovered by GSK864 pre-treatment (Figure 3.31).
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Figure 3.29 Recovery effects of ISRIB on drug response. A) ISRIB (1 uM), an

inhibitor of integrated stress response pathway, partially prevented cytotoxic effects of

GSK-J4 and Belinostat on MGG152 cells. B) PERKIi (1 uM), inhibitor of PERK enzyme

which activates UPR pathway, provided a slight recovery upon drug treatments on

MGG152 primary cells. C) ISRIB (1 uM), significantly decreased cytotoxic effects of

GSK-J4 individually and in combination on A172 IDHIRI32H cells. p-values were

determined by unpaired t test; ns, non-significant; *p < 0.05; **p < 0.01; ***p < 0.001.

ATF4
g 2 =
=
2
515
z
S 1
[
3 05
o
°
£ 0
d&\%?‘ Q)e} b‘&a\
I<; N
N
&

DDIT4

25 .

2 ™
15

1
05

0

o {_Db' %?} &
& @b‘
&

25

15

05

PSAT1 DDIT3
mog
6
4
2
0
c® 5 > P v&@ c® 5 > o »"Q’@\
& > & 3
~1— &
& &

oNo GSK864
mw/GSK864

Figure 3.30 qRT-PCR analysis of stress response genes in A172 IDH1R132H cells. The

genes involved in ISR pathway were significantly upregulated with GSK-J4 and
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Belinostat co-treatment upon IDHI1R!*?H gverexpression, and they were significantly
downregulated with GSK864 (2.5 pM) pre-treatment. p-values were determined by

unpaired t test; ns, non-significant; *p < 0.05; **p < 0.01; ***p <0.001.
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Figure 3.31 Thapsigargin treatment. IDHI®*?! overexpression significantly
sensitized A172 cells against Thapsigargin, an ER stress inducer, and it was recovered

with GSK864 treatment.

Given that DDIT3/CHOP is responsible for induction of apoptotic pathways under
severe stress 214, we investigated its role in GSK-J4 and Belinostat induced apoptosis. To
this end, we knocked out DDIT3 gene via CRISPR/Cas9 method and validated with
Sanger sequencing (Figure 3.32). DDIT3 knockout did not affect the viability of cells,
however it significantly protected IDHIR!*?H cells from the both individual effect of
GSK-J4 and combinatorial effect with Belinostat (Figure 3.33). Expression of pro-
apoptotic proteins such as PUMA and NOXA, which are known to be induced during ER
stress 2%, did not change upon DDIT3 knockout in the absence of drugs. On the other
hand, induction of both genes was significantly inhibited upon combination treatment in

DDIT3 knockout cells (Figure 3.34).
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Figure 3.32 Validation of DDIT3 knock-out. Sanger sequencing results to validate
knock-out of DDIT3 gene via CRISPR/Cas9. Red bars on the control sequence indicate

regions targeted via gRNAs, and black triangles indicate the expected cleavage site. In

the bottom parts, Sanger sequencing reveals deletions or frameshifts around the cleavage

sites.
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Figure 3.33 Effects of DDIT3 knock-out on drug response. Sensitization of IDH1R!32H
cells against GSK-J4 and combination treatment were significantly recovered upon
inhibition of stress induced apoptosis via CRISPR/Cas9 mediated knock-out of DDIT3
gene. p-values were determined by unpaired t test; ns, non-significant; *p < 0.05; **p <

0.01; ***p <0.001.
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Figure 3.34 Effects of DDIT3 knock-out on apoptotic gene activations. Knock-out of
DDIT3 gene significantly inhibited activation of pro-apoptotic genes, PUMA and
NOXA, upon GSK-J4 and Belinostat combination treatment. p-values were determined

by unpaired t test; ns, non-significant; *p < 0.05; **p <0.01; ***p < 0.001.

Considering GSEA analysis indicating activated hypoxia response in IDH1R!32H
overexpressed cells (Figure 3.10A), we examined effects of hypoxic conditions on both
wild type and IDH-mutant cells. The significant difference between growth rate (Figure
3.35A) and drug response (Figure 3.35B) of wild type and IDH1®!¥H cells became
insignificant under hypoxic conditions. IDH-mutant primary cells were also grown in
similar rate in hypoxia (Figure 3.35C). The cytotoxic effect of GSK-J4 was dissappeared
under hypoxia. Belinostat, on the other hand, was more effective, especially on wild type

cells under hypoxic conditions.
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Figure 3.35 Effects of hypoxia on wild type and IDHIRI3ZH cells. A) Growth of
IDHIRH overexpressed glioma cells is slower than wild type cells in normoxic
conditions. However, their growth rates were similar under hypoxic conditions. B)
IDH1R!32H cells were much more sensitive to GSK-J4 and Belinostat under normoxia,
while their responses were similar with wild type cells in hypoxic conditions. C) GSK-
J4 was not effective on IDH mutant primary MGG152 cells under hypoxic conditions,
while Belinostat effect was similar. For panel A, p-values were determined by 2-way
ANOVA test. For panels B and C, p-values were determined by unpaired t test; ns, non-
significant; *p < 0.05; **p < 0.01; ***p <0.001.

On the other hand, we checked how Temozolomide (TMZ), the frontline drug in
GBM treatment, affects GSK-J4 and Belinostat treatment. IDH1 mutant cells were more
sensitive to TMZ as expected 2!°, and effect of drugs, especially Belinostat, were more
pronounced in the presence of TMZ (Figure 3.36). Based on GSEA results showing
activation of NF-KB pathway in IDHIR*?! overexpressed cells (Figure 3.10A), we
investigated the effect of QNZ, an NF-KB inhibitor on drug treatments. QNZ further

sensitized IDH1R!32H overexpressed cells to GSK-J4 and Belinostat treatment (Figure
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3.37A). We also checked if ferroptosis plays a role in cell death by drug treatments.
Ferrostatin-1, an inhibitor of ferroptosis, did not cause any significant changes on drug
sensitivity of IDHIR!3H gverexpressed cells (Figure 3.37B). Considering that reactive
oxygen species (ROS) is one of the well-known cellular stressors, we investigated effects
of N-acetyl-L-cysteine (NAC) which is known as ROS scavenger. NAC was effective to
recover Chaetocin-induced cell death, but cell response against none of the other drugs
were recovered significantly via NAC (Figure 3.38). On the other hand, long-term
treatment with GSK864, an inhibitor of mutant IDH1, caused a small but consistent
acceleration in growth of primary IDH1 mutant GBM cells (Figure 3.39A). Moreover,
drug sensitivity of MGG152 cells could be partly recovered with GSK864 (Figure
3.39B).
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Figure 3.36 Effect of TMZ on IDH-mutant cells and their drug responses. A172
IDHIRBH cells and MGG152 primary IDH mutant cells are more sensitive to
Temozolomide (250 uM) when compared to A172 wild type cells. TMZ and GSK-J4
(2.5 uM) co-treatment did not show an additive effect on individual TMZ. On the other
hand, Belinostat (0.5 uM) further sensitized cells, especially IDH mutant ones to

Temozolomide. p-values were determined by unpaired t test; ns, non-significant; *p <

0.05; **p < 0.01; ***p < 0.001.
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Figure 3.37 Effect of QNZ and PERKi on drug responses. A) An NF-KB inhibitor,
QNZ (10 nM), increased sensitization of IDHI®'*! mutant cells against drugs. B)
Ferrostatin-1 (2 pM), a ferroptosis inhibitor, did not change drug responses on IDH1R!32H

mutant cells. p-values were determined by unpaired t test; ns, non-significant; *p < 0.05;

**p < 0.01; ***p <0.001.
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Figure 3.38 Effect of NAC on drug responses. Pre-treatment with NAC (0.2 mM)
which is a ROS scavenger, recovered only Chaetocin effects on IDH1-mutant primary
MGG152 cells. Responses against other drugs did not change significantly by NAC pre-
treatment. p-values were determined by unpaired t test; ns, non-significant; *p < 0.05;

**p < 0.01; ***p <0.001.
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Figure 3.39 Effect of GSK864 on innately IDH-mutant primary cells. A) Mutant IDH
inhibitor, GSK864 (2.5 uM), slightly increases growth rate of IDH mutant primary cells.
B) Sensitivity of primary MGG152 cells against GSK-J4 and Belinostat treatment was
slightly recovered via long-term passaging in vitro, in the presence of GSK864, mutant
IDH inhibitor. For panel A, p-values were determined by 2-way ANOVA test. For panel
B, p-values were determined by unpaired t test; ns, non-significant; *p < 0.05; **p <

0.01; ***p <0.001.

3.7 KDM6A and KDM6B inhibition phenocopies the effects observed with GSK-
J4 in IDH- mutant cells

Given the epigenetic vulnerability of IDH1 mutant cells, we assessed the major
global changes in chromatin marks in cells treated with GSK-J4 and/or Belinostat. To
this end, H3K4me3, H3K9me3, H3K27me3 and H3K27ac histone modifications in A172
wild type and IDHI1R!3?! cells, and MGG152 IDH1 mutant primary cells were analyzed
via western blot (Figure 3.40). All analyzed histone methylations were increased in
IDH1 mutant A172 cells compared to wild type cells. GSK-J4 slightly increased total
H3K27me3 level in IDH1 mutant cells. Belinostat increased both H3K4me3 and

H3K27ac levels in all cell types, i.e. A172 wild type, A172 IDH1?3?H and MGG152
cells after 48h.
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Figure 3.40 Western blot analysis for histone modifications. Western blot images of
A172 wild type, A172 IDH mutant and MGG152 cells after 48h of drug treatment

1R132H

showed that epigenetic modifications occured with IDH overexpression, and they

were further modified with GSK-J4 and Belinostat treatments.

A172 IDHIR!3H cells (Figure 3.41A) and MGG152 cells (Figure 3.41B) were
treated with GSK-J5, inactive form of GSK-J4. Their viabilities were not affected from
inactive form, and GSK-J5 did not generate any additivity with Belinostat treatment.
Some other KDM inhibitors, namely IOX-1 (pan 2-OG inhibitor), KDOBA67 (GSKJ1
analog), KDOAM-25a (JARID inhibitor), KDOAM32, KDM5-C70 (JARID1 inhibitor)
were also tested. None of them, except KDOBA67 which also targets KDM6A and
KDMB6B, affected MGG152 cell viability, either individually or in combination with
Belinostat (Figure 3.42).
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Figure 3.41 Effect of GSK-J5 on IDH-mutant cells. GSK-J5, inactive form of GSK-J4,
did not affect the viability of IDH1R'*2H mutant A172 cells (A) or primary MGG152 cells
(B) individually, and its combination with Belinostat did not cause further cytotoxicity.
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Figure 3.42 Effect of other KDM inhibitors on IDH-mutant cells. Treatments of other
KDM inhibitors, I0X1, KDOBA67, KDOAM-25a and KDM5-C70, on primary IDH
mutant GBM cells showed that only KDOBA67 which has very similar structure to GSK-
J4, affected cell viability individually (A) or in combination with Belinostat (B). p-values
were determined by unpaired t test; ns, non-significant; *p < 0.05; **p < 0.01; ***p <

0.001.

KDM6A and KDMG6B genes were knocked out either individually or together in
A172 wild type, A172 IDHIR®'*H and MGG152 cells via CRISPR/Cas9 method.
Knockouts were validated by analyzing the results of Sanger sequencing (Figure 3.43).
Individual knockout of either gene has only slight negative effects on cell growth in IDH1
mutant cells, while double knockout suppressed cell growth significantly in all cell types
(Figure 3.44). The growth inhibition effect was more drastic in IDHI mutant cells.
Growth of KDM6A4 and KDM6B double knockout cells were also further inhibited by
Belinostat treatment (Figure 3.45A), similar with GSK-J4 and Belinostat combination
treatment. Double knockout was also induced stress response genes similar with GSK-

J4 (Figure 3.45B).
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Figure 3.43 Validation of KDM6A4 and KDM6B knock-outs. Sanger sequencing results
to validate knock-out of DKDM6A (A) and KDM6B (B) genes via CRISPR/Cas9. Red
bars on the control sequence indicate regions targeted via gRNAs, and black triangles

indicate the expected cleavage site. In the bottom parts, Sanger sequencing reveals

deletions or frameshifts around the cleavage sites.
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Figure 3.44 Effect of KDM6A4 and KDM6B knock-outs on cell viability. A) Individual
knock-out of KDM6A4 or KDM6B slightly affected growth of IDH mutant A172 cells, not
of WT cells, while knocking-out both KDM6A4 and KDM6B together suppressed the cell
growth significantly when compared to non-targeting gRNAs (gNT) in both cell types.
B) Similarly, double knock-out of KDM6A4 and KDM6B suppressed the cell growth in
patient-derived MGG152 cells. p-values were determined by 2-way ANOVA test.
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Figure 3.45 Effect of KDM6A4 and KDM6B knock-outs on belinostat treatment and
stress response. A) Double knock-out of KDM6A4 and KDM6B increased the cytotoxic
effect of belinostat in IDH mutant A172 cells and primary MGG152 cells. B) Double
knock-out of KDM6A4 and KDM6B induced expression of stress response genes in
MGG152 cells. p-values were determined by unpaired t test; ns, non-significant; *p <
0.05; **p <0.01; ***p <0.001.

3.8 GSK-J4 and Belinostat combination has inhibitory effect on in vivo growth

of IDH-mutant glioma

In vivo effects of GSK-J4 and Belinostat were tested in intracranial GBM model
by treating animals with drugs for 6 days after tumor formations were observed (Figure
3.46). Animal experiments showed that GSK-J4 and Belinostat co-treatment decreased
tumor volume comparing to DMSO control group (Figure 3.47A). Before the drug
treatment, in day 15, average tumor volumes were almost equal in both groups. As quick
as 4 days after beginning of drug treatment, in day 22, average tumor volume was
significantly lower in the drug treated group. Significant difference was protected on day
25, and day 28 as well (Figure 3.47B). Kaplan-Meier survival plot also indicated that

drug treated animals had significantly longer survival (Figure 3.47C).
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Figure 3.46 In vivo experimental plan. Schematic representation of timeline for in vivo

experiments conducted with MGG152 cells.
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Figure 3.47 Effects of drug combination on in vivo tumor development A)
Representative images of intracranial tumors on days 15 and 37. B) Average radiances
[p/s/cm?sr] of control and drug treated tumors. p-value was calculated via two-way
ANOVA test, *p < 0.05; **p < 0.01; ***p < 0.001. C) Kaplan-Meier survival plot for

control and drug treated mice (n=5). p-value was calculated via Log-rank test (p=0.0318).
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4 DISCUSSION:

In this study, we interrogated the epigenetic vulnerabilities of IDH1 mutant glioma
cells, based on their distinct epigenetic phenotype. From a chemical screen targeting
several chromatin modifiers, we established that combination of GSK-J4, a histone
demethylase inhibitor, and Belinostat, a histone deacetylase inhibitor, was highly
effective on IDHI mutant glioma cells. This selective vulnerability of IDH1 mutant
glioma cells involved the activation of integrated stress response and apoptosis, which
were reversible with the mutant IDH enzyme inhibitor GSK864. Together, our findings
reveal a novel combinatorial approach for IDH1 mutant gliomas by exploiting their

vulnerability.

IDHI mutation is very common in low grade glioma and secondary GBM. 1t is
accepted as a biomarker for favorable prognosis compared to IDH-wild type glioma.
However, it may become aggressive as it harbors new mutations during tumor
progression or recurrence. It is also so important diagnostic marker that new
classification of WHO for glioma, published in 2016, divides each glioma subgroup into
IDH wildtype or IDH mutant subtypes '®. However, there is still no approved drug
specific to these subtypes. Based on distinct hypermethylator phenotype of IDH-mutant

2122 we decided to use a chemical library consisting of inhibitors of epigenetic

gliomas
enzymes to find potential drugs for these tumor cells. Considering heterogeneity
problems in GBM, and negative effects of drugs on non-malignant cells in high doses,
we decided to combine screen hits to obtain an additive/synergistic effect. GSK-J4 and
Belinostat combination showed the strongest effect on IDH1 mutant GBM cells while

they had minimal effects on non-malignant cells.

4.1 Epigenetic inhibitor screen to identify new drugs against IDH mutant GBM

Although it is well-known that IDH mutation induces hypermethylation in both
histones and DNA, as far as we know, there is no study performed with chemical or
genetic screen targeting epigenetic enzymes in IDH mutant gliomas. Therefore, we
applied a library including many epigenetic enzyme inhibitors on 2 different IDHI-
mutant patient-derived GBM cell lines. This library consists of chemical probes which
were shown before to inhibit epigenetic enzymes from various categories including

HDACs, KDMs, HMTs, DNMTs, BETs, etc. Some of these probes have targets in a
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broad range, and some of them were developed to inhibit specific enzymes. We selected
5-azacytidine, Chaetocin, GSK-J4 and Belinostat as common hits for further
experiments. Among them, only 5-azacytidine which is a DNMT inhibitor was shown
before to be effective against IDH mutant glioma in pre-clinical studies !''®!17,
Considering DNA hypermethylation in IDH-mutant tumors, 5-azacytidine is a good
candidate to reverse this phenotype by inhibiting DNMTs. There are ongoing clinical
trials for individual 5-azacytidine treatment or combination with mutant IDH inhibitors
(Identifiers for clinical trials: NCT03666559, NCT02677922). However, other 3
inhibitors were not studied on IDH mutant tumors yet and may be important to find new
potential targets for these tumors. Chaetocin which is an inhibitor of SUV39H1 enzyme
217 responsible for methylation of lysine 9 of histone 3 (H3K9), was shown to be effective
on GBM cells either individually or as a sensitizer for other drugs 2!%?!°. GSK-J4 is an
inhibitor of KDM6A and KDM6B % which are responsible for H3K27 methylation.
There are several studies showing its cytotoxic effects on diffuse midline glioma and
TMZ-resistant GBM cells '°%!%3, Finally, Belinostat is a pan-HDAC inhibitor for class I,
I and IV HDACs 2%, It was also shown to be effective on GBM cells in a pre-clinical

study 2!,

4.2 Drug combination against IDH mutant GBM

GBM cells are highly heterogeneous, and this is one of the main reasons of
therapeutic resistance. One drug may be effective against large proportion of bulk tumor,
but the rest of the cells, even if they are low in number, can continue to proliferate and
lead to recurrence. Increasing the drug concentration may not be sufficient to kill whole
tumor cells, but it may harm healthy cells in body. Combinations of different drugs in
low concentrations can be a good approach to overcome this issue. This strategy is

thought to be more efficient and commonly used in clinical trials in recent years 222223,

Individual drug treatments, even if they are highly specific and effective, mostly
lead to derivation of resistant population. Drug combination is offered as a promising
strategy for cancer treatment to overcome resistance against single drug and reduce high-
dose leading toxicity 2**. As we checked effects of these screen hits on non-malignant
fibroblasts, we observed that even if at lesser degree, high doses of Chaetocin and
Belinostat have cytotoxic effects on them as well. To eliminate cytotoxic effects on non-

malignant cells, we performed all possible dual combination of these 4 hits in low doses.
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Some combinations did not increase the individual effects of single drug, while some of
them generates additive or synergistic effects. Combinations of 5-azacytidine with
Chaetocin, and GSK-J4 with Belinostat were the most effective combinations in terms
of drug synergy and selective cytotoxicity against IDH1 mutant GBM cells. Further
experiments showed that mutant IDH1 causes a high sensitivity to GSK-J4 and Belinostat
combination. Viability of non-malignant fibroblasts were only slightly affected from low
dose of Belinostat and this effect did not increase with GSK-J4 combination. To see drug
effects on normal brain tissue cells, we used human astrocytes and observed no
significant effect on their viability either. Landry et al. indicated that interaction between
tumor cells and stromal cells such as fibroblasts may have dramatic influences on drug
response 22°, Based on this observation, we cocultured mCherry-labelled IDHR!32H
overexpressed cells with GFP-labelled non-malignant fibroblasts. IDH1-mutant cells
were much more sensitive against GSK-J4 and Belinostat combination treatment, and
fibroblast viability was only slightly affected. This result is important to show the safety

of this combination by selective killing of GBM cells, for potential clinical applications.

4.3 Inhibitors of mutant IDH enzyme: a good therapeutic strategy?

Since /DHI mutation is accepted as initial event in tumorigenesis of low-grade
glioma, it is preserved in most of the recurrences as well. Therefore, it was thought as a
perfect candidate to target, many inhibitors specific to mutant IDH enzymes were

d 3032154155 and most of them are now in clinical trials. However, we found that

develope
GSK864, a specific inhibitor of mutant IDH1, rescued /DHI mutant cells from slow
growth and sensitivity against GSK-J4 and Belinostat treatments. This recovery effect of
mutant IDH inhibitors was also seen in several recent studies **°. Wakimoto et al.
indicated that IDH1 mutation is initial alteration in IDHI1-mutant tumors, and it is
followed by secondary mutations such as TERT mutation and 1p/19q co-deletion for
oligodendroglioma, or TP53 and ATRX mutations for astrocytoma '°. However, tertiary
mutations such as PDGFRA or MYC amplifications, or PIK3CA mutation are required
for tumor progression, especially in an aggressive manner. We suggest that even if IDH1
mutation is critical for tumorigenesis, tumor progression may be independent of it after
gaining of tertiary mutations. On the other hand, /DHI mutation, by 2-HG production,
creates vulnerabilities to cells via disrupted mechanisms discussed above, and these

weaknesses exist as /DHI mutation is protected in the tumor. Mutant IDH1 inhibitors

may restore these disrupted mechanisms by depleting 2-HG production. Therefore, using
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these inhibitors may not be safe in all cases to treat IDHI mutant tumors, and may

interfere with additional drugs targeting known vulnerabilities.

4.4 In vitro GBM cell culture models for IDH mutant GBM

Piaskowski et al. indicated that it is highly difficult to propagate IDH mutant
glioma cells in standard in vitro cell culture conditions ?2°. They emphasized the need for

new cell culturing models for glioma cells which simulate in vivo conditions better.

In our study, we cultured patient-derived primary GBM cells as spheres in
EGF/FGF containing serum-free media. Lee et al. clearly showed that cells obtained from
primary human GBM samples more closely reflect the primary tumor characteristics
when cultured in EGF and FGF containing serum-free media, compared to conventional
serum-containing monolayer cultures 2*’. This culture conditions were commonly
accepted as a more reliable model than traditional cell lines for understanding tumor
biology. Sphere-formation ability is also thought as a marker of cancer stem-like cells
for many cancer types including GBM 22822 Therefore, our sphere cultures were highly
valuable to mimic natural environments of GBM and to find efficient treatments for
cancer stem-like cells which are thought to be more therapy-resistant 23°. To check the
effects of hit drugs on sphere-forming ability of primary GBM cells, we performed a
sphere-formation assay. All four drugs were shown to be reduce the sphere sizes and
number of spheres. Therefore, they have potential to target IDH1-mutant glioma stem
cells. However, since they don’t have IDH wild type counterparts we couldn’t check if
there is causality between IDH mutation and drug sensitivity. Even if we observed
sensitivity of two different patient-derived IDH-mutant GBM cells against hit drugs,
there are lots of variables that may affect drug response of cells in that way. To this end,
we established a paired cell line via ectopic overexpression of IDH1®!32H in A172 GBM
cell line which has normally wild type IDHI1. It is well-known that IDH1 mutation is
found as heterozygous since mutant IDH1 uses a-KG produced by wild type IDH1
enzyme as substrate 2°. Therefore, our model is convenient to see the effects of 2-HG
production by mutant IDH1. Since we observed a clear sensitivity of established
IDH1R!32H cell line against GSK-J4 and Belinostat and considering the sensitivity of 2
different IDH1 mutant primary GBM cells, we concluded that mutant IDH1 generates a
sensitivity to GSK-J4 and Belinostat. Reversibility of this sensitive phenotype by mutant

78



Chapter 4: Discussion

IDH1 inhibitor eliminated non-specific effects of overexpression and consolidated our

hypothesis.

4.5 Integrated Stress Response (ISR) is involved in GSK-J4 and Belinostat
effects

Based on both our experimental results and computational analyses, we
hypothesized that integrated stress response (ISR) is activated in IDHI mutant cells
because of the increased cellular stress. This is compatible with recent studies showing
2-HG, product of the mutant IDH enzyme, inhibits many 2-OG dependent dioxygenases.
PHD enzymes are one of these dioxygenase families and it was recently shown that
inhibition of collagen hydroxylases which belong to PHD family, causes ER stress via
immature collagen accumulation in IDH1 mutant tumor cells [48]. Another study
indicated that 2-HG also inhibits cytochrome ¢ oxidase (COX) enzyme in electron
transport chain and increased mitochondrial stress 231 Based on that, authors offered Bcl2
inhibition as a synthetic lethality approach in IDH1/2-mutant acute myeloid leukemia
(AML). In addition, Turcan et al. showed that immune response pathways and genome
instability were upregulated in IDH-mutant cells, as a result of deregulated DNA and
histone methylation and activation of endogenous retroviruses (ERVs) which are
normally quiescent 2*2. ERV activation was independently shown to induce ER stress and
unfolded protein response (UPR) in previous studies 23>723°. We also observed similar
results in GSEA analysis after RNA-seq; Interferon (IFN)-a, IFN-y, NF-KB,

inflammatory response pathways and UPR were upregulated in IDH1R!32H

overexpressed
cells when compared to their wild type counterparts. Contrarily, all of these pathways
were downregulated when the IDH1R!*2H overexpressed cells were treated with mutant
IDH1 inhibitor, GSK864. We validated these results via qRT-PCR and observed
significantly increased expression of genes involved in viral response and UPR pathways
in IDH1R'*H overexpressed cells, while all of these genes were downregulated in the
presence of GSK864 (Figure 3.8). Therefore, it is clear that IDH1 mutant cells have an
increased basal cellular stress because of disrupted metabolic and epigenetic
mechanisms. However, stress response pathways and survival pathways such as NF-KB
can protect cells from death since stress level is below a threshold. GSK-J4 and Belinostat

treatments increase cell stress above this threshold, so activate apoptotic pathways and

cell death occurs.
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Enrichment analysis for Reactome pathways after RNA-seq indicated that GSK-J4
induced ATF4-mediated stress response pathways in IDH1 mutant primary cells. ATF4
is a major transcription factor that upregulates survival pathways under mild stress
conditions, or apoptotic pathways under severe stress. Different stress conditions such as
amino acid deprivation, viral infection, ER stress, oxidative stress, etc. trigger
phosphorylation of elF2a as part of integrated stress response (ISR) !#3. This results in
suppression of global cap-dependent translation, while induction of specific cap-
independent translations such as ATF4. We validated ATF4 upregulation in both mRNA
and protein level upon GSK-J4 treatment. Expression of its known targets such as ASNS,
DDIT4 and PSAT1 were also upregulated in GSK-J4 treated, or KDM6A4 and KDM6B
double-knockout cells. As expected, pre-treatment with mutant IDH inhibitor, GSK864,
alleviated activation of stress-response genes in IDH1R!32H overexpressed cells upon
combination drug treatment. This supports the hypothesis of that IDH-mutant cells have
high basal stress level that make them more sensitive against stress inducer GSK-J4
individually or in combination treatment. Moreover, via SUnSET assay, a remarkable
decrease in global protein translation which is known to be cellular response mechanism

under stress, was observed in GSK-J4 treated primary IDH-mutant cells.

ISRIB, an inhibitor of integrated stress response (ISR) 2% protected IDHI mutant
cells partially against GSK-J4 and Belinostat treatment. Since it is known that stress
response pathways lead to apoptosis under chronic or harsh stress conditions, it is an
expected result. An inhibitor of PERK enzyme, PERKI, was also partially recovered
drug-induced cell death, but in lesser degree. Considering the kinases other than PERK
which are responsible for eIF2a phosphorylation in ISR, we may conclude that ER-stress
is not the only stress source in GSK-J4 and Belinostat treated IDH-mutant cells. It was
shown before that CHOP which is the protein encoded by DDIT3 gene is responsible for
the apoptotic arm of the ISR '3, It was activated by ATF4 under severe stress. Therefore,
we investigated its effects by knocking-out via CRISPR/Cas9 method and observed
significant recovery in viability of DDIT3 knocked-out IDH1®!32H cells upon individual
GSK-J4 treatment and in combination treatment. Belinostat-mediated cell death was not
recovered by DDIT3 knock-out indicating that Belinostat individually activated an
alternative pathway in IDH-mutant cells. These results indicate that GSK-J4 individually
or in combination with Belinostat increases cellular stress, which is already high in IDH1

mutant cell, and leads to apoptosis through ATF4 mediated DDIT3/CHOP induction.
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However, since we observed partial recovery both with ISRIB and DDIT3 knock-out, it
is understood that stress response pathway is not the only reason of the cell death.
Integrated stress response leads cells to death when stress level is over a threshold since
cells cannot handle that much stress. Even if we inhibited the ISR-mediated cell death by
chemical or genetic ways, stress sources are still present in the cell. They may continue
to impair critical cellular activities and induce alternative death mechanisms. More

detailed mechanistic studies should be performed to reveal all mechanisms leading to

cell death.

4.6 Mechanism of action of drugs

Considering that GSK-J4 increases H3K27me3 which is a repressive epigenetic
marker, and Belinostat increases histone acetylation, which is an activation marker, a
neutralization effect may be expected when they are used in combination. In contrast, we
observed an additive/synergistic effect which may be related with different targets of
each drugs. It is known, and we showed that histone methylations are already increased
in IDH1 mutant cells. Therefore, remaining unmethylated regions might include crucial
genes for cell proliferation, and GSK-J4 may inhibit proliferation by increasing
methylation of these regions. On the other hand, Belinostat may induce open chromatin
structure in regions including tumor suppressor genes, cell cycle regulators, or pro-
apoptotic genes. We observed a clear increase of p21, which may be responsible for cell
cycle arrest, in both mRNA and protein level upon Belinostat treatment. Combination
treatment, on the other hand, reduced p21 protein to basal levels. It was shown that p21
has anti-apoptotic effects beside its growth inhibitory effects, and it is downregulated by
CHOP during increased stress conditions 2*’. In our study, CHOP was highly increased
upon combination treatment, and might be responsible for apoptosis via downregulation
of p21, and upregulation of NOXA and PUMA. All in all, GSK-J4 and Belinostat boost
their individual effect, increases cellular stress which is already increased in IDH1 mutant
cells above the threshold that response pathways can handle, and lead to cell death
through apoptosis.

GSK-J4 was developed to selectively inhibit KDM6A4/UTX and KDM6B/JMID3
which are H3K27 demethylases '*>. However, it was shown that it has some activity
towards KDM5B and KDMS5C as well '*6. To check if the effect of GSK-J4 is an on-
target effect or not, we used GSK-J5, which is an inactive form of GSK-J4, and KDM5
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specific inhibitors, KDOAM25a and KDM5-C70, and observed no effect individually or
upon Belinostat treatment. Finally, we tested KDOBAG67, which is a very similar
chemical with GSK-J4 that inhibits KDM6 enzymes, and we observed similar individual
effects and synergy with Belinostat. We also observed dramatically decreased cell
growth and increased expression of stress related genes upon double-knockout of
KDM6A and KDM6B genes. Growth of double-knockout cells were also further inhibited
with Belinostat treatment. Recent studies showed KDM6A and KDM6B upregulation in
therapy-resistant glioma stem cells, and efficient sensitization by GSK-J4 53, However,
to our knowledge, there is no study showing effect of GSK-J4 and inhibition of KDM6
enzymes in IDH1 mutant glioma. Our results indicate that GSK-J4 is highly effective on
IDH1 mutant glioma cells and its effects is coming from inhibition of KDM6A and
KDM6B enzymes together.

Previous studies showed that GSK-J4 induced cellular stress response,
differentiation, cell cycle arrest, and apoptosis 2**2*!. We found that GSK-J4 decreases
proliferation but did not induce cell death individually in low doses. There was also no
significant increase in Caspase 3/7 activities, PARP cleavage or YO-PRO1 staining with
GSK-J4 alone. Instead, it causes a cell cycle arrest accompanying with change in cell
morphology which was clearly observed in live cell images and videos. We confirmed
that by observing an increase in S and G0/G1 phase, in MGG152 and A172 IDH mutant
cells, respectively. Considering the clear increase in stress response upon GSK-J4
treatment, it may be assumed that GSK-J4 leads to a mild stress in low doses individually
which can be tolerated by stress response pathways, and causes a slight increase in

senescence and cell cycle arrest instead of cell death.

Belinostat is a pan-HDAC inhibitor 22°, Therefore, it is difficult to say that its effect
is derived from inhibition of a specific enzyme. We confirmed increased acetylation of
histones (H3K27ac) and non-histone proteins such as a-tubulin upon Belinostat
treatment either individually or in combination with GSK-J4. There are many studies
showing different mechanisms of action for HDACI, such as upregulating pro-apoptotic
genes, downregulating anti-apoptotic proteins, induction of ER stress because of
hyperacetylated non-histone proteins, cell cycle arrest and apoptosis 2212*2-24 We found
that expression of anti-apoptotic genes, such as BCL2L1/Bcl-XL and BIRC5/Survivin

and level of anti-apoptotic proteins, Bcl-XL and XIAP, were decreased upon Belinostat
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treatment. It also downregulated the ATF5 gene which is induced by ATF4 and
responsible for survival pathways under stress conditions 2'>. Belinostat also clearly
caused a G2/M arrest in both innately and engineered IDH1®!32! GBM cells. This may
be a result of induction of p21, which was shown to be an important target of many
HDAC inhibitors #2247, Assay for anoikis which is a type of apoptosis because of
detachment from the solid surface also indicated that Belinostat treatment induces
anoikis. Since cells die after detached from the surface in this type of apoptosis, the media
should contain more viable cells which is the case most clearly in Belinostat treated cells.
It is also compatible with Reactome enrichment analysis showing activation of cell
surface and ECM-related pathways upon Belinostat treatment. Acetylation of
cytoskeletal proteins such as a-tubuline by Belinostat as shown in our study may be
responsible for this situation. Live cell images and videos also indicated cell detachment
instead of a classical apoptosis blebbing. Increases in Caspase 3/7 activity and live cell
images and videos showed that even individual Belinostat treatment also leads to cell

death through apoptosis.

4.7 Effects of hypoxia

An interesting result of our study was related with hypoxia. There are controversial
studies about the effect of /DHI mutation on hypoxic response. Some studies showed
that 2-HG which is produced by mutant IDH enzyme, inhibits enzymes containing prolyl
hydroxylase domains (PHD), also known as EGLN enzymes ****. PHD enzymes are 2-
OG-dependent enzymes, and one of their canonical targets to mark for degradation is
HIF-10 which is responsible for activation of hypoxia response genes 2%, It is initially
thought that 2-HG competes with 2-OG to bind and inhibit PHD enzymes, like in TET
and JmjC-KDM enzymes. Therefore, HIF-1a hydroxylation and so degradation is
inhibited, and hypoxic response is activated in IDH-mutant cells even if in normoxic
conditions. However, some further studies demonstrated that 2-HG activates PHD
enzymes rather than inhibit its activity. Therefore, HIF-1a is degraded and IDH-mutant

26,251

cells are more sensitive to hypoxic conditions . In our study, we observed a

phenotype more similar to initial studies. Growth of primary IDH1-mutant cells were not
affected in hypoxic conditions significantly. Moreover, growth rate of IDH1RI32H
overexpressed cells were similar to IDH1 wild type cells in hypoxia while they were
growing slower than wild type cells in normoxia. Interestingly, drug responses of wild

type and IDH1R!3H cells were also similar under hypoxic conditions. In parallel with
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these results, GSEA analysis also indicated activation of hypoxia response in IDH1R!32H
overexpressed cells which was downregulated with mutant IDH inhibitor. These are
compatible with the hypothesis of already hypoxic state of IDH-mutant cells based on
HIF-1a stabilization. However, more detailed hypoxia studies should be performed to

prove this hypothesis.

4.8 In vivo studies

Animal studies confirmed that, even if they were used only for 6 days, GSK-J4 and
Belinostat have cytotoxic effect on tumor cells in vivo as well and provided longer
survival. Some important limitations in our in vivo studies were low number of animals
and short period of drug treatment. Since especially GSK-J4 has low stability in
physiological conditions, bulk amounts of it were required for treating longer and high
number of animals. If more stable KDM6 inhibitors could be developed, lower
concentrations of drugs might be used for longer times. By this way, they may have a
potential to be used in more detailed in vivo studies or clinical trials in the future.
Hashizume et al. (2014) showed therapeutic effects of GSK-J4 on pediatric brainstem
glioma and concluded that it can pass through blood-brain barrier '*°, Many HDAC
inhibitors such as SAHA 22 and VPA ?** were also shown to penetrate blood-brain
barrier (BBB). Gurbani et al. (2019) recently reported that Belinostat can cross the BBB
137 As parallel with literature, our results may also be thought as an indirect evidence for
the ability of GSK-J4 and Belinostat for penetrating BBB. However, spectrometric
analysis should also be performed as direct evidence. It would also be useful to measure

the ratio of the drugs that can pass throughout the BBB.

4.9 Conclusion

To sum up our study, we generated a model explaining the effects of mutant IDH1
and mechanisms behind the drug treatments (Figure 4.1). Collectively, mutant IDH1
enzyme generates a distinct epigenome with hypermethylated DNA and histone profile.
On the other hand, it leads to activation of cellular stress response pathways, such as
inflammatory response, UPR and NF-KB which are reversible with GSK864 treatment.
By means of the response pathways, cells survive under stress conditions. GSK-J4
treatment increase this cellular stress and induce ATF4 mediated ISR, while Belinostat

downregulates anti-apoptotic proteins and induce cell cycle arrest. Together, they further
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modify epigenome and cause severe stress leading to DDIT3/CHOP mediated induction

of PUMA and NOXA, and eventually caspase 3/7-dependent apoptosis.

Our study suggests that specific targeting of epigenetic enzymes might be a good
option for the treatment of IDH mutant gliomas, based on their distinct epigenetic
phenotypes. Together with combination strategies, such as GSK-J4 and Belinostat

combination in our study, drug effects could be amplifed without harming healthy cells.
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Figure 4.1 Model of the study. Upper panel shows wild type cells as surviving with less
stress. Middle panel indicates survival of IDH1?!32! mutant cells under 2-HG-dependent
stress conditions. Lower panel shows effects of GSK-J4 and Belinostat combination on

IDH1R!32H cells, leading to apoptosis.
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S APPENDIX A - LIST OF INHIBITORS AND SCREEN
RESULTS

Table 5.1 Epigenetic probes in the drug screen with their potential targets, and

viability of MGG119 and MGG152 primary IDH mutant cells

Class/Target Source Name IVI'GG.:l.19 MGG_1_52
viability vability

(+)-Ja1 99+8% 92+0%

(-)-JQ1 (inactive) 91+5% 100+3%

PFI-1 93+3% 72+3%

1-BET 10616% 81+2%

Bromosporin 97+4% 80+2%

CBP/BRD4 (0383) 107+1% 90+5%

SGC-CBP30 97+0% 97+0%

1-CBP112 97+6% 90+1%

RVX-208 96+3% 89+4%

SMARCA 1124+3% 100+1%

PFI-3 85+0% 95+0%

GSK2801 96+4% 99+2%

Belinostat 73+3% 26+2%

Valproic acid 95+6% 90+0%

Entinostat 110+5% 93+0%

SAHA 89+2% 51+0%

Trichostatin A 68+2% 22+0%

SRT1720 118+5% 95+1%

EX 527 102+7% 104+2%

Cl-994 89+3% 89+4%

UNC0638 99+2% 96+6%

UNC0642 94+5% 99+5%

A-366 102+8% 104+7%

Chaetocin 47+7% 29+1%

PFI-2 1041+6% 95+3%

SGC0946 98+2% 96+2%

GSK343 100+5% 100+2%

UNC1999 1074+5% 95+5%

LLY-507 94+0% 96+1%

Lysine demethylases - LSD1 Tranylcypromine 96+5% 104+3%
Lysine demethylases - LSD1 GSK-LSD1 89+0% 99+2%
Lysine demethylases - JIMJD3, UTX, JARID1B GSK J4 44+7% 45+0%
Lysine demethylases - Negative control GSK J5 (inactive) 86+5% 90+4%
Lysine demethylases - pan-2-0OG 10X1 (5-carboxy-8HQ) 821+6% 79+4%
Histone demethylase Methylstat (Ester) 107+2% 95+2%
Histone demethylase - Pan JmjC (E)-JIB-04 85+1% 95+2%
Histone demethylase - IMJD2E ML324 94+4% 98+3%
Prolyl-Hydroxylases - PHD2 (EGLN1 10X2 90+6% 97+5%
DNA methyltransferase (DNMT) - 5-Azacitidine 61+5% 51+4%
DNA methyltransferase (DNMT) - DNMT1/3 5-Azadeoxycitidine 981+6% 101+3%
Poly ADP ribose polymerase (PARP) Olaparib 103+3% 103+1%
Poly ADP ribose polymerase (PARP) Rucaparib 103+2% 108+2%
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