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CHARACTERIZATION OF ALTERATIONS IN EPIGENOME CAUSED BY IDH1
MUTATIONS AT THE EARLIEST STAGES OF GLIOMAGENESIS
Burcu Ekinci Gorgiin; Izmir International Biomedicine and Genome Institute, Dokuz Eylul

University Health Campus, Balcova, 35340, Izmir/ Tiirkiye

ABSTRACT

Isocitrate dehydrogenase (IDH1/2) mutations, which have been shown to develop before
other mutations known to play a role in glioma development, are believed to trigger
gliomagenesis. Studies to date have mostly used heterogeneous tumor samples or cells with
oncogenic mutations when investigating the early stages of glioma development. This limits
our knowledge of how gliomagenesis is triggered by IDH1/2 mutations. Moreover, examination
of epigenomic changes caused by IDH1/2 mutations has not gone beyond classical histone
methylation analyzes based on methylation arrays, RNA-seq and expression microarrays, and
ChIP-seq. The aim of this study was to understand the permanent changes caused by the IDH1-
R132H mutation, which is the earliest seen in gliomagenesis, in the epigenome of neural
progenitor cells (NPCs) cultured in a 3D environment. For this, firstly, conditioned medium
with Immortalized Human Astrocytes (IHAs) expressing doxycycline-inducible IDH1 (Mutant
and wild type) was obtained. These media samples were then delivered for specified periods of
time to NPCs differentiated from human pluripotent stem cells (hiPSC) in an alginate-based 3D
matrix. RT-qPCR and RNA-seq analyzes were performed by isolating RNA from cells taken at
three time points (day 0, day 14, day 17) from NPCs exposed to different media. Key genes
reported to be altered in IDH1 mutant gliomas were checked by RT-qPCR. Then, epigenetic
marks in histones and DNA were analyzed by ChIP-qPCR and MeDIP-qPCR. In selecting the
loci for these analyses, we particularly prioritized the aim of furthering the mechanistic
information regarding the IDH1-MYC relationship in the risk of glioma located at 8q24, which
we brought to the literature for the first time in our group's previous studies, and directly
demonstrating it in an in vitro model. Our findings indicate that one of the direct targets of the
oncogenic changes that occur in the IDHI-MYC axis, which we think are initiators of
gliomagenesis, is the ID1 (inhibitor of differentiation) gene, and that as a result of the induction
of this gene, the cells take on a less differentiated phenotype.

Keywords: Glioma, Isocitrate Dehydrogenase, IDH1, Immortalized Human Astrocytes,

Neural Progenitor Cells, NPCs, ID1.



GLiOM OLUSUMUNUN ERKEN ASAMALARINDA IDH1 MUTASYONLARININ
EPiGENOMDA YOL ACTIGI DEGiSIMLERIN KARAKTERIZASYONU
Burcu Ekinci Gorgiin, izmir Biyotip ve Genom Enstitiisii, Dokuz Eyliil Universitesi Saglik

Yerleskesi, 35340, Izmir/ Tiirkiye

OZET

Glioma gelisiminde rol oynadig: bilinen diger mutasyonlardan 6nce gelistigi gosterilen
izositrat dehidrogenaz (IDH1/2) mutasyonlarinin gliomagenezi tetiklendigine inanilmaktadir.
Bugiine kadar yapilan calismalarda, glioma gelisiminin erken asamalar1 arastirilirken
cogunlukla heterojen tiimor Ornekleri veya onkogenik mutasyonlara sahip hiicreler
kullanilmistir. Bu durum, gliomagenezin IDH1/2 mutasyonlariyla nasil tetiklendigi hakkindaki
bilgilerimizi kisitlamaktadir. Ayrica, IDH1/2 mutasyonlarmin neden oldugu epigenomik
degisimlerin incelenmesi metilasyon dizileri, RNA-seq ve ekspresyon mikrodiziler ile ChIP-
seq temelli klasik histon metilasyon analizlerinin 6tesine gegememistir. Bu ¢aligmanin amaci,
gliomagenezde en erken goriilen IDH1-R132H mutasyonunun, 3 boyutlu ortamda kiiltiirlenen
ndral progenitor hiicrelerin (NPH) epigenomunda yol agtig1 kalici degisimlerin anlagilmasidir.
Bunun i¢in Oncelikle, doksisiklinle indiiklenebilir IDH1 (Mutant ve vahsi tip) ifade eden
Immortalize Insan Astrositleri (IHA'lar) ile kosullandirilmis ortam elde edildi. Bu ortam
ornekleri daha sonra, insan pluripotent kok hiicrelerden (hiPSC) farklilastiriimis NPH'lere
aljinat bazli bir 3D matris i¢inde belirli siirelerde verildi. Farkli besiyerlerine maruz birakilan
NPH’lerden ii¢ zaman noktasinda (giin 0, glin 14, giin 17) alinan hiicrelerden RNA izole
edilerek RT-qPCR ve RNA-seq analizleri gerceklestirildi. RT-qPCR ile IDH1 mutant
gliomalarda degistigi bildirilen anahtar genler kontrol edildi. Daha sonra, ChIP-qPCR ve
MeDIP-qPCR ile histon ve DNA’daki epigenetik isaretler analiz edildi. Bu analizler i¢in lokus
seciminde Ozellikle, grubumuzun 6nceki ¢aligmalarinda literatiire ilk kez kazandirdigimiz 8q24
yerlesimli gliom riskinde IDH1-MYC iligkisine dair mekanistik bilgiyi, daha ileriye tagimay1
ve in vitro bir modelde dogrudan gosterme amacini 6n planda tuttuk. Elde ettigimiz bulgular,
IDH1-MYC ekseninde olusan ve gliomagenezi baslatict oldugunu diigiindiigimiiz onkogenik
degisimlerin dogrudan hedeflerinden birinin ID1 (farklilasma inhibitorii) geni olduguna, bu
genin indiiklenmesi sonucunda ise hiicrelerin daha az differensiye bir fenotipe biiriindiigline
isaret etmektedir.

Anahtar Kelimeler: Glioma, Izositrat Dehidrojenaz, IDHI, Immortalize Insan

Astrositleri, Noral Progenitdr Hiicreler, NPH'ler, ID1.



1. INTRODUCTION AND OBJECTIVES

1.1. Statement and Importance of the Problem

Gliomas, which have a poor prognosis and high morbidity and mortality, are the most
common and devastating brain tumors that are often untreatable (Gonzalez-Castro et al., 2019;
Haddock et al., 2022; S. Xu et al., 2020). It is known that the development of the gliomas is
triggered by isocitrate dehydrogenase (IDH1/2) mutations, as it has been shown to develop
before genetic alterations such as 1p/19q codeletion, or TP53 mutations or the “genome-wide
methylation change” phenotype (G-CIMP), that are known to play a role in glioma development
(Suzuki et al., 2015). It has been shown that mutant IDH1/2 acquires a neomorphic enzymatic
activity and converts alpha-ketoglutarate (0-KG) to 2-hydroxyglutarate (2-HG), and this
oncometabolite inhibits a-KG-dependent dioxygenases competitively (Dang et al., 2009).
Additionally, it has been shown that the G-CIMP phenotype occurs in different cell types as a
result of mutant IDH1/2 expression or 2-HG exposure and also moves the cells to a less
differentiated state (Turcan et al., 2012). However, information on the pathways by which the
cascade initiated by IDH1/2 mutations triggers or facilitates gliomagenesis is limited. In
comprehensive multi-omic studies conducted for years, either patient tumor samples or glioma
models created by combining many oncogenic mutations were used. However, IDH1/2
mutations are genetic changes that occur at the earliest stage of gliomagenesis, when other
oncogenic changes are not yet evident. On the other hand, recent studies have shown that the
effects of mutant IDHI inhibitors are time / stage-dependent, and some of the IDH mutations

effects on the epigenome are permanent (Johannessen et al., 2016).

1.2. Aims of the Study

In this study, we aimed to develop a novel solution to this problem of modeling the earliest
stages of gliomagenesis, by culturing iPSC-derived NPCs without oncogenic mutations in [HA-
IDHI-WT or IHA-IDH1-R132H conditioned medium in an alginate hydrogel-based 3D
environment that should better reflect in vivo conditions. Thus, the effects of mutant IDH in the

earliest stages of glioma formation would be observed with minimal confounders. Additionally,



we aimed to examine whether the effects of mutant IDH on the epigenome were permanent
after IHA conditioned media were replaced with neural progenitor media.

The specific goals of this study are as follows: 1) Differentiation of iPSCs into Neural
progenitor cells (NPCs); 2) Maintenance of iPSCs-derived NPCs free of oncogenic mutations
in alginate-based three-dimensional culture; 3) Determination of the time-dependent changes
in the reversible and irreversible effects of IDH1 mutation on the transcriptome by RNA-seq
analysis after the application of IHA conditioned media and neural progenitor media to alginate-
based 3D NPC cultures for the specified periods of time; 4) Determination of changes in histone
modifications (H3K4me3 and H3K27ac) associated with regulatory regions in specified time
periods by ChIP-qPCR; 5) Detection of methylation changes of regulatory regions with MeDIP-
qPCR in specified time periods; 6) Targeting candidate regions with CRISPR, either alone or
multiplexed; 7) Identification of epigenomic changes that, when targeted, significantly reduce

or eliminate the permanent effects of IDH mutation.

1.3. Hypothesis of the Study

The hypothesis of this study was that wild-type NPCs exposed to conditioned media
obtained from IDHI1-R132H expressing cells could recapitulate the earliest oncogenic changes

induced by the IDHI mutations during gliomagenesis.

2. GENERAL INFORMATION

2.1. Brain Tumors

The brain, the most complex part of the human body, has billions of active cells. The
brain, the most important organ of the central nervous system (CNS), is responsible for the
control and functioning of most body activities (Lah et al., 2020; Nayak et al., 2022; Seetha &
Raja, 2018). Therefore, the spinal cord and the brain are evolutionarily the best protected from
damage throughout a person's life. Because each part of the brain has a unique function, it can
cause severe mental or physical disability when disturbed. Therefore, various damage may
occur in other parts of the body during the treatment of tumors in the CNS (Lauko et al., 2022).
Brain tumors consist of tissues that have no physiological function as a result of uncontrolled

cell proliferation inside of the brain or around the brain. In addition to increasing the size and



pressure due to tumors in the brain, it also causes swelling, causing abnormal neurological
symptoms (Abd-Ellah et al., 2019). The worldwide incidence rate of primary malignant brain
and other CNS tumors was 3.5 per 100,000 population in 2020, according to data from the
United States Central Brain Tumor Registry. Additionally, when looking at the data of 2020,
according to gender, the incidence rates in men are 3.9 per 100,000 population and the number
of newly diagnosed male cases is 168,346, while the incidence rates in women are 3.0 per
100,000 population and the number of newly diagnosed female cases is 139,756(Sung et al.,
2021). There are around 150 different types of brain tumors, including currently known benign
and malignant tumors. Unlike benign tumors, malignant tumors have a higher potential to
spread outside the brain. That's why malignant brain tumors are generally called brain cancer.
Accurate grading along with early diagnosis is staminal for the patient in brain tumors, as in
other tumors. Manual techniques are difficult to approach due to brain tumor density. Therefore,
automated computer-based methods are much more useful for tumor detection (Reddy et al.,
2020). Today, the use of deep learning and machine learning is preferred to improve detection
algorithms for brain tumors so that tumors can be located without surgical intervention (Nayak

et al., 2022).

2.1.1. The WHO Classification of Tumors of the Central Nervous System

The international classification of human tumors began with the decision of the WHO
Executive Board in 1956 and the World Health Assembly in 1957 and was published by the
World Health Organization (WHO). The WHO tumor classification, known as the “WHO Blue
Books’, is regularly updated. The globally accepted goals for grading and classification of
human tumors have remained the same to date. Each classification was created with the
consensus of the International Working Group (Louis et al., 2007). The classification of nervous
system tumors, following the histological typing of nervous system tumors first performed by
Ziilch, was published as the first edition in 1979. (Louis et al., 2007).

The second edition, edited in 1993 by Kleihues et al., showed advances made by
incorporating immunohistochemistry into diagnostic pathology (Louis et al., 2007).

In 2000, in the third edition edited by Kleihues and Cavenee, genetic profiles were

introduced as additional aids to the identification of brain tumors. (Louis et al., 2007).



In 2007, the 4™ edition of the WHO CNS classification was created by consensus of an
international working team of 25 geneticists and pathologists and with the contribution of more
than 70 international experts (Louis et al., 2007). As a result of increasing knowledge about the
genetic basis of CNS neoplasms, the 2007 edition of the classification is focused on CNS
neoplasms. In 2007, morphology has been still an important parameter for WHO CNS
classification, a lot of genomic data were added in to 2007 WHO CNS classification (Rousseau
et al., 2008).

2016 WHO CNS tumors classification was published as the fourth version as a revised
version of the 2007 WHO CNS classification. For the first time in this classification, histology
information and molecular parameters have been used to identify CNS tumors, and this 2016
CNS WHO classification shows a massive remodeling of tumors. With molecular studies for a
clearer understanding of tumor formation, understanding the mechanism of gliomagenesis and
classification with new biomarkers has become stronger and finding new therapeutic targets
has become easier (Louis et al., 2016). Markers based on molecular classification that make the
classification clearer, such as IDH mutation status (mutant or wild type), 1p/19q codeletion,
TERT mutation, loss of expression in the ATRX gene, P53 mutation, and H3K27M mutations
in 2016 WHO CNS tumor classification have correlated genotypic and phenotypic parameters
(Reifenberger et al., 2017). Compared with the 2007 WHO CNS classification, the most
significant improvement in the 2016 WHO glioma classification is that different glioma entities
are separated according to status of isocitrate dehydrogenase 1 and 2 (IDH1/2) mutations. The
observation that IDH mutations present in most grade II and III gliomas has been an important
step in understanding the disease (Reifenberger et al., 2017). CNS tumor classifications were
mostly based on histological findings. Later, it was understood that molecular biomarkers were
important in adjunctive and diagnostic treatment and would contribute to more accurate
classification (Louis et al., 2021).

In 2021, the new the WHO Classification of CNS Tumors (WHO CNS5) was published
and is the sixth edition according to international standards when looking at the classification
of spinal cord tumors and brain (Figure 1). WHO CNSS is based on the updated WHO CNS
classification published in 2016, many developments resulting from later studies, and many
suggestions of the consortium to inform molecular and practical approaches CNS Tumor
Taxonomy (cIMPACT-NOW). In 2021 classification, the role and importance of molecular

diagnosis has been increased in addition to known approaches to tumor characterization,



especially immunohistochemistry and histology. In this classification, a more precise
classification could be made by considering many molecular changes as well as
clinicopathological features. To standardize this classification with other fifth edition Blue
books, "entity" has been replaced with "type" and "variant" has been replaced with "subtype"
(Louis et al., 2021). In previous classifications, there was no specific standard for tumor
nomenclature. Some tumor naming included details such as specific location and specific
mutation. In addition, there were tumor names that did not have location or genotype
information in their naming, although they appeared in certain locations or had specific
genotypes. The WHO CNSS classification uses a simpler nomenclature whenever possible, and
attempts are made to use only clinically useful location, age, or genetic modifiers. In addition,
the Roman numerals used in naming have been replaced by Arabic numerals, and neoplasms
have been classified within types, not between different tumor types. Histochemical staining,
microscopy, immunohistochemistry, and molecular genetic techniques were used in
classification. In recent years, methods such as Fluorescent in situ hybridization (FISH)
technique, expression profiling and nucleic acid-based DNA-RNA sequencing have begun to
be used. The information found by these methods is used for tumor classification and
identification in the revised fourth version (WHO 2016) and WHO CNSS5 (Louis et al., 2021).
In addition, methylome profiling, which has become popular in the past decade, has come to be
used in the classification of CNS tumors because it can identify the methylation pattern of DNA
throughout the genome. It is more effective for accurate classification, especially when used
together with standard methods used in previous classifications such as histology. This method
is also very effective in classifying tumors that show unusual morphological features. However,
this method can not be helpful for targeted gene therapy and treatments in which specific
mutations are precursors. Therefore, a distinct methylation signature has been identified for

nearly all tumor types in the 2021 classification (Louis et al., 2021).
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Figure 1. World Health Organization Classification of Central Nervous System Tumors 2021

(Overview of WHO CNS5 Classification). In grey cells, new tumour types are shown

(McNamara et al., 2022).



2.1.2. Gliomas

When we look at the overall CNS malignancies, gliomas, which are known to constitute
81% of this malignancy, are primary brain tumors (S. Xu et al., 2020) and are generally divided
into two categories: Circumscribed gliomas are known as benign tumors that can be treated
with surgery. Diffuse gliomas are malignant tumors that cannot be treated with surgery alone
(Yang et al., 2022). In the WHO CNS 2016 classification, it has been shown that the progenitor
of gliomas is glial and precursor cells, and that these cells evolve into oligodendroglioma,
astrocytoma, oligoastrocytoma and ependymoma (Ostrom et al., 2018; N. Zhang et al., 2012).
The WHO CNS classification published in 2021 has shown that grading within tumor type is a
more accurate grading, thus dividing gliomas into 4 different families (Figure 2). In addition,
gliomas are graded according to their aggressiveness. CNS WHO grade 1 and 2 are called low-
grade gliomas (LGG) and possess a median survival of 11.6 years. The survival time is very
short in CNS WHO grade 3 and 4, that is, high-grade gliomas (HGG) (Louis et al., 2021; Yang
et al., 2022) (Figure 2). While the survival time for patients of grade 3 is approximately 3 years,
the overall survival time (OS) for patients of grade 4 is approximately 15 months (Bleeker et
al., 2012). LGGs account for 6% of CNS tumors in adults and have a better prognosis (Ostrom
etal., 2019). CNS WHO grade 1 LGG is more common in children and shows a good prognosis
(Campian & Gutmann, 2017). Grade 2 LGG has a higher potential to recur in children and
progresses to HGG with a poor prognosis (Duffau & Taillandier, 2015). Glioblastoma (GBM),
the common type of gliomas, constitutes the majority of WHO CNS Grade 4. Glioblastomas
are among the malignant tumors that are fatal and prone to recurrence (Weller & Le Rhun,

2020) (Figure 2).



WHO 2016 WHO 2021

Diffuse astrocytoma, IDH-mutant
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Figure 2. Schematic representation of the definition of disease entities changing from WHO
2016 to WHO 2021. Strong correlations between WHO 2016 and WHO 2021 classifications
are expressed by solid lines. The dotted lines show how the disease entity defined in WHO 2016
will probably be classified in WHO 2021 (Whitfield & Huse, 2022).

2.1.2.1. Origin Of Gliomas

The cell of origin is the healthy cell that receives the first genetic hit to initiate cancer.
Since identifying the cells that initiate tumorization in organs and tissues is of great importance
for their treatments, a lot of work is being done in these areas (Visvader, 2011). To investigate
the origin of gliomas, it is necessary to thoroughly investigate the cell lines in the CNS. It is
known that glioblastomas can occur near the subventricular zone (SVZ) or in areas further away
from the SVZ. Factors such as tumor location, subtypes, clinical outcomes and growth rate

determine it. When looking at the cancer genome atlas data, proneural and neural subtypes of
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GBM are proximal to the SVZ, while mesenchymal and classical TCGA subtypes are distal to
the SVZ. The formation of GBMs in different regions is an indication that the cells of origin
are different (Bohman et al., 2010; Lim et al., 2007; Steed et al., n.d.). LGGs with IDH
mutations are localized in the frontal lobe, and these tumors have much higher rate of TERT
promoter mutation than midline tumors with IDH wild type. Knowing the location and type of
gliomas allows personalized treatment. But why some gliomas have preferential locations is a
matter of curiosity (Brat et al., 2015; Lai et al., 2011; Z.-L. Sun et al., 2015).This is because
different glioma subtypes have different cells of origin and different neurological niche signals.
In the adult mammalian brain, neural stem cells (NSCs) are found in the SVZ lining the lateral
ventricles and in the subgranular regions of the dentate gyrus of the hippocampus (Picard-Riera
et al., 2004). NSCs, which have self-renewal properties, exhibit multipotency, and are quiescent
glial fibrillated acidic protein positive (GFAP+), have the ability to differentiate into progenitor
cells to produce neuronal and glial lineages. progenitor cells and NSCs express Nestin along
with other markers (such as EGFR, Glast, Sox2, TIx, Glil) (Doetsch et al., 1999; Mich et al.,
2014). Considering the development and differentiation potential of NSCs, they may be strong
candidates as the cell of origin of glioma. Additionally, when looking at the characteristics of
NSCs, they appear to be very similar to gliomas. For example; The characteristics of NSCs,
such as the transcriptional circuit that governs the identity of NSCs, motility, expression of
antigens on the cell surface, and activation of developmental signaling pathways, are similar to
gliomas (Cahill & Turcan, 2018). In addition, the failure of mature astrocytes with combined
activation of Ras and Akt and combined deletion of Pten, Tp53, Nfl and Rb 1 to form gliomas
in mice further strengthened the conclusion that NSCs are glioma origin cells (S. Alcantara
Llaguno et al., 2009; Holland et al., 2000; Jacques et al., 2010). Again, various studies have
shown that the probability of tumor formation in in vivo studies is very low unless PDGF
retroviral transfection and loss of the Ink4a-Arf locus are performed in mature astrocytes
(Bachoo et al., n.d.; Dai et al., 2001; Uhrbom et al., 2002) . Considering all these outcomes, the
role of differentiated astrocytes in glioma formation is still debated. On the other hand, it has
been observed that neural progenitor cells (NPCs) and oligodendrocyte precursor cells (OPCs)
with inactivation of NF1, Pten and TP53 cause the formation of different subtypes of GBM (S.
R. Alcantara Llaguno et al., 2015). Additionally, the incidence of gliomas increases with age.

The underlying reasons for the increased risk of glioma with age are unknown. But age-related
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changes in the brain microenvironment, such as accumulation of mutations and weakening of

the immune system, are considered risk factors for glioma origin cells (Cahill & Turcan, 2018).

2.2. Isocitrate Dehydrogenase (IDH)

The IDH genes encode the enzyme isocitrate dehydrogenase, which is involved in the
Krebs cycle to convert isocitrate to a-ketoglutarate (0-KG) and reduce NAD(P)+ to NAD(P)H
(Reitman & Yan, 2010; X. Sun & Turcan, 2021). In human cells, there are three isozymes of
IDH as IDH1, IDH2 and IDH3, which are encoded by five genes. Although all enzymes catalyze
the same chemical reaction, each enzyme has unique biological properties. IDH1 localized in
the cytosol and peroxisomes of cells and IDH2 localized in mitochondria act as homodimers,
while IDH3 localized in mitochondria form a heterotetramer containing two o, one 3 and one y
subunits (Cohen et al., 2013; Kloosterhof et al., 2011; Reitman & Yan, 2010). Nicotinamide
adenine dinucleotide phosphate (NADP+) is used by IDH1 and IDH2 as cofactor, while IDH3
uses Nicotinamide adenine dinucleotide (NAD+) as cofactor. While NADP+ dependent IDH1
and IDH2 have significant amino acid sequence similarity, they are unrelated to NAD+
dependent IDH3 (Ichimura, 2012). IDH1 takes part in glucose and lipid metabolisms and has
an important role in protection against reactive oxygen species (ROS). IDH2 has a regulatory
role on the tricarboxylic acid (TCA) cycle, as well as protecting cells against oxidative stress.
IDH3 acts as the central enzyme in the tricarboxylic acid (TCA) cycle (Figure 3). IDHI and
IDH2, which catalyze reversible reactions, have no known allosteric modifiers. The reaction
catalyzed by IDH3 is irreversible, and unlike IDHI and IDH2, the chemical reaction catalyzed
by IDH3 is regulated by various positive (calcium, ADP and citrate) and negative (ATP, NADH
and NADPH) allosteric effectors (Gabriel et al., 1986; Reitman & Yan, 2010).
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Figure 3. Metabolic functions of wild-type IDH1, IDH2 and IDH3 enzymes. All three isoforms
of IDH catalyze the conversion of isocitrate to a-ketoglutarate and carbon dioxide with the
production of reduced equivalent NAD(P)H. IDH1 is involved in the cytosol, while IDH2 and
IDH3 are involved in the tricarboxylic acid (TCA) cycle in the mitochondria. Depending on
their isoform, localization and cofactor in the cell, IDH enzymes take part in different cellular
events such as energy production, lipogenesis, glutamine metabolism, epigenetic profile,

responses to hypoxia and the redox state of the cell (Alzial et al., 2022).

2.2.1. IDH Mutation

In recent years, recurrent somatic mutations in IDH1 andalDH2 have been described in
many cancer types. Low-grade gliomas, primary glioblastomas, secondary glioblastomas,
cartilage and bone tumors, intrahepatic cholangiocarcinoma, and acute myeloid leukemia also
occur, as well as, albeit at a low rate, angioimmunoblastic T-cell lymphoma, myelodysplastic
syndrome and other solid tumors. A tumor-associated mutation in the IDH3 gene has not been
reported so far (Solomou et al., 2023). IDH changes are missense mutations. The aminoacid
residues R132 and R100 in IDH1 and R172 and R140 in IDH2 are predominantly affected.
These arginines are located at the substrate binding sites of enzymes. It enables enzymes to

form hydrophilic interactions with the o/ carboxylate of Isocitrate (Solomou et al., 2023; Ward
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et al., 2012). When looking at IDH1 mutations, the arginine residue with a high positivity is
replaced by one of the low polarity amino acids cysteine, histidine, lysine or glycine. Therefore,
the IDH1 mutation lowers the affinity for isocitrate and increases the enzyme's affinity for o-
KG and NADPH (Solomou et al., 2023; Ward et al., 2010). IDH1 mutations are heterozygous
because only one copy of the IDH gene is mutated. Therefore, in tumor cells, IDH1 enzyme,
which is a homodimer, turns into a heterodimer structure due to a mutation. The wild-type
monomer of the enzyme enables the conversion of isocitrate to a-KG; The mutant monomer
exhibits neomorphic activity, converting o-KG to the D2-enantiomer of Hydroxyglutarate and
using NADPH as a cofactor (Figure 4). There is also the L2-enantiomer of hydroxyglutarate,
but a negligible amount is produced. As a result, in IDH mutant tumors, the amount of a-KG
decreases while D2-HG accumulates. Besides being a biomarker in IDH mutant malignancies,
D2-HG is an oncometabolite because it competitively inhibits the enzymatic activities of a-KG

-dependent dioxygenases (W. Xu et al., 2011).

Wild type/Wild type Wild type/R132H R132H/R132H

Isocitrate —> a-KG o-KG —> D-2-HG Inactive

Figure 4. IDHI Dimerisation. The homodimer formed with two wild-type IDH1 monomers
converts isocitrate to a-KG. In IDH1 mutant cells, the heterodimer consisting of a wild-type
monomer and an R132H mutant monomer converts o-KG to D-2-HG. According to studies,

the homodimer formed with two IDH mutant monomers is not catalytically active (Han et al.,
2020).
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2.2.2. Cellular Functions of IDH Mutation and 2-HG

It is known that IDH, which gains neomorphic activity through mutation, has effects on
cellular metabolism, epigenetic regulation and redox homeostasis (Han et al., 2020). The most
common effect of IDH mutation in cells is that D-2HG competitively inhibits a-KG-dependent
enzymes. They are structurally very similar to each other. The only difference between them is
the presence of a hydroxyl group in D-2HG instead of the oxygen atom linked to C2 in a-KG.
Because of this similarity, D-2HG, a-KG follow a competitive attitude (W. Xu et al., 2011).
There are more than 60 a-KG-dependent enzymes known so far in mammalian cells, such as
Hypoxia inducible factor-prolyl hydroxylase domain protein (HIF-PHD), histone lysine
demethylases (KDMs), ten-eleven translocation methylcytosine (TET) family enzymes,
collagen prolyl 4-hydroxylases (C-P4H). Their inhibition by 2HG causes angiogenesis, histone
modifications, abnormal collagen maturation and DNA hypermethylations, and thus
tumorigenesis (Krell et al., 2013) (Figure 5).

D2-HG accumulation leads to depletion of Krebs cycle substrates and withdrawal of
carbohydrates from the Krebs cycle. It is known that the Krebs cycle can use different
carbohydrate sources to produce ATP (Dang et al., 2009; Maus & Peters, 2017; Reitman et al.,
2011). Most studies show that a-KG level is reduced in IDH mutant cells. To compensate for
the loss of a-KG, Glutamate dehydrogenase 2, which catalyzes the conversion of glutamate to
a-KG, has been shown to increase in IDH mutant cells (Waitkus et al., 2018) . At the same time,
it has been shown that the cells in IDH mutant gliomas are sensitive to the inhibition of
glutaminase, which provides the breakdown of glutamate, thus supporting the dependence of
these cells on glutamate (Seltzer et al., 2010) . On the other hand, NADPH depletion in IDH
mutant cells reduces de novo lipogenesis and increases dependence on exogenous lipid sources
(Badur et al., 2018).

In other tumors, the response is by increasing the expression of lactate dehydrogenase
(LDH) to resolve the need for an energy source (Doherty & Cleveland, 2013). LDH enables the
conversion of pyruvate to L-lactate, which is used as the primary fuel for energy. But in IDH
mutant gliomas, LDH is silenced by hypermethylation of the promoter region. This epigenetic
silencing may be the reason why IDH mutant gliomas grow more slowly than IDH wild-type

gliomas (Chaumeil et al., 2016; Chesnelong et al., 2014; Khurshed, 2017; Le et al., 2010). In
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IDH1 mutant gliomas, energy production is mostly done by oxidative phosphorylation
(Hvinden et al., 2021).

In the literature, it is still not fully understood how IDH mutation affects hypoxia levels
and angiogenesis. Due to the decrease in the o -KG level and the increase in D2-HG expression,
the (HIF-PHD) responsible for the degradation of hypoxia inducible factor (HIF) will be
inhibited, HIF will become stable and expression of vascular endothelial growth factor (VEGF),
the target gene of HIF, would increase. Studies on mouse embryos expressing IDH1-R132H
have shown that HIF1-a is increased. (Chowdhury et al., 2011a; Sasaki et al., 2012; W. Xu et
al., 2011c; S. Zhao, 2009) However, later studies showed that no relationship was found
between HIF1-a expression and IDH mutation in the brains of both glioma patients and mutant
mice (Bardella et al., 2016; Metellus et al., 2011; Williams et al., 2011) . Additionally, recent
studies have shown that IDH mutations reduce HIF and VEGF levels and are associated with
the inhibition of angiogenesis signaling pathways (Polivka et al., n.d.; Solomou et al., 2023).
More studies are required to elucidate the relationship between D2-HG and hypoxia.

The main sources of NADPH in the cell are IDH1 and IDH2. Due to IDH mutations, the
NADPH/NADP+ ratio is increased in the cell, thus ROS accumulate in the cell and damage
DNA, RNA, lipid and protein in the cell, enzymatic reactions and gene expression are disrupted
(Behrend et al., 2003; Itsumi et al., 2015; Liu et al., 2019). Thus, features such as genomic
instability, increased cellular motility and invasiveness are observed in cells (Behrend et al.,

2003).
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Figure 5. Downstream biological effects of IDH mutations (Madala et al., 2018)
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How KDMs, which are histone demethylases, and TET family enzymes, which are DNA
demethylases, are affected by IDH mutation, are explained in detail in the ‘“epigenetic

modification of IDH mutation and 2-HG” section.

2.2.3. Epigenetic Modification of IDH Mutation and 2-HG

In addition to causing metabolic changes, many clinical studies have shown that IDH
mutations have a direct relationship with CpG island (GCI) hypermethylation. In particular,
glioma-G-CIMP has been shown to be an important marker for solid tumors with IDH mutation
(Christensen et al., 2011; Noushmehr et al., 2010). Mechanistic studies have shown that both
global DNA hypermethylation and histone methylation occur in cells that gain neomorphic
activity due to IDH1 mutation. It is interesting that DNA hypermethylations also differ among
tumor types with IDHI1 mutations (Unruh et al., 2019). Methyltransferases and demethylases
are known to control DNA methylation. In the demethylation process, the iron- and a -KG-
dependent TET enzyme mediates DNA demethylation by catalyzing the conversion of 5-
methylcytosine (SmC) to 5-hydroxymethylcytosine (5-hmC), 5-formylcytosine (5fC) and 5-
carboxylcytosine (5-caC). It is converted to 5-caC cytosine by DNA glycosylase and base
excision DNA repair (Kohli & Zhang, 2013). TET enzymes, which work dependent on a -KG,
are blocked in the presence of 2-HG due to 2-HG, which has a competitive attitude with o -KG
(X. Sun & Turcan, 2021). It has been shown that IDH mutation alone is sufficient to trigger
hypermethylation (Duncan et al., 2012; Turcan et al., 2012). In addition, although it is known
that DNA methylation is a reversible process, it is thought that the methylation sites in the cells
still exist even when the IDH mutant enzyme is turned off, which is irreversible after the IDH
mutant cells decide on oncogenesis, and IDH mutations play a role in malignancy (Turcan et
al., 2018).

Lysine methylation is one of the most important post-translational modifications of
histone tails that regulate chromatin organization and gene transcription (Lu et al., 2012).
Histone methylation is controlled in cells by histone methyltransferases as G9a, GLP, SET and
EZH2, and histone demethyltransferases such as KDM, LSS and JARID (Chowdhury et al.,
2011b). Histone lysine demethylases (KDMs) containing the Jumonji-C (JmjC) region, which
is dependent on a-KG, just like TET enzymes, are inhibited by 2-HG (Miller et al., 2023). Thus,

it is known that histone methylation increases. For example, it has been shown in many studies
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that methylation markers of histone (such as H3K27me3, H3K9me3 and H3K4me3)

accumulate in IDH mutant cancers (Ceccarelli et al., 2016; Lu et al., 2012).

2.2.4. IDH1 Mutation in Human Glioma

The relationship of IDH mutation with glioma was first revealed by gene expression
analysis using sequencing technology in samples taken from 22 glioblastoma patients.
Recurrent mutations in IDH1 were seen in 12% of these GBM patients (Parsons et al., 2008).
Later, studies found that the IDH mutation was a typical mutation appearing in diffuse low-
grade astrocytomas and oligodendrogliomas. IDH mutant gliomas have been shown to have a
safer prognosis than IDH-wild-type gliomas (Yan et al., 2009)

In addition, IDH mutations have been found to occur together with prognostically
important molecular changes such as ATRX and TP53 mutations, 1p19q codeletion and TERT
mutations. (Brat et al., 2015; Eckel-Passow et al., 2015; Reuss et al., 2015). Since IDH
mutation, 1p19q codeletion and TERT promoter mutation were common in
oligodendrogliomas, IDH mutation, TP53 mutation and ATRX mutation were frequently seen
in astrocytomas, and were used to define astrocytomas and oligodendrogliomas until the WHO-
CNSS classification (Reuss, 2023). It is accepted that IDH1/2 mutations trigger the
development of gliomas, as they have been shown to develop before disorders such as TP53
mutations or 1p/19q codeletion or the “genome-wide CpG island methylator” phenotype (G-
CIMP), which are known to play a role in glioma development (Suzuki et al., 2015).

2.3. Epigenetic Regulation

Spatiotemporal regulation of gene expression in eukaryotic cells, influenced by the
structure and organization of DNA, regulates biological processes such as cell fate and status,
embryonic development, cell fate and status, and response to disease (Albini et al., 2019). In
addition to environmental signals, transcription factors and cofactors being effective in cell fate
regulation, epigenetic modifications and non-coding RNAs (ncRNA, miRNA, siRNA and
piRNA) are of great importance (He et al., 2020). Therefore, genome-wide analysis of DNA
sequence and molecular components is important to understand genome activity and systems

biology. Epigenetics is outlined as mitotic and meiotic heritable changes that occur in genome
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activity due to environmental factors, without any change in nucleotide sequence (Retis-
Resendiz et al., 2021). Epigenetic regulation plays a critical role in important cellular
mechanisms such as cell differentiation and growth, gene expression and genome stability
(Meissner, 2010; Putiri & Robertson, 2011). While cellular identity can remain stable for a long
time by transferring epigenetic states from offspring to offspring, epigenetic signs can be
reprogrammed using kind of strategies such as cell fusion, nuclear transfer, and ectopic
expression of transcription factors. Recently, pluripotent cells have become an ideal tool in
epigenetic research. Its use has become widespread in large projects, such as the ENCODE
Project and the US National Research Institutes, and is even used as the basic cell type
(Meissner, 2010). The reason why pluripotent cells are a good model is that their epigenetic
marks are characteristic, provide information about the possible future potential of
differentiated cells, and also allow to examine the relationship between epigenetic

modifications and dynamics that occur during differentiation (Meissner, 2010).

3. MATERIALS AND METHODS

3.1. Type of Research

This is an in vitro experimental study.

3.2. Place and Time Frame of the Research

All experimental studies were performed at Izmir Biomedicine and Genome Center

between 2018-2023.

3.3.Research Materials

3.3.1. Cell lines

The cell lines used to produce the conditioned media and to generate the neural progenitor

cells are listed in the table.
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Table 1. List of used cells to produce conditioned media and to generate NPCs

Cell Lines
IHA-IDH1-WT
IHA-IDH1-R132H

iPSCs

3.3.2. Chemicals

Properties

Immortalized Human Astrocytes
+Tet ON with IDH1-WT

+Tet ON with IDH1-R132H
Induced Pluripotent Stem Cells

Supplied From

Gift from Prof. Timothy A.
Chan and Sevin Turcan
(Turcan et al., 2018)

Applied Stem Cell #ASE-9202

Chemicals Vendor Identifier
Ethanol Isolab #920.026.2500
Lipofectamine™ Stem Invitrogen by Thermo Fisher #STEMO00003
Reagent Scientific

Paraformaldehyde Sigma-Aldrich #158127-100G
Trpan Blue Solution Sigma-Aldrich

SafeView DNA Stain Genemark #C118-1
Ribonucleic acid, transfer Sigma-Aldrich #R8508

from baker’s yeast

VECTASHIELD PLUS Vector Laboratories #H-1900
Antifade Mounting Medium

T4 DNA Ligase New England BioLabs (NEB) #M0202L
Quick CIP New England BioLabs (NEB) #MO0525S
BsmBI-v2 New England BioLabs (NEB) #R0739S

Q5 High-Fidelity DNA New England BioLabs (NEB) #MO0491L
Polymerase

T4 Polynucleotide Kinase New England BioLabs (NEB) #MO0201S

100 bp DNA Ladder New England BioLabs (NEB) #N3231S

1 kb DNA Ladder New England BioLabs (NEB) #N3232S
FuGENE HDTransfection Promega #E2311
Reagent

Mitomycin-C Biovision #2713
Formaldeyhde Solution Sigma-Aldrich #1.04003.2500
about 37%

2-Mercaptoethanol Sigma-Aldrich #M3148

TRI Reagent Sigma Life Science #93289-100ml
Dynabeads™ M-280 Sheep  Invitrogen by Thermo Fisher #11203D

Anti-Rabbit IgG
Alginic acid sodium salt
from Brown algea

BSA
Deoxynucleotide(dNTP)
mix

Doxycycline Hyclate

Scientific
Sigma-Aldrich

Cell Signaling Technology
New England BioLabs (NEB)

Sigma Aldrich

#A1112-100G

#9998S
#N04478S

#D9891-5G
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3.3.3. Kits

Kits Vendor Identifier
ProtoScript® First Strand New  England BioLabs #E6300S
cDNA Synthesis Kit (NEB)

Go Tag® qPCR Master Mix  Promega #A6001
RNeasy Mini Kit Qiagen #74104
Direct-Zol™ RNA MiniPrep Zymo Research #R2072
Plus

Monarch DNA Gel New England BioLabs #T1020S
Extraction Kit (NEB)

ChIP DNA Clean & Zymo Research #D5205
Concentrator

DNA Clean & Concentrator ~ Zymo Research #D4033
Nucleospin Plasmid Macherey-Nagel #740588.50
QIAMP DNA Mini Kit Qiagen #51304
Amaxa P3 Primary Cell 4D- Lonza #V4XP-3024
Nucleofector X Kit L

NucleoSnap Plasmid Midi Macherey-Nagel #740494.50
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3.3.4. Solutions

Solutions

DMEM, High Glucose
Medium

Heat Inactivated Fetal
Bovine Serum (FBS)
L-Glutamine

Mitomycin-C
Trypsin-EDTA (0.25%)
Penicillin Streptomycin
Knock-Out Serum
DMEM/F-12 Medium
Glutamax 100x
MEM-NEAA

10X PBS

D-PBS (Without Ca++ and
Mg++)

Matrigel, hESC-Qualified
matrix, LDEV-Free

0.5M EDTA, pH 8
Opti-MEM™ Reduced
Serum Medium

Sodium Pyruvate

mTESR Basal Medium
mTESR 5X Supplement
STEMdiff™ SMADi Neural
Induction Kit
STEMdiff™
Progenitor Medium
STEMdiff™ Neural
Progenitor Freezing Medium
Gentle Cell dissociation
Reagent

Dispase in DMEM/F-12
Human FGF-Basic

Human EGF

y-27632 (ROCK Inhibitor)
D-PBS (Without Ca++ and
Mg++)

Accutase

Neural

Vendor
Thermo Fisher Scientific, Gibco

Thermo Fisher Scientific, Gibco

Thermo Fisher Scientific, Gibco
Biovision

Thermo Fisher Scientific, Gibco
Thermo Fisher Scientific, Gibco
Thermo Fisher Scientific, Gibco
Thermo Fisher Scientific, Gibco
Thermo Fisher Scientific, Gibco
Thermo Fisher Scientific, Gibco
Thermo Fisher Scientific, Gibco
STEMCELL Technologies

Corning

Invitrogen
Gibco

Gibco

STEMCELL Technologies
STEMCELL Technologies
STEMCELL Technologies

STEMCELL Technologies
STEMCELL Technologies
STEMCELL Technologies
STEMCELL Technologies
PeproTech

PeproTech

Sigma-Aldrich
STEMCELL Technologies

STEMCELL Technologies

Identifier
#41965-039

#10500-064

#25030024
#2713-5
#25200056
#151401-122
#10828-028
#31331028
#35050
#11140-035
#70011036
#37350

#354277
#15575-038
#31985062

#85851
#85852
#08581
#05833
#05838
#07174
#07923
#100-18B-50
# AF-100-15
#Y0503
#37350

#07920
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3.3.5. Antibodies

Antibodies " Vendor Identifier
Nestin (10C2) Mouse mAb, Cell Signaling #33475
IF

SOX1 Antibody pAb, IF Cell Signaling #4194
Sox2 (D6D9) XP Rabbit Cell Signaling #3579
mAb, IF

Oct4 (D7057) Mouse mAb, Cell Signaling #75463
IF

Pax6 (D3A9V) Rabbit mAb, Cell Signaling #60433
IF

Goat Anti-Mouse IgG H&L Abcam #Ab150113
(Alexa Fluor 488), IF

Goat Anti-Rabbit [gG H&L Abcam #Ab150078
(Alexa Fluor 555), IF

Hoechst, IF | |
Anti-trimethyl-Histone Sigma-Aldrich #ab8895
H3(Lys4) Antibody, ChIP

Histone H3K27ac Antibody  Active Motif #39133
(pAb), ChIP

Normal Rabbit IgG Cell Signaling #2729
5-Hydroxymethylcytosine Active Motif #39791
antibody

AbFlex 5-methylcytosine Active Motif # 91187
antibody

Cell Health Assay Kit ' Cell Signaling  #13837
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3.3.6. Equipments

Equipments
Refrigerator (+4°C)
Refrigerator (-20°C)

-80°C freezer

Centrifuge 5810R
mySPIN™ mini centrifuge
Vortex

NanoDrop 2000
SimplyApp Thermal Cycler
Light Cycler 480 II

Power Supply Unit for Electrophoresis

Incubator

Water Bath

Fluorescence Microscopy

Confocal Microscopy, LSM 880
Light Microscopy

Horizontal Laminar Airflow Cabinet
Gel Doc™ XR+ with Image Lab™
Software

Bioruptor Sonicator

BD LSRFortessa™ Flow Cytometer
Qubit 3 florometer

2100 Bioanalyser

3.4.Variables of the Study

Vendor
Bosch, Stuttgart, Germany
Bosch, Stuttgart, Germany
Eppendorf, Hamburg, Germany
Eppendorf, Hamburg, Germany
Thermo Fisher Scientific, Waltham, MA,USA
Thermo Fisher Scientific, Waltham, MA,USA
Thermo Fisher Scientific, Waltham, MA,USA
Applied Biosystems, Foster City, CA, USA
Roche Applied Science, Mannheim, Germany
Bio-Rad, Hercules, CA, USA
Thermo Fisher Scientific, Waltham, MA, USA
Niive, Ankara, Turkey
Olympus Life Science, Waltham, MA, USA
Zeiss, Germany
Olympus Life Science, Waltham, MA, USA
Thermo Fisher Scientific, Waltham, MA, USA
Bio-Rad, Hercules, CA, USA

Diagenode, Liege, Belgium

BD Biosciences, San Jose, CA

Thermo Fisher, Waltham, MA, USA, #Q33216
Agilent, ABD, #G2939BA

Dependent variables in this study;
Expression levels of MEOX2, JIMID2A, L1-CAM, TERT and ID1 in NPCs cultured in
3D environment with IHA conditioned medium

Cell growth of NPCs cultured in 3D environment with IHA conditioned medium
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H3K4me3 and H3K27ac binding site in NPCs cultured in 3D environment with IHA
conditioned medium

ID1 and MYC expression levels in NPCs nucleofected with pLVahU6-sgRNAxhUbC-
dCas9-KRAB-T2a-GFP plasmids

Independent variables in this study;

The presence of IDH1 expression in iPSC-derived NPCs and IHA cells.

3.5. Tool for Data Collection

3.5.1. Maintenance of IPSCs

Table 2. Media contents used in Feeder-Dependent Culture of hiPSCs and media contents

used for the maintenance of hiPSCs

Name of used media for cell culture Preparing Media
156 ml DMEM/F-12 Medium
40 ml Knockout-Serum
Human Embryonic Stem Cell (hESC) 3 ml HEPES (15mM Last Concentration)
Media (200 ml) 364 pul 2-Mercaptoethanol (55pM stock)
2 ml MEM-NEAA (100X)

43 ml High-Glucose DMEM
5ml FBS
0.5 ml Penicillin/Streptomycin
MEF Media (50 ml) 0.5 ml Glutamax
0.5 ml Sodium Pyruvate (100X)
0.5 ml MEM-NEAA (Non-essential amino
acids, 100X)

40 ml mTeSR Basal Media
mTeSR Media (50ml) 10 ml 5X mTeSR Supplement
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Mouse Embryonic Fibroblast (MEF) cell line was used as feeder cell for better growth
after IPSCs cells were removed from liquid nitrogen. A 10 cm plate was coated with 0.1%
gelatin and put in incubator for at least 30 minutes. MEF media were prepared for MEF cells
(Table 2). MEF cells were removed from liquid nitrogen and quickly thawed in a 37 °C water
bath. It was transferred into 15 ml conical tube containing 10ml MEF medium with the help of
a pipette. It was gently pipetted and centrifuged for 2 minutes at 2400 rpm. The supernatant was
withdrawn with the help of vacuum, MEF medium was added onto the cells, pipetted and
transferred to a gelatin-coated 10 cm plate. After checking whether it was distributed
homogeneously or not, with the help of a microscope, it was placed in an incubator at 37 °C
with 5% CO,. When the cell density reached 85-90% in the cell culture dish, it was treated with
Mitomycin-C to a last concentration of 10 pg/ml for 3 hours at 37 °C and 5% CO>. The 6-well
plate was coated with 0.1% gelatin and incubated at 37 °C 5% CO- for at least 30 minutes. After
Mitomycin-C treatment, the medium on the cells was removed. Then, 2 ml trypsin was added
and incubated for 2-3 minutes at 37 °C, 5% CO». After it was seen through the microscope that
the cells were detached, 4 ml MEF medium was added and transferred to a 15 ml conical tube
and centrifuged for 2 minutes at 2400 rpm. The supernatant was removed and MEF medium
was added onto the cells and gently pipetted until a homogeneous distribution. Enough cells
(approximately 3x10° cells) to cover 80-90% of the wells of the 6-well plate were added to each
well and incubation of the cells was carried out at 37 °C in an incubator with 5% COx. This is
because the IPSCs should not be in contact with the plastic cell culture dish. Colonies of IPSCs
must form on MEF cells. The next day, firstly, the density of MEF cells and whether they were
spread homogeneously into the wells were checked. After checking the cells, HESC medium
was prepared (Table 2). IPS cells were removed from liquid nitrogen and quickly thawed at
room temperature. It was poured into a conical tube containing 10 ml of HESC medium and
centrifuged for 2 minutes at 100 g. Meanwhile, HESC medium was added into the 15 ml conical
tube according to the number of wells in which IPS cells would be seeded, and Y-compound
was added to a final concentration of 10 pg/ml (Y-compound added only on the day when IPS
cells opened). After centrifugation, the supernatant on the IPS cells was carefully removed by
decanting. HESC medium containing Y-compound was added onto the IPS cells and slowly
pipetted several times using a serological pipette without disturbing the colony structure. The
medium on the MEFs was removed and IPS cells were transferred onto the MEFs with a

serological pipette. Then, the cells were checked under the microscope and incubated at 37 °C
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and 5 % CO>. HESC medium was changed and incubated until the cell colonies reached a
sufficient size (Figure 6). After the colonies reached a sufficient size, IPS cells were removed
from MEF cells and seeded on matrigel. To transfer the IPS cell colonies to matrigel-coated
plates, the medium on the IPS cell colonies and MEFs was withdrawn. The well was washed
three times with DMEM/F12 medium and 1 ml of dispase in DMEM/F12 was added to the well
and incubated for 5 minutes at 37 °C and 5% CO>. Dispase was withdrawn with the help of a
pipette and the well was washed 3 times with DMEM/F12. 1 ml mTesR complete medium was
added to each well (Table 2). Since the IPS cell colonies were visible to the naked eye, the areas
where the colonies were located were excavated with the help of a 2 ml serological pipette (care
was taken to ensure that as few MEF cells as possible were detected). Then, the cells were
removed from the wells into a 15 ml conical tube and centrifuged for 2 minutes at 100 g. The
supernatant was discarded and 6 ml DMEM/F12 medium was added onto the cells and
centrifuged again under the same conditions. Meanwhile, mTesR complete medium (1.5 ml for
each well) suitable for the number of wells to be planted was transferred to a 15 ml conical tube
and Y-compound was added to a final concentration of 10 pg/ml (Y-compound was used only
when passing it over the MEF to the matrigel-coated plate. It was not used in subsequent
passages). After centrifugation, the supernatant was discarded and mTesR complete medium
with Y-compound with a last concentration of 10 pg/ml was added onto the cells, and the cells
were gently pipetted using a serological pipette to prevent the colonies from dispersing.
Medium was drawn from the 6-well plate covered with matrigel, and IPS cells were evenly
distributed into the wells of this 6-well plate covered with matrigel.

The mTseR complete medium was changed every day until the cell colonies reached a

sufficient size and incubation was provided at 37 °C in an incubator with 5% CO- (Figure 6).

27



hiPSCs on MEF

hiPSCs on Matrigel

Figure 6. Figure shows iPSC colony on MEF-coated plate and iPSC colony on matrigel-coated
plate.

3.5.2. Differentiation of hiPSCs into Neural Progenitor Cells (NPCs)

Table 3. Contents of media used for the differentiation and maintenance of hiPSCs into NPCs

Name of used media for cell culture ‘ Preparing Media
50 ml STEMdiff™ Neural Induction
Medium
Neural Induction Medium 100 pl STEMdiff™ SMADi Neural
Induction Supplement
49 m]l STEMdiff™ Neural Progenitor Basal
Neural Progenitor Medium Medium
‘ 1 ml Supplement A (50X)
50 pl Supplement B (1000X)

“Generation and Culture of Neural Progenitor Cells using the StemdiffTM Neural
System” Monolayer Culture protocol from STEMCELL Technologies was used to differentiate
iPSCs into Neural Progenitor Cells (NPCs). STEMdiff Neural Induction Medium, stored at -20
C, was thawed by keeping it at +4 C overnight. It was added to 50 ml conical tubes as 50 and
25 ml and stored at -20 C. STEMdiff was aliquoted according to the medium prepared and
stored in SMADi Neural Induction Supplement and stored at -20 C. While preparing each
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Neural Induction complete medium, this process was done to prevent the entire medium and
SMAD:i supplement from constantly freezing and thawing. After it was seen under the
microscope that the healthy iPS cell colonies had reached a sufficient size, two wells of the
Tissue culture-treated 6-well plate were covered with matrigel (plate coating with matrigel is
explained in detail in the Method iPSC Culture section). Meanwhile, STEMdiff Neural
Induction Medium and STEMdiff SMADi Neural Induction Supplement were mixed in
accordance with the STEMdiff Neural Induction Kit (Table 3), and ROCK Inhibitor Y-27632
was added to the medium to be used on the first day of the differentiation protocol, with a final
concentration of 10 uM.

After the tissue culture-treated 6-well plate was covered with matrigel, the wells
containing iPSC colonies were washed with 2 ml of sterile PBS and the PBS was aspirated. 1
ml Gentle Cell Dissociation Reagent was added to each well and iPS cells were removed by
incubating for 8-10 minutes at 37 C, 5% CO2. All cells were removed by pipetting 3-5 times
with the help of a pipette. It was transferred to a 15 ml conical tube and gently pipetted until
the cell aggregates were completely dispersed and the cells became single. The wells from
which iPSCs were taken were washed with DMEM/F-12 and transferred to the conical tube
containing single cell suspension. Cells were counted with the help of Trypan. After counting,
cells were centrifuged at 300 X g for 5 min. STEMdiff Neural Induction Medium + SMADi +
ROCK Inhibitor Y-27632 was also resuspended to a final concentration of 1x10° cells/ml and
2 ml of cell + medium solution was added to each well of the matrigel-coated 6-well plate. Cells
checked under a microscope were incubated at 37 °C and 5% CO,. Mediums were changed
every day with fresh STEMdiff Neural Induction Medium+ SMADi. When ready to be
passaged, the 6-well plate was coated with matrigel. Medium was withdrawn from the cells and
1 ml of Accutase was added to each well containing the cells. It was incubated for 5 minutes at
37 °C, 5% COaz. Shielded cells were suspended with a 1 ml pipettor and then 5 ml DMEM/F-
12 was added and transferred to a 15 ml conical tube. It was centrifuged at 300 x g for 5 minutes.
They were counted with the help of Trypan Blue and a hemocytometer, and 1.5 x10° cells were
seeded in each well with 2 ml STEMdiff Neural Induction Medium + SMADI and incubated at
37 °C 5% COs. The medium was replaced with fresh STEMdiff Neural Induction Medium+
SMADi every day. This process was repeated until the cells reached the 3™ passage. STEMdiff
Neural Progenitor Basal Medium, Supplement A and Supplement B were removed from -20 °C

and allowed to thaw at +4 °C for 1 night. STEMdiff Neural Progenitor Basal Medium was
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aliquoted as 50 ml into 50 ml conical tubes, 50X Supplement A as 1 ml into 1.5 ml
microcentrifuge tubes, and 1000X Supplement B as 50 pl into 200 pul PCR tubes, It was stored
at -20 °C. When NPCs reached Passage 3, the 6-well plate was covered with matrigel and Neural
Progenitor Medium was prepared (Table 3). The medium on the cells was removed. 1 ml
accutase was added to each well. It was incubated at 37 °C, 5% COx for 5 minutes. After the
cells were suspended by pipetting with the help of a 1 ml pipettor, 5 ml DMEM/F-12 medium
was added and transferred to a 15 ml conical tube and centrifuged at 300 x g for 5 minutes. The
cells were counted with the help of trypan blue and a hemocytometer, and 1x10° cells were
planted in the wells with 2 ml Neural progenitor medium and incubated at 37 °C 5% COa.. The

medium was changed with fresh medium every day.

3.5.3. Characterization of iPSC and iPSC-derived NPC

Sterile glass coverslips were placed into the 24-well plate and covered with matrigel.

During the preparation of cells;

The mTesR complete medium on the iPSC colonies was withdrawn and 1 ml of dispase
in DMEM/F-12 was added and incubated for 5 minutes at 37 °C and 5% CO». After removing
the dispase in DMEM/F-12, cells were washed 3 times with DMEM/F-12 medium. By adding
1 ml of mTesR complete medium, iPSC colonies were scraped from the well with the help of a
2 ml serological pipette and transferred to a 15 ml conical tube. After centrifugation at 100 g
for 2 minutes, the supernatant was discarded and 6 ml DMEM/F-12 medium was added onto
the cells and centrifuged again at 100 g for 2 minutes. The supernatant was discarded again and
gently pipetted with the help of a serological pipette in mTesR complete medium and transferred
to a 24 well plate containing matrigel-coated glass coverslips. It was incubated at 37 °C and 5%
CO,. Mediums were changed every day until iPS cell colonies grew.

Neural Progenitor Medium was removed from the NPCs and 1 ml accutase was added
and incubated at 37 °C and 5% CO: for 5 minutes. After the cells are removed, they were gently
pipetted using a 1 ml pipette until the cells were completely removed. Collecting into tube with
5ml DMEM/F-12 medium and centrifuged at 300 g for 5 minutes. The supernatant was
discarded and the cells were added to Neural Progenitor Medium, gently pipetted using a

pipette, and transferred to the wells of a 24-well plate with matrigel-coated glass coverslips. It
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was placed in an incubator at 37 °C and 5% CO.. Mediums were changed every day until NPCs
reached 50-70% confluency.

At the fixation step;

The medium on iPSCs and NPCs was removed and the cells were washed once with ice
cold 1X PBS. 4% paraformaldehyde (PFA) was added onto the cells and incubated for 15
minutes at RT with slow shaking in the shaker. After removing the fixative from the cells, the
cells were washed 3 times with PBS to remove the fixative. In each wash, ice cold 1X PBS was
added to the cells and shaken slowly in a shaker for 5 minutes at room temperature.

In the permeabilization step;

After the final wash with PBS, ice cold 0.1% Triton-X in PBS was slowly added onto the
cells and shaken slowly in a shaker at RT. The cells were washed 3 times with ice cold 1X PBS
to completely remove the permeabilization solution.

In the blocking step;

PBS was withdrawn from the cells after the last washing step was completed. Blocking
buffer (1% BSA in PBST (PBS with 0.1% Tween-20) was added and the cells were shaken
slowly in a shaker for 1 hour at RT.

In the Primary antibody Staining step;

Antibodies were added to the Blocking buffer.

For iPS cells; Blocking solution and Mouse OCT4 (1:200) antibody were added into 1
1.5 ml microcentrifuge tube. Three separate 1.5 ml microcentrifuge tubes were prepared for
NPCs. SOX1 (1:400) and OCT4 (1:200) in tube 1 with blocking buffer; SOX2 (1:400) and
OCT4 (1:200) into Tube 2; PAX6 (1:200) and NESTIN (1:1500) were added to the 3rd tube.
After adding the antibodies prepared with blocking buffer, the cells were incubated for 2 hours
at RT in a dark environment by shaking slowly in a shaker. After the primary antibody step, the
cells were washed 3 times with ice cold 1X PBS for 5 minutes each at room temperature by
shaking slowly in a shaker to remove antibodies.

For the secondary antibody staining step, blocking buffers and secondary antibodies were
added first. For iPSCs, Goat anti-mouse conjugated to Alexa 488 (1:500) was used. Goat anti-
rabbit conjugated to Alexa 555 (1:500) and Goat anti-mouse conjugated to Alexa 488 (1:500)
antibodies were added to the blocking buffer for NPCs. Cells were incubated in secondary
antibody solutions for 1 hour at RT and in the dark, gently shaking in a shaker. After incubation,

to remove secondary antibody from the cells, they were washed 3 times with ice cold 1X PBS
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for 5 minutes each, gently shaking in a shaker. Hoechst (1:1000) was added to ice cold 1X PBS
for the counterstaining step. After the washing step, Hoechst solution was added to the cells and
shaken slowly in the shaker for 3 minutes in the dark and at room temperature. Hoechst solution
was removed and the cells were washed once with ice cold 1X PBS.

For each coverslip, 5 ul of Mounting medium was dropped onto the slides. The coverslips
were removed with the help of tweezers, and the tip of the coverslip was lightly touched to the
napkin to remove the liquid on it, and the coverslip was left on the mounting medium so that
the cells were on the mounting medium. She applied nail polish around the coverslips to prevent

them from slipping. It was stored in the dark at +4 C until images were taken.

3.5.4. Production of Immortalize Human Astrocyte (IHA)-Conditioned Medium

The Immortalized Human Astrocyte (IHA) we use is Dr. With the help of Sevin Turcan,
Prof. It is a gift from Timothy Chan. E6/E7 and hTERT independent retroviral infections were
established by Sonoda and colleagues to create immortalized Human Astrocytes (Sonoda et al.,
2001). Later, Prof Chan and colleagues modified these cells to express IDH1-WT and IDH1-
R132H by induction with doxycycline. To ensure the expression of IDHI-WT and IDHI-
R132H, IHAs were first infected with pLVX-Tet-On retrovirus, selected with 800 pg/ml G418.
Then, these cells were individually infected with the retroviruses: empty pRetroX-hygro for the
control group, pRetroX-hygro containing the IDH1-WT coding sequence for wild-type IDH1
expression, and pRetroX-hygro containing the IDH1-R132H coding sequence for mutant IDH1
expression. Selected with 500ug/ml hygromycin (Turcan et al., 2018) IHA-Empty cells contain
the empty pRETROx-hygro vector.

First, frozen IHA-IDHI-WT and IDH-IDH1-R132H cells were opened to produce IHA-
IDHI-WT and IHA-IDHI1-R132H conditioned media. IHA-Empty cells were used for the
control group. 10 ml of DMEM High Glucose medium supplemented with 10% FBS and 1%
Pen/Strep was added to three separate 15 ml conical tubes and kept in a 37 °C water bath to
warm up. [HA-Empty, IHA-IDHI-WT and IDH-IDH1-R132H cells were removed from liquid
nitrogen and quickly thawed in a 37 °C water bath and added separately to conical tubes
containing 15 ml medium with a 1 ml pipette. After centrifugation for 3 minutes at 1800 rpm,
the supernatant was discarded. 8 ml of High Glucose medium was added to the cell pellets,

gently pipetted until the cells were homogeneously distributed in the medium and transferred
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to 10 mm plates, incubated at 37 °C, 5% CO,. was done. IHA-Empty, IHA-IDHI-WT and IDH-
IDH1-R132H cells were opened before being induced with doxycycline and then grown in
doxycycline-free medium for 1 passage to ensure healthy growth. After the cells reached 80-
90% density, the medium on the cells was removed, then trypsin was added and incubated for
5 minutes. After it was seen through the microscope that all the cells were removed, 4 ml of
medium was added to inactivate the trypsin and they were pipetted and transferred to a 15 ml
conical tube. Centrifugation was performed for 3 minutes at 1800 rpm. The supernatants were
discarded and doxycycline medium was added to the cell pellet with a final concentration of
Iug/ml. They were pipetted and transferred to 10 mm plates and incubated at 37 °C and 5%
COs. Cells were passaged when they reached 80-90% density. Before IHA-IDH1-WT and IDH-
IDH1-R132H conditioned media were taken, the cells were grown in doxycycline medium for
at least two passages and their media were not stored. Before taking the IHA-IDHI-WT and
IDH-IDH1-R132H conditioned media, it was checked by Western blot whether wild-type IDH1
and mutant IDH1 were produced in [HA-IDH1-WT and IDH-IDH1-R132H cells, respectively.
Proteins isolated from doxycycline-induced IHA-Empty cells were used as controls. After the
control, the medium on the doxycycline-induced cells was removed at each passage and
transferred to a 50 ml conical tube through a 0.45 um filter and stored at -20 °C until use (Figure
7).

Passage Passage

7 Days e Cells g Cells c >5 Passage Cells
LRy 3 g (E95 7555 |
+Dox N +Dox Nea +Dox
IHA-IDH1-WT Collect Medium Collect Medium Collect Medium
Passage Passage
7 Days : Cells : Cells : >5 Passage Cells
OIS, ORI, (E 052 S)|
+Dox z +Dox z +Dox

IHA-IDH1-R132H Collect Medium Collect Medium Collect Medium

IHA-IDH1-WT and IHA-IDH1-R132H Conditioned Media

Figure 7. Schematic representation of IHA-IDH1-WT and IHA-IDH1-R132H conditioned

media production
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3.5.5. NPC-Alginate Bead Preparation

Before starting to create 3D culture with alginate, 2% alginate solution was prepared with
ddH>O and autoclaved. After autoclaving, it was allowed to cool at RT and stored at +4 °C.

When the density of NPCs grown on a 10 mm plate reached 85-90%, 2 ml accutase was
added and incubated for 4-5 minutes at 37 °C and 5% CO;. After checking with a light
microscope that the cells had lifted off the plate, 8§ ml DMEM/F12 medium was added to the
plate. By carefully pipetting, the cells were transferred to a 50 ml conical tube. For easy
counting of cells with a hemocytometer, cell density was reduced by adding DMEM/F-12
medium to the tube. It was carefully pipetted until becoming homogeneous. Tryphan Blue was
used when counting with a hemocytometer. After the cells were counted, the calculation was
made. A 50 ml syringe with a 21G-1-1/2 needle was used to create NPC-alginate beads. A drop
of 10 pul of solution falls from the needle every second. Each NPC-alginate bead was calculated
to contain approximately 2500 cells. That is, 1 ml of cell-1% alginate solution contains 250,000
cells. For this purpose, after the counting process, the amount of alginate-Neural Progenitor
medium solution to be used was decided according to the total amount of cells. The 2% alginate
solution was reduced to 1% with Neural Progenitor Medium. On the other hand, 15 ml of
100mM CaCl, was added to 10 cm clean plates. The cells were centrifuged for 5 minutes at
300g at room temperature, the supernatant was discarded and carefully pipetted in 1% alginate-
medium solution until a homogeneous mixture was obtained. It was then transferred to a 50 ml
syringe. By gravity, 1% alginate solution from the needle was allowed to drip onto the plate
containing CaCl,. The syringe was gently rotated on the plate to prevent the drops from
overlapping. After the 1% alginate solution in the syringe was finished, the cells were incubated
in the hood at RT for 15 minutes to polymerize. Afterwards, the CaClz solution was slowly
removed with a 1000 ul pipette without damaging the formed beads. To completely remove
CaCl; from the environment, DMEM/F-12 was added to the cell culture containers containing
the beads and incubated at RT for 5 minutes, and DMEM/F-12 was slowly withdrawn again
with the help of'a 1000ul pipette. This washing process was applied twice to completely remove
CaCly. Then, Neural Progenitor Medium was added to the ready-made NPC-alginate beads and
incubated at 37 °C and 5% CO; (Figure 8).
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Figure 8. Schematic illustration of NPC-Alginate beads preparation
NPC-Alginate beads were incubated for 24 hours. Since there were 5 different conditions,

5 separate cell plates filled with alginate beads were prepared for each repetition. 5 different

experimental conditions prepared are shown in the Table 4.
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Table 4. Prepared 5 experimental conditions: NPC-Control-Day 0, NPC-IDH1 WT-Day 14,
NPC-IDH1 R132H-Day 14, NPC-IDH1 WT-Day 17 and NPC-IDH1 R132H-Day 17.

Conditions Preparation

After the cell alginate beads were prepared, they were
incubated for 24 hours in neural progenitor medium at

37 °C and 5% CO:a.

NPC-Control-Day0

On day 0, Neural Progenitor medium was carefully
removed from the NPC-alginate beads without
damaging the beads, and IHA-IDH1-WT conditioned

NPC-IDH1_WT-Day14 medium was added instead. 5 ml of fresh IHA-IDH1-
WT conditioned medium was added every 2 days for 14
days.

On Day 0, Neural Progenitor medium was carefully
removed from the NPC-Alginate beads with a pipette
and replaced with IHA-IDHI-R132H conditioned
NPC-IDH1_R132H-Day14 medium. 5 ml of fresh [HA-IDH1-R132H conditioned

medium was added every 2 days for 14 days.

IHA-IDH1-WT medium was removed from the NPC-
Alginate beads that were exposed to IHA-IDH1-WT
medium for the 14th day, and Neural Progenitor
NPC-IDH1_WT-Day17 Medium was added instead. NPC-Alginate beads were

incubated with Neural Progenitor medium for 3 days.

IHA-IDH1-R132H medium was carefully removed
from the NPC-Alginate beads, which were incubated in
IHA-IDH1-R132H medium for the 14th day, and
NPC-IDH1_R132H-Day17 Neural Progenitor Medium was replaced. Cells were

maintained with Neural Progenitor medium for 3 days.
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3.5.6. Calcein and PI staining- cell health Assay

Calcein/PI solution was prepared by mixing Calcein at 0.25 pl 4mM concentration and
Propodium Iodide (PI) stains at 10 pl 150 uM concentration with 250 pl of 1X PBS for each
condition. Beads taken from 5 different experimental conditions on Day 0, Day 14 and Day 17
were carefully transferred to glass-bottom plates. After Calcein/PI solution was put on the
beads, it was kept in the dark at 37 °C for 30 minutes and images were taken with a Confocal
microscope. Settings established during analysis; Extitation/emission: 490/520 for live cells,

Extitation/emission setting of 535/620 for dead cells

3.5.7. Immunofluorescence Staining of NPCs isolated from alginate beads

Immunofluorescence staining was performed for our 5 different experimental conditions.
First, a small amount of NPC-alginate beads from all conditions were taken and removed from
the alginate cells with 0.5 M EDTA. Then, these cells were seeded individually on matrigel-
coated glass-bottom plates. They were incubated in their own media (Neural Progenitor
medium (day 0 and day 17) or IHA-IDH1-WT (day 14) or IHA-IDH1-R132H (day 14)
conditioned media) at 37 °C, 5% CO> for one day. then stained as detailed in the

immunofluorescence staining section.

3.5.8. RNA isolation

In 5 different experimental conditions, firstly, 4 ml of 0.5 M ethylenediaminetetraacetic
acid (EDTA) was added to the culture medium containing NPC-alginate beads and the alginate
polymer was broken down by Ca*? chelation. After the alginate was observed to be completely
dissolved, the solution in the plates was transferred to a 50 ml conical tube. To reduce the effect
of EDTA, 10 ml DMEM/F-12 medium was added to the cells and the cells were sedimented by
centrifugation at 300g for 5 minutes. To completely get rid of the remaining alginate, the cells
were washed by adding 10 ml DMEM/F-12 medium and sedimented again by centrifugation at
300g for 5 minutes. The supernatant was completely removed from the cells, and the cells were
quickly dissolved in 350 pl of TRI reagent and stored at -80 °C until RNA isolation. Samples

removed from -80 °C were kept on ice until thawed. Direct-zol RNA MiniPrep Plus Kit was
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used to isolate RNAs from each experimental condition. The quantity and quality of RNA

samples of the conditions were measured with the Nanodrop device.

3.5.8.1.Quantitative Real Time PCR

cDNA was synthesized from the RNAs using the ProtoScriptR First Strand cDNA
Synthesis Kit. RT-qPCR was performed using GoTagR qPCR Master Mix (Promega, Cat No:
A6001) and Real-Time PCR Detection System. The cycling program is given in Table 5.
Primers used are listed in Table 5. The housekeeping gene GAPDH (glyceraldehyde-3-
phosphate dehydrogenase) was used to normalize changes in specific gene expression. In the
studies performed, melting curves were also checked to check the specificity of PCR
amplifications. Relative quantification of mRNA expression levels was calculated by the AACt

method (Livak & Schmittgen, 2001).

Table 5. RT-qPCR primers designed for gene expression analysis

Primer Forward Primer Sequence Reverse Primer Sequence

Name

L1CAM ACGAGGGATGGTGTCCACTT TTATTGCTGGCAAAGCAGCGGTAG
CAAA

MEOX2 GTCAGAAGTCAACAGCAAAC CACATTCACCAGTTCCTTTTCCCGA
CCAG GCC

JMID2A  CCTTTGCTTGGCACACTGAA  TTCCATGCTCAGGTGGAACAGAGT
GACA

TERT GTATGGCTGCTGGGTGAACT GAGACTGGCTCTGATGGAGG

ID1 GCTCCGCACTCTCATTCCAC  CTGGCTGAAACAGAATGGGC
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3.5.8.2.RNA-Seq

3.5.8.2.1. Transcriptome analysis with RNA-seq

Library preparation and sequencing

Qubit 3 fluorometer and 2100 Bioanalyzer were used during quality control procedures
for total RNA samples isolated from 5 different experimental conditions studied in 2 replicates.
[llumina Stranded mRNA Prep kitl was used to prepare library for each RNA sample. [llumina
NovaSeq 6000 new generation sequencing platform was used in the sequencing study. In this
step, approximately 30 million paired-end reads with a length of 150 bp were planned for each

sample (Table 6).

Bioinformatics analyzes

After sequencing, the FASTQC tool was used to quality control the resulting read data.

During the sequencing process, low-quality base reads and possible contaminations of
adapter-index in the raw read data were removed from the reads with aid of the Trimmomatic
(v0.39) tool (Bolger et al., 2014) to prevent them from causing bias in later analyses.

The sequences were then aligned to the selected genome (Homo Sapiens GRCh38.p13)
using the HISAT2 (v2.1.0) tool (Kim et al., 2019). After alignment, read counts were calculated
for each transcript and then normalized to the total read count. After the alignment, gene, exon
and transcript information was obtained using the GENCODE 40 data set. Transcriptome read
numbers were determined using the Subread tool (Liao et al., 2019). The edgeR R package
(Robinson et al., 2009) was used to filter and normalize read counts for each gene as well as to
find genes whose expression changed between the generated groups (Differentially expressed
genes). Then, TopGO package (Alexa & Maintainer, 2021)and Kolmogorov-Smirnov (KS)
statistical test to perform gene ontology analysis; clusterProfiler package (Yu et al., 2012) for
path analysis; R scripts were used in data visualization applications to perform statistical

comparison studies within and between groups.
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Table 6. Read counts and genome alignment statistics of RNA-seq data.

Sample Group Total Mapped Unmapped
Reads Reads Reads

NPC-Control-dAY0-1 NPC-Control-dAY0 93768348 92714488 1053860
NPC-Control-dAY0-2  NPC-Control-dAY0 70879144 70631240 247904
NPC-IDH1 WT- NPC-IDH1 WT-Dayl4 74794350 74590353 204097
Day14-1
NPC-IDH1 WT- NPC-IDH1 WT-Dayl4 @ 73679944 73449807 230137
Day14-2
NPC-IDH1 R132H- NPC-IDH1 R132H- 78806562 78549106 257456
Day14-1 Dayl14
NPC-IDH1 R132H- NPC-IDH1 R132H- 74497228 74193941 303287
Day14-2 Dayl14
NPC-IDH1 WT- NPC-IDH1 WT-Dayl17 87516332 87218420 297912
Dayl17-1
NPC-IDH1 WT- NPC-IDH1 WT-Dayl7 63490256 63239081 251175
Day17-2
NPC-IDH1 R132H- NPC-IDH1 R132H- 84588478 84191406 397072
Day17-1 Day17
NPC-IDH1 R132H- NPC-IDH1 R132H- 65610956 65410126 200830
Day17-2 Dayl17

3.5.9. Chromatin Innumoprecipitation (ChIP) protocol

NPC-alginate 3D culture has been described previously. NPC-alginate 3D cultures
prepared for 5 different experimental conditions at 3 different time points were prepared for the
CHIP protocol on their own time. The same protocol was applied for all conditions.

EDTA (0.5 M, 4 ml) was placed on the NPC-alginate beads in the 10 cm plate and left at
RT for 3-4 minutes to ensure the hydrogel structure of the alginate was broken down. To ensure
that the alginate hydrogel was completely separated from the cells, gentle pipetting was
performed with the help of a 10 ml serological pipette, the entire solution was collected in a 50

ml conical tube, and the cells were precipitated at 300 g for 5 minutes. The supernatant was

40



vacuumed and 5 ml of 1% formaldehyde parofix solution was quickly added onto the cells. It
was incubated with shaking at RT for 10 minutes.

After incubation, 250 pl of 2.5M glycine (final concentration will be 0.125M) was added
to stop the fixation and incubated at RT for 5 minutes on a stirrer. Then, it was centrifuged for
5 minutes at 1500 rpm, +4 °C. 5 ml of cold 1X PBS-protease inhibitor cocktail (PBS-PIC)
mixture was added to the pellet for the washing step, pipetted until the pellet dispersed, and
then centrifuged at 1500 rpm at +4 °C for 5 minutes. The washing step was repeated. The
supernatant was withdrawn and cold lysis buffer solution containing 1 ml of protease inhibitor
cocktail was added to the pellet, pipetted until homogeneous, and incubated on ice for 5
minutes. Since the cells were taken from cell culture dishes on separate days, at this stage the
cells were stored in lysis buffer solution at -80 °C.

After our 5 experimental conditions were completed, all samples were removed from -80
°C and allowed to thaw on ice. After they were completely melted, pipetting was performed and
first, 50 pl of each sample that was not sonicated was taken and placed in separate 1.5 ml
microcentrifuge tubes and these samples were kept on ice. The remaining samples were
transferred separately to glass tubes suitable for sonication (Covaris, milliTUBE 1 ml

AFAFiber, #520130). Covaris S220 device was used for sonication (Table 7).

Table 7. Sonication Conditions for 5 different experimental conditions

Peak Power 140.0

Treatment Duty Factor 15.0 12 cycles
Cycles/Burst 200
Delay

After the sonication process, to check the sonication efficiency, 50 pl of samples were
taken from each of the 5 experimental groups and placed in separate microcentrifuge tubes and
centrifuged for 10 minutes at 14x103 rpm set at 4 °C. Supernatants were withdrawn from the
pellets and placed new tubes and kept on ice. The remaining samples were stored in sonication

tubes at +4 °C.
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Reverse of crosslink for input fraction

150 ul TE buffer was added onto 50 pl separated unsonicated and sonicated samples.
Then, 4 pl of 10mg/ml RNase A (final concentration 0.2mg/ml) was added and incubated at
37°C for 30 minutes. Next, SDS was added to a final concentration of 1%, NaCl to 100mM,
and Proteinase K to 200 pg/ml. It was incubated at 55°C for 2.5 hours and at 65 °C for overnight.
The next day, only sonicated samples were precipitated by centrifugation at the highest speed
for 10 minutes at RT, and the supernatants were transferred to new tubes. DNA elution was
performed from all sonicated and unsonicated samples using the Zymo DNA
Clean&Concentrator kit. To control, samples were run on 1.5% agarose gel.

An unsonicated sample was loaded on the last column, and as expected, uncut chromatin
of large sizes was also seen at the top of the agarose gel. The results of 5 sonicated experimental

samples have a smear image (Figure 9). After seeing that there was a smear, the

immunoprecipitation step was started.

Figure 9. Agarose gel image of ChIP samples before immunoprecipitation (IP). In the last
column, non-sonicated chromatin was loaded. After the chromatins of the 5 experimental
conditions were sonicated, they were loaded onto the agarose gel to see whether the sonication

was sufficient.
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Pre-blocking of the magnetic beads

After seeing the sonicated samples in the desired sizes according to the agarose gel image,
the magnetic beads were pre-blocked. 60 ul of Dynabead was used for each sample. Of this 60
ul Dynabead, 50 pl was used for immunoprecipitation and 10 pl was used for pre-clearing. First,
1 ml TE buffer solution was placed on 60 pl Dynabeadin for each sample and mixed by
inverting. It was placed on a magnetic stand, left on the stand for 1 minute, and the supernatant
was withdrawn and discarded without leaving the stand. This washing step was done 1 more
time. At the same time, 100 pl tRNA (10 pl tRNA for each 60 pul Dynabead) was taken into a
separate tube and denatured at 95 °C for 5 minutes. To each tube containing Dynabeads, 100 pl
TE buffer (100 ul TE buffer for each sample), 10 pl 10 mg/ml BSA and 10 pl denatured tRNA
were added and pipetted. Incubate for 2 hours at +4 °C, rotating and stirring to ensure that it
did not precipitate. After incubation, dynabeads were washed 3 times with TE buffer solution
using a magnetic stand. After the last wash, 60 pl of TE buffer solution for each sample was

placed on the beads and the solution including dynabeads was kept at +4 °C.

Immunoprecipitation (IP)

For each sonicated and unsonicated condition, chromatins were first precleared.

The samples in the sonication tubes were pipetted and transferred to microcentrifuge
tubes. As mentioned before, 10 pul of TE buffer solution + dynabead solution was added to each
sample. It was incubated with rotation at +4 °C for 1 hour. Then, the samples were placed on
the magnetic stand and the supernatants were transferred separately to 1.5 ml microcentrifuge
tubes. The purpose of this process is to remove chromatin fragments that do not bind to the
beads in the presence of antibody.

H3K4me3 antibody was added to each chromatin sample transferred to new tubes and
incubated with rotation at +4 °C overnight. The next day, 50 pl of pre-blocking dynabead
solution was added and incubated with rotation at +4 °C for 3 hours. After incubation,
supernatants were removed from bead + chromatin + antibody with the help of a magnetic
stand. And microcentrifuges were taken from the magnetic stand. Iml lysis solution containing
40 pl Protease inhibitor cocktail was added onto bead + chromatin + antibody, incubated for 5

minutes at RT with rotation, and the supernatant was removed with the help of a magnetic stand.
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This step was repeated. Then, the beads were washed with 1ml DOC buffer containing 40 pl
PIC and TE buffer containing 40 pl PIC, respectively, and the supernatant was removed each
time with the help of a magnetic stand. After these procedures, the beads were centrifuged at +
4 °C, 1000 g for 3 minutes to completely remove the liquid on the beads, and the remaining

liquid was completely removed with the help of a pipette.

Elution

To separate the chromatins from the beads, 100 pl of freshly prepared elution buffer was
added onto the pellet and incubated for 15 minutes at 1000 rpm at RT, vortexing every two to
three minutes. After incubation, it was centrifuged at 11000 rpm for 2 minutes. Supernatants
were taken in to new 1.5 ml microcentrifuge tubes. Elution steps were repeated for the same

beads. As a result, we had 200 pl of eluting solution for each sample.

Reversal of crosslink for IP

4 ul of 10 mg/ml RNAase A (last concentration of 0.2 mg/ml) was added to each 200 pl
sample and incubated at 37 °C for 30 minutes. Then, 4 ul of 0.5 M EDTA (last concentration of
10 mM), 8 ul of 1M Tris pH 6.5 (last concentration of 40 mM), 0.5 pul of 20 mg/ml Proteinase
K (last concentration of 50 pg/ml) were added. It was incubated at 55 °C for 2.5 hours and at
65 °C overnight. The next day, centrifugation was performed for 10 minutes at RT at the highest
speed and the supernatants were transferred to new tubes and DNA elution was made from the
samples using the ChIP DNA with Zymo Clean&Concentrator kit.

For ChIP-qPCR, qPCR was performed by diluting the DNA isolated from sonicated
samples at a ratio of 1:4, and as a control group, the DNA isolated from unsonicated samples
was diluted at a ratio of 1:20. Promega Go Tag qPCR mastermix was used when performing

qPCR for the regions we determined (Table 8).
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Table 8. Primer sets used in H3K4me3 ChIP-qPCR analyses.

Primer Name Forward primer sequences Reverse primer sequences
TERTp-1 CGTGTGCCCACGTGACGA CCCAGAGCTGAATGCAGTAGG
CCDC26-1 TTCTCAGAGCACAAACCTCCA TGTGCCTTTCCCATTGGCAT
CCDC26-2 ACAGATGGGAGAGTGGTCCT CACACATCCACTGGCCTAGA
CCDC26-3 CCACGGTAGTAGCAGCAATCT GCTGTGAGGGCTTTTGGAAT
CCDC26-4 CTCCTTAGCCCTCGTGGAAA  GAAAACCACAGTGCCAACACA
MYCP-1 TGTCCGGGGAGGAAAGAGTT CCGGACTTCCTAAAAGGGGC
MYCTRIM28 GATGTTTCAAGCAGCGGGTG @ TGTGTGTTTGGTGCACTCCT
ID1 GCTCCGCACTCTCATTCCAC CTGGCTGAAACAGAATGGGC

3.5.9.1.H3K27ac ChIP-qPCR analysis

The ChIP protocol is the same as the method applied for H3K4me3. H3K27ac antibody was

added to sonicated and unsonicated samples only during the Immunoprecipitation stage.

Agarose gel image of the sonication result for H3K27ac immunoprecipitation is in Figure 10.

Figure 10. Agarose gel image of ChIP samples before immunoprecipitation (IP)
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The results of 5 sonicated experimental samples have a smear image as expected (figiire

3.5). After seeing the smear, immunoprecipitation was performed with H3K27ac antibody.

Primers specifically designed for the regions selected in qPCR are given in Table 9.

Additionally, the contents of the buffers used when applying the ChIP protocol are given in

Table 10.

Table 9. Primer sets used in H3K27ac ChIP-qPCR analyzes

Primer Name

GSDMCS-1

MYCP-1

ID1
RS55705857-1

RS55705857-2

MYCTRIM28-2

ID1-2
MYCP-2

Forward primer sequences

GTAAGCAGTATTGCCCCAAC

TGTCCGGGGAGGAAAGAGT
T
GCTCCGCACTCTCATTCCAC
AAGGACTTGCTCAGAAGCC
G
TCCAAGGACTTGCTCAGAA
GC
GATACTGAGCCAGGACCCA
AG
TGGCTCCGCACTCTCATTC
TTTGTGCATGACCGCATTTC
C

Reverse primer sequences
TGGCTCGCTTAGTGTTGATTC
T
CCGGACTTCCTAAAAGGGGC

CTGGCTGAAACAGAATGGGC
TTTGTTTGCTGGCATGGTCC

AAAATGCCGGAAACCAGTCC

CCTATGGTGCTGCCTTCTCC

ATGATTCTTGGCGACTGGCT
ACTCTTTCCTCCCCGGACA
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Tablo 10. Contents and amounts of buffer solutions used when applying the ChIP protocol

Buffer Name Contents of Buffer
0.25 ml 20% SDS (final concantration 1%)
Elution Buffer  0.25 ml 1M NaHCOs (final concantration 100mM)
2 ml ddH,O

40 pl 1M Tris pH 8.0 (final concantration 10 mM)
1 ml 1M LiCl (final concantration 0.25 M)
20 pl NP-40 (final concantration 0.5%)

DOC Buffer (2 m] 10% DOC (final concantration 0.5%)
8 ul 0.5 M EDTA (final concantration 1 mM)
2732 ul ddH,0

25 ml 1M HEPES/KOH pH 7.5 (final concantration 50 mM
50 ml 5M NacCl (final concantration 500 mM)
1 ml 0.5 M EDTA (final concantration 1mM)
Lysis Buffer = 5 ml Triton X-100 (final concantration 1%)
5 ml 10% DOC (final concantration 0.1%)
2.5 ml 20% SDS (final concantration 0.1%)
411.5 ml ddH20
Note: protease inhibitdr coctail were added freshly

Protease 25X protease Inhibitors Coctail tablet
inhibitor coctail 2000 pl ddH20

3.5.10. Methylated DNA immunoprecipitation (MeDIP) and MeDIP-qPCR

4 ml 0.5 M EDTA was added to the NPC-alginate 3D cultures prepared for our 5 different
experimental conditions on their respective days and incubated for 5 minutes at RT and in a
hood. It was gently pipetted and transferred to 50 ml tubes. 10 ml DMEM/F-12 was added and
centrifuged for 5 minutes at 300 g. 15 ml of DMEM/F-12 medium was added to the pellet to
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wash it again and was carefully pipetted until the pellet dispersed. The cells were incubated in
a 50 ml conical tube at RT for 20 minutes to completely disperse the alginate hydrogel on the
cells. It was then centrifuged again for 5 minutes at 300 g. The supernatant on the pellet was
removed and DNA was isolated with the Qiagen DNA isolation kit.

For MeDIP protocol;

After DNA isolation, three 100 pl samples were prepared for each condition, with a DNA
concentration of 2000 ng in each tube.

Since 3 different antibodies will be used for each experimental condition, 3 of each
condition were prepared. Then, the DNAs were transferred to Bioruptor special tubes for
sonication. Additionally, at least 50 pl of each sample was reserved for the unsonice sample.

The protocol used in Bioruptor is given in Table 11.

Table 11. Sonication conditions used in the bioruptor used when applying the MeDIP

protocol

Bioruptor Protocol

Time on 30 sec

Time off 90 sec 8 cycles

The lid of the device was opened, the samples were spun and placed back into the
device.

Time on 30 sec

Time off 90 sec 4 cycles

After sonication was completed, sonicated and unsonicated 10 ul samples were taken
separately for each sample and run in 1% agarose gel at 90V until the 100 bp ladder was opened
(approximately 40 minutes).

After the agarose gel was visualized and it was seen that the sonication process was
successful, the samples were incubated at 95 °C for 10 minutes.

910 pl of 1X IP buffer was added to each 90 ul sample.

Since three different antibodies will be used, there are three 1000 pl sample + IP buffer
solutions, as stated at the beginning of the protocol.

Three different antibodies were used: IgG Mouse (Immunoglobulin G) (Control), 5-hmC
(5-Hydroxymethylcytosine) and 5-mC (5-methylcytosine). Approximately 2 pg of DNA was
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assumed in each tube. Antibody amounts used for each experimental condition; For IgG Mouse;
0.4 ul for hmC; 0.8 pl for mC; It is 0.4 pl.

After adding antibodies (3 separate reactions for each condition), they were incubated
overnight (16-18 hours) at 4 °C with a rotator speed of 12-18. The next day, first of all, Bead
preparation was made. 0.5 ml of bead (GE healthcare, protein A sepharose bead cl-4B) was
added to the 15 ml conical tube and RNase/DNase free water was added until the volume
reached to 14 ml. Inverted until the beads and water were mixed. It was centrifuged at 300 g
for 1 minute. The supernatant was discarded, 14 ml of nuclease free water was added, inverted
and mixed again, and then centrifuged. This washing process was repeated 5 times. After the
final wash, ChIP dilution buffer was added and mixed. As stated in the table, buffer containing
PIC, ssDNA, protein A and BSA was added to the Beads in the same amount as the ChIP
solution and stored at +4 °C.

Samples that were incubated overnight were taken and after the tip of the 200-gauge
pipette was cut (the pipette tip was cut because the bead solution was too dense), 40 pul of the
prepared bead solution was added. After the beads were added, they were incubated at 4 C for
2 hours with a rotator speed of 12-18 rpm. After incubation, it was centrifuged at 2000 rpm for
1 minute. The supernatant was discarded and 1 ml of 1X IP buffer was added to the pellet. It
was incubated at +4 °C for 5 minutes with a rotator speed of 12-18 rpm. After the beads were
mixed, they were centrifuged at 2000 rpm for 1 minute. The washing process was repeated 3
times with 1X IP buffer. 4 Washing was done with TE buffer. It was incubated at rotator speed
12-18 rpm, 5 minutes and +4 °C, and then centrifuged at 2000 rpm for 1 minute and the
supernatants on the beads were discarded. For each sample, 100ul of 10X chelex was added to
the remaining beads and incubated at 95 °C for 10 minutes. 2l proteinase K was added to the
samples and treated for 30 minutes at 55 °C. Then, proteinase K inactivation was performed by
incubating at 95 °C for 10 minutes. The samples were centrifuged at 17000 g for 2 minutes, and
the samples were placed separately in new 1.5 ml microcentrifuge tubes. 100 pl of nuclease-
free water was added to the pellet, washed and centrifuged. Supernatants were collected again
and added to the place collected in the previous step. In total, we received 200 pl of product for
each sample. The resulting samples of approximately 200 pl were passed through the RNA
violet column by centrifugation at 17x10%g for 2 minutes. Then, the supernatant part was
transferred to tubes. Some of the samples obtained were stored at -80 °C. Mastermix was

prepared for the genes to be controlled and qPCR was performed on the ABI7500Fast device.
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3.5.11. Cell cycle Analysis with PI

At least two hours before starting the protocol, 100% ethanol was placed at -20 C to cool.
PI staining was performed for our five different experimental groups (DAYO0_ Control-NPC,
DAY14 IDH1-WT NPC, DAY14 IDHI1-R132H NPC, DAY17 IDH1-WT _ NPC,
DAY17 IDH1-R132H NPC). For this study, cells were grown in 3D alginate culture for the
specified time and media in three different time periods. After 5 conditions were prepared, PI
staining was performed and a separate unstain (non-staining) was prepared for each 5
conditions.

EDTA was added to the plate containing NPC-Alginate beads. It was incubated for 5
minutes and the alginate was waited to dissolve. It was carefully pipetted to dissolve the
remaining alginate beads without damaging the cells. After the cells were separated from the
alginate, they were transferred to a 15 ml conical tube and centrifuged for 5 minutes at 300 g.
To completely remove alginate, the cells were washed once with DMEM/F-12 and centrifuged
for 5 minutes at 500 g. The supernatant was removed and each condition was dissolved in cold
1X PBS until a homogeneous mixture was obtained, and 4 ml of 100% cold ethanol was added
and mixed by pipetting very gently. Fixed cells were stored in falcons at -20 °C for at least 1
night. When 1 set (five different experimental groups) was completed, the fixed cells stored at
-20 °C were precipitated by centrifugation at 500g, 4 °C for 5 minutes, and the supernatants
were aspirated. All pellets were resuspended individually by pipetting in 70 ul of PI solution
(final concentrations of 50 pg/ml PI, 0.05% TritonX-100 in 1X PBS and 0.1 mg/ml RNase A).
They were incubated for 40 minutes at 37 °C by vortexing every 10 minutes. PI solution was
not added to the unstained condition. Only 1X PBS was added and incubated. Then,
centrifugation was performed at 500 g, 4 °C for 5 minutes. Each sample was dissolved in 100
ul FACS Sheat and then passed through the mesh and transferred to a polystyrene tube.
Analyzes were performed on a flow cytometer and cell cycle analyzes were performed using

FlowJo software. Three independent experiments were set up for each condition.
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3.5.12. Repression of MYC and ID1 genes with the dCas9-KRAB CRISPR tool

3.5.12.1.

Cloning of gRNA sequences designed according to MYC and ID1 separately

into the plasmid pLV hU6-sgRNA hUbC-dCas9-KRAB-T2a-GFP

The sequences of gRNAs, sense and anti-sense oligos designed for MYC and IDI

promoters using the Benchling program are given in Table 12. 7 different gRNAs were designed

for the MYC promoter. Two different gRNAs were designed for the ID1 promoter.

Table 12. Sequences of gRNA sense and antisense oligos designed for MYC and ID1

promoters.
Primer Sense Oligo Antisense Oligo
Name
MYC- CACCGCCAGCGTCTAAGCAGCTG AAACTGCAGCTGCTTAGACGC
gRNA1 CA TGGC
MYC- CACCGCCTTGCAGCTGCTTAGACG AAACGCGTCTAAGCAGCTGCA
gRNA2 C AGGC
MYC- CACCGAGCGGGTCCTGGCAGCGG AAACCGCCGCTGCCAGGACC
gRNA3 CG CGCTC
MYC- CACCGGGAGCAAACAAATCATGT AAACCACATGATTTGTTTGCT
gRNA4 G CCC
MYC- CACCGATTTGTCTCTTCTGAAACC AAACGGTTTCAGAAGAGACA
gRNAS AATC
MYC- CACCGAGTTCCCAATTTCTCAGCC AAACGGCTGAGAAATTGGGA
gRNA6 ACTC
MYC- CACCGAGAAATTGGGAACTCCGT AAACACACGGAGTTCCCAATT
gRNA7 GT TCTC
ID1- CACCGGCGACTGGCTGAAACAGA AAACTTCTGTTTCAGCCAGTC
gRNAL GCC
ID1- CACCGAGAATCATGAAAGTCGCC  AAACCTGGCGACTTTCATGAT
gRNA2  AG TCTC
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Hybridization and Phosphorylation of gRNA sense and anti-sense Oligos

Sense and antisense oligos for gRNA were hybridized and phosphorylated. Reaction

content and conditions are given in Table 13. pLV hU6-sgRNA cut with BsmBI cutting enzyme
was diluted 1:200 using ddH2O for use in cloning into the hUbC-dCas9-KRAB-T2a-GFP

plasmid. Separate annealing protocols were applied for all gRNA sense and anti-sense oligos

given in Table 12.

Table 13. Hybridization and phosphorylation reaction conditions and contents of sense and

antisense oligos

Compotents Volume
100 uM sense gRNA oligo 1 ul
100 pM anti-sense gRNA oligo 1 pl
T4 ligase buffer 1 ul
T4 Polynucleotide Kinase (PNK) 0.5l
ddH>O 6.5 ul

Reaction condition

37 °C, 30 min.;
95 °C, 5 min;
Then, it was reduced to 25 °C at

a rate of 5 °C per minute.

3.5.12.2. Restriction and Dephosphorylation of pLV hU6-sgRNA hUbC-dCas9
KRAB-T2a-GFP plasmid with BsmBI Restriction Enzyme

To cut and dephosphorylate this -dCas9-KRAB plasmid, the reaction context and

conditions specified in Table 14 were established.

Table 14. Program and reaction content used to cut and dephosphorylate the pLV hU6-

sgRNA hUbC-dCas9-KRAB-T2a-GFP plasmid

Competent Volume
pLV hU6-sgRNA hUbC-dCas9-KRAB- 1 pg
T2a-GFP plasmid

BsmBI-v2 Restriction Enzyme 1 ul
NEB r3.1 5ul
ddH20 to 50 ul

Calf Intestinal Alkaline Phosphatase 1 ul
(Quick CIP)

Reaction condition

Incubated at 37 °C for 2 hours

It was incubated at 80 °C for 20
minutes for enzyme inactivation.

20 minutes incubation at 37 C + 2
minutes incubation at 80 °C
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Then, this -dCas9-KRAB plasmid, cut with Bbsl and dephosphorylated with CIP, was run
on 1% agarose gel and isolated from the gel for use in subsequent steps (Figure 11). Monarch
DNA Gel Extraction kit (NEB, # T1020S) was used for isolation from agarose gel. (Figure 3.6).

After measuring its concentration with a nanodrop, it was stored at -20 C.

1kb pLV hU6-sgRNA hUbC-
ladder dCas9-KRAB-T2a-GFP

14960 bp_ < —

Figure 11. Cutting the pLV hU6- sgRNA hUbC-dCas9-KRAB-T2a-GFP plasmid with BsmBI
restriction enzyme and running on agarose gel after treatment with Calf Intestinal Alkaline

Phosphatase.

3.5.12.3. Ligation and Transformation of Hybridized Oligos with pLV hU6-sgRNA
hUbC-dCas9-KRAB-T2a-GFP plasmid

The ligation reaction given below was set up with each hybridized gRNA separately

(Table 15). In addition, control ligation was performed. When setting up the control ligation

reaction, 1 pl of water is present instead of hybridized oligos.
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Table 15. Reaction conditions for ligation of cut pLV hU6-sgRNA hUbC-dCas9-KRAB-T2a-
GFP and each gRNA

Components Volume Reaction condition
100ng/pul cut pLV hU6-sgRNA hUbC-dCas9- 100 ng
KRAB-T2a-GFP It was incubated for 2 hours at
hybridized and phosphorylated oligos (gRNA) 1 pl
(1:200) room temperature and then at
T4 Ligation Buffer 2 ul 65 °C for 10 minutes for T4
T4 DNA Ligase 1l ligase inactivation.
ddH,O To 20 pl

Nine reaction mixtures and negative control grup were incubated at 25°C for 2 hours, and

the ligation products were transformed into E.coli DH5a separately.

Transformation

E.Coli DHS-alpha competent bacteria stored at -80 C were placed on ice to thaw slowly.
The prepared ligation products were also placed on ice. For each ligation product, 100 pl of
bacteria and 10 pl of ligation product were added to microcentrifuge tube and pipetted. After
incubation on ice for 20 minutes, it was kept at 42 °C for 1 minute for heatshock and then kept
on ice for 2 minutes. After the heatshock process, 900 pl of antibiotic-free LB-Broth was added
and incubated with shaking for 30 minutes at 37 °C. They were then centrifuged at 1x10* rpm
for 1 minute at RT. The remaining supernatant was removed with the help of a pipette, leaving
80-100 pl of liquid on the pellet. They were pipetted using a 200 pl pipette and planted on a
pre-warmed LB-Agar plate with ampicillin. Then, they were incubated at 37 °C for 16 hours.

The next day, the number of colonies on the plates containing the gRNA cloning plasmids
was compared with the number of colonies in the control group. Since more colonies were seen
on other plates compared to the control group, the insertion of gRNAs into the plasmid was

checked.
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Control of Insertion of gRNAs into the Plasmid

Colony PCR was performed to check the insertion of gRNAs into the plasmid. First, the

PCR reaction was prepared on ice as stated in Table 16.

Table 16. PCR Reaction condition to control insertion of gRNA

Components Volume Reaction Condition

5X Q5 Reaction Buffer 5ul After dropping it into the bacteria with the
10mM dNTPs 0.5l help of a 10 pl pipette tip;

anti-sense oligo 0.5 ul Initial Denaturation 98°C, 30 sec.

hU6 forward primer 0.5 ul 98°C, 10 sec.

5X Q5 high GC enhancer 5l Synthesis cycles 60°C, 20 sec. }35
Q5 High-Fidelity DNA 0.25 pl ' . 72°C, 20 sec.
Polymerase Final extention 72°C, 2 min.
Nuclease-Free Water 13.75 pl +4°C,

After bacterial transfer from the colonies selected for PCR was completed, the PCR
reaction was set up in the Thermocycler using the reaction conditions shown in Table 16.

After the PCR was finished, it was run on a 1% agarose gel at 80 V and checked with the
BIO-RAD Gel Doc XR device.

100bp  MYC MYC MYC MYC MYC MYC MYC D1 ID1
ladder  gRNA1 gRNA2 gRNA3 gRNA4 gRNAS gRNA6 gRNA7  gRNA1  BRNA2

om—

~270bp

Figiire 12. Control PCR of insertion of sequences of MYC and ID1 promoter specific gRNAs

into the plasmid.
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After the agarose gel results showed that the gRNAs were cloned (Figure 12), a single
colony that was observed to be positive for each gRNA was selected and confirmed by Sanger

sequencing.

3.5.12.4. Control of Designed gRNAs in HEK293T Cells

After the gRNAs designed for MYC and ID1 were cloned separately into the -dCas9-
KRAB plasmid, HEK 293T cells were first transfected to see the efficiency of the gRNAs.
100,000 HEK293T cells were seeded in each well of the 12-well plate with High Glucose
medium, ensuring homogeneous distribution. Cells were incubated for 1 day. The next day,
after checking under the microscope whether it spread homogeneously or not, the plasmids
were transfected into the cells. Transfection conditions are given in Table 17. Each plasmid with

individual gRNAs was transfected under the same conditions.

Table 17. Transfection condition for all gRNA cloned cut pLV hU6-sgRNA hUbC-dCas9-
KRAB-T2a-GFP plasmids

1 pg plasmid

1.5 pl Transfection reagent (Fugene)
Transfection solution To 50 pl with serum free DMEM High

Glucose

The transfection solution was incubated in the tube at room temperature for 30 minutes.

Then, 50 pl of transfection solution containing the plasmid with different gRNA was
added dropwise to each well and incubated for 24 hours. Transfection solution prepared with
gRNA non-cloned (Empty) plasmid was added to one well as a control group. After 24 hours,
the medium on the cells was changed. 72 hours after transfection, the media on the cells were
withdrawn and cells were removed with trypsin. Medium was added, trypsin was inactivated.
After the cells were centrifuged at 1400 rpm for 2 minutes, the RNA isolation step from the
cells was started. MN Nucleospin RNA kit was used for RNA isolation. Then, cDNA was
produced from RNAs using the Firs strand cDNA kit. Promega GoTaq SYBER kit was used for

RT-gPCR. Samples were prepared using the own protocols of all kits used. Primers designed
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for MYC and ID1 were used when preparing samples for RT-qPCR. The most effective gRNAs
designed to reduce MYC and ID1 expression were determined according to RT-qPCR results.
NPCs were transfected with plasmids containing these selected gRNAs.

3.5.12.5. Nucleofection

When the NPCs in the 10 cm plate, whose medium was changed every day, reached 80-
90% density, 6 wells of the 24-well plate were covered with matrigel. Cells were removed with
accutase. 6 ml of DMEM/F-12 medium was added onto the shielded cells and gently pipetted.
Then the cells were placed in a conical tube. Before centrifugation, cells were counted with the
help of a hemocytometer using tryphan blue. Three separate nucleofection reactions were
established. The solutions used for each reaction, the amount of cells and the program used in
the nucleofector are given in Table 18. P3 primary cell 4D- Nucleofector X Kit was used for

nucleofection.

Table 18. Reaction content and program used for nucleofection of pLV hU6-sgRNA hUbC-
dCas9-KRAB-T2a-GFP plasmids to silence MYC and/or ID1 genes in NPCs

1% Nucleofection 2" Nucleofection 34 Nucleofection
Cells 7x10° 7 x 103 7 x 103
Plasmid DNA lpg pLV hU6-MYC-  1pg pLV hU6-ID1-  1pug pLV hU6-MYC-
sgRNA hUbC- sgRNA hUbC- sgRNA hUbC-
dCas9-KRAB-T2a-  dCas9-KRAB-T2a-  dCas9-KRAB-T2a-
GFP GFP GFP
+
1pg pLV hU6-ID1-
sgRNA hUbC-

P3 Primary Cell
4D-Nucleofector X
Solution

Program

100pl

CB-150

100pl

CB-150

dCas9-KRAB-T2a-
GFP
100pl

CB-150

57



Nucleofected cells in each condition were pipetted with 1 ml of Neural Progenitor Basal

medium containing ROCK inhibitor at 37 °C and planted in two wells of 24-well as 500 pl and

incubated at 37 °C, 5% COx. 24 hours after nucleofection, the medium was replaced with fresh

Neural Progenitor basal medium. 72 hours after nucleofection, cells were removed with the

help of accutase.

3.5.12.6. Neurosphere Formation

At 72 hours after nucleofection, 3 different nucleofection cells and untreated NPCs were

removed with accutase. Each condition was seeded with an equal number of cells into 3 wells

of a 6-well low attachment plate. 3 different media were prepared. Its contents and the way it is

applied to the media and cells are shown in Figure 13.
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Figure 13. Visualization of experimental setups set up when creating neurospheres. Creating

neurospheres with non-nucleofected NPCs, ID1 repressed NPCs, MYC repressed NPCs, and

MYC and ID1 co-repressed NPCs with different media.

EGF and bFGF were added to Neural Progenitor Medium, IHA-IDH1-WT and IHA-

IDH1-R132H conditioned media with a last concentration of 20 ng/ml. The given media and

seeded cells are shown in Figure 13. 500 pl of fresh medium was added every day. After 8 days,

neurospheres were taken from 12 different conditions and IF staining was performed.
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3.5.12.7. Immunoflurescence Staining for NPC neurospheres

Immunofluorescence stainings were performed separately for 12 different neurosphere
cultures. Neurospheres were transferred to separate wells of a 12-well plate using a pasteur
pipette. The plate was left unmoved for 3 minutes to allow the neurospheres to settle by gravity.
The immunofluorescence staining method is described in detail above. It is briefly explained in
this section. Then, the plates were tilted slightly and the culture medium was cautiously
removed using a 200 pl pipette. Washing with 1X PBS and gravity settling for 3 min was
repeated three times. Although PBS was carefully withdrawn with the help of a pipette, the PBS
taken with the pipette was placed in a clean well to prevent possible neurosphere loss, and the
neurospheres taken by mistake were transferred back to their own wells. The first washings
were done by looking at them under a microscope. After washing with 1X PBS, it was fixed by
incubating with 4% PFA (paraformaldehyde) in a dark environment. The fixative was removed
from the neurospheres again with the help of a pipette and washed 3 times with 1X PBS by
gently mixing for 5 minutes and allowing the neurospheres to settle by gravity for 3 minutes.
After the washing process, the permeabilization step was started. After incubation with PBS
containing 0.1% triton-X for 10 minutes at RT, it was washed 3 times with 1X PBS. In the
blocking step, T-PBS (PBS containinga0.1% Tween-20) containing 1% BSA was added onto
the neurospheres and incubated with shaking at RT for 1 hour. After the blocking solution was
removed from the medium, fresh blocking solution containing primary antibodies (Pax6, Cell
Signalling, Cat#60433 at a concentration of 1:150; Nestin, Cell Signalling, Cat#33475 at a
concentration of 1:2000) was added to the neurospheres and incubated with shaking at RT for
2 hours. Then, neurospheres were washed 3 times with 1X PBS and fresh blocking solution
containing secondary antibodies (Goat Anti Rabbit [gG H&L Alexa Flour 555 at a concentration
of 1:1000 and Goat Anti Mouse IgG H&L Alexa Flour 488 at a concentration of 1:1000) was
applied to the neurospheres. was added and incubated for 1 hour in the dark at RT with shaking.
After incubation, neurospheres were washed 2 times with 1X PBS. In last wash, Hoechst dye
was added at a ratio of 1:1000 into 1X PBS solution and incubated for 5 minutes in the dark
with slow shaking. Then, the neurospheres were carefully removed with the help of a pasteur
pipette and transferred to glass-bottomed 35 mm cell culture dishes, and when covered with a
coverslip, mounting media was added so that there was no gap left and covered with a coverslip.

It was stored in the dark at +4 °C until imaging with confocal microscopy.
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4. RESULTS

4.1.Generation and Characterization of hiPSC-derived hNPCs

Human induced pluripotent stem cells (hiPSCs) were differentiated into Neural
Progenitor Cells (NPCs) by using “Generation and Culture of Neural Progenitor Cells using the
Stemdiff™ Neural System” Monolayer Culture protocol (Figure 4.1). STEMdiff Neural
Induction Medium + SMADi was used to generate NPCs from hiPSCs. Dual SMAD inhibition
plays an effective role in the transformation of hiPSCs into CNS-type NPCs by preventing
undesirable differentiation such as non-CNS-type cells. After differentiation using Neural
Induction medium in the presence of SMADI, optimized Neural Progenitor medium was used

to propagate the generated NPCs (Figure 14).

Day 6-9

Day 0 . Day 12-15 Day 18-21
Plate Single Cells Single-Cell NPCs P Fererrad Subsequent Passages
Passage 1
EEEEEEEEEEEEEEER I I I 1
| | |
mTeSR 1 > | STEMJiff Neural Induction Medium +SMADi > | STEM(iff Neural Progenitor Medium >
—> —> —> —>
Human Induced Pluripotent Stem Neural Progenitor Cells
Cell (iPSC) colony (NPCs)

Figure 14. Schematic illustration for Monolayer Culture Protocol to differentiate from hiPSC

to NPCs

To observe morphological changes during the differentiation, images were taken with the
help of light microscope at regular intervals. These images show clearly distinct morphological

differences between HiPSCs and hiPSC-derived NPCs (Figure 15).

60



hiPSCs

NPCs

Figure 15. Images of hiPSC Colony and NPCs. Images were taken at 4X, 10X, 20X and 40X
magnifications for both the iPSC colony and NPCs, respectively

Immunofluorescent staining was performed to characterize the hiPSC used for
differentiation and the hiPSC-derived NPCs. The markers used when performing IF are OCT4,
SOX1, SOX2, PAX6 and NESTIN. Octamer binding transcription factor 4 (OCT4), also called
as OCT3 or OCT3/4, is a member of the POU- domain transcription factor family and is
encoded by the Pou5fl gene. OCT4 has critical roles in the induction of pluripotency in both
mouse and human somatic cells, maintenance of pluripotency state, as well as self-renewal of
ESCs and CSCs (Mohiuddin et al., 2020; S. Zhang, 2014). Nestin, the neuroepithelial stem cell
protein, is a Class VI intermediate filament protein and a marker of embryonic and adult CNS
stem/progenitor cells (Lendahl et al., 1990; Morshead et al., 1071; Reynolds1992-2, n.d.).
NESTIN is expressed in various tissues such as developing myotomes, hair follicle, testis, heart,
as well as stem and progenitor cells (Amoh et al., 2005; Jiang et al., 2014; Kachinsky et al.,
1995; Zimmerman et al., 1994). In addition, it is known to be expressed in various types of
malignant cancers such as glioma, neuroblastoma, osteosarcoma, melanoma, prostate and
pancreatic cancers and to have roles in pathogenesis (Krupkova et al., 2010). Nestin, which is
also used as an invasive phenotype marker, has been shown to be associated with angiogenesis
in malignancies, infiltration in glioblastoma, and dissemination of epithelial and non-epithelial
tumors (Chung et al., 2013; Ishiwata et al., 2011; Matsuda et al., 2013). SOX1 (sex determining
region box 1) and SOX2 (transcription factor), known to have important roles in cancers and
embryogenesis, are members of SOXB1, a subgroup of the Sex determining region Y (SRY)
superfamily group (Archer et al., 2011; Grimm et al., 2020; Miyagi et al., 2009). SOX1, one of
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the genes involved in protecting the cell line from differentiation, is defined as a stem cell
marker. It also has an essential role in the renewal and survival of neurons and NSCs (Kanwore
etal., 2021; M. Li et al., 2016). Transcription factor SOX2 has a critical role in maintaining the
pluripotency of stem cells. In addition, it is a critical transcription factor in initiation of neural
induction by preserving neural progenitor stem cell properties (S. Zhang, 2014) . Additionally,
SOX1 and SOX2 have been showen to have roles in glioma stem cell invasion, migration and
proliferation (Garcia et al., 2017; Grimm et al., 2020; Weina & Utikal, 2014). Paired box 6
(PAX6) have critic roles in the development of the eye, nervous system and pancreas (lan
Simpson & Price, 2002). Furthermore, PAX6 is important for regulating multipotency,
proliferation and neurogenesis of NSCs (Sansom et al., 2009).

While the reason for the characterization for hIPSCs was to check whether they were still
pluripotent, the reason for the characterization for NPCs was to see whether the cells
differentiated from hiPSCs corresponded to NPC. To see the pluripotency of hiPCSCs, the
immunofluorescence staining was performed with the pluripotency marker OCT4 and a strong
OCT4 signal was seen in all cells. After checking the pluripotency of the hIPSCs we used, the
differentiation process was initiated and the differentiated cells were stained with
neuroectodermal stem cell markers PAX6, NESTIN, SOX1 and SOX2, as well as OCT4. The
reason for staining with OCT4 is to see whether there are any cells remaining undifferentiated.
It was observed that most of the cells differentiated from iPSCs were stained positively with
neuroectodermal stem cell markers and not with OCT4 as expected. The stainings showed that

the majority of hiPSCs successfully differentiated into NPCs (Figure 16).
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HOECHST

NESTIN

Figure 16. Immunofluorescence staining performed for characterization of hiPSCs and hiPSC-
derived NPCs. A. Staining of OCT4, a pluripotency marker, was performed in hiPSCs. Scale
bar: 50 um. Immunofluorescence staining for SOX2, SOX1, PAX6, Nestin, and OCT4 was
performed in B. hiPSC-derived NPCs. Three different co-stains were performed for NPCs. one;
Nestin (Green), SOX1 (Red) and Hoechst (Blue). 2; Nestin (Green), SOX2 (Red) and Hoechst
(Blue). 3; OCT4 (Green), PAX6 (Red) and Hoechst (Blue). Hoechst 33258 was used for nucleus

staining. Scale bar: 20 um.
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4.2.The effects of 3D alginate culture of expansion and maintenance of NPCs

NPCs removed from the plate with Accutase were distributed homogeneously in 1%
alginate-Neural progenitor medium and encapsulated into alginate hydrogel sphere-like beads
with CaCly. Alginate, which has an easily gelling and easily soluble structure, is widely used in
the creation of 3D cell culture models due to its advantageous properties such as its suitability
for waste and nutrient diffusion and also allowing easy observation of cells with a microscope
(Andersen et al., 2015; N. Wang et al., 2009). It is important that a 3-dimensional culture
medium created with alginate provides mechanical stability, flexibility and allows nutrient
diffusion (Saha et al., 2008; N. Wang et al., 2009). The low Alginate concentration in the created
three-dimensional environment ensures that the pore sizes of the alginate beads are large. As a
result, alginate beads with a weak structure were formed and were observed to be unable to
maintain their integrity during long-term culture. At the same time, it has been reported that
embryonic stem cell (ESC) proliferation is inhibited in 2% 3D alginate culture, while 1%
alginate medium is the most suitable beads for ESC growth (N. Wang et al., 2009). Therefore,
a three-dimensional alginate culture was created at 1% concentration to preserve the viability
and proliferation of Neural Progenitor cells. 3 different time points and 5 different experimental
conditions were chosen to see the effect of IDH1-R132H and whether its effect disappeared.

Alginate beads formed with NPCs on day 0 were incubated in Neural Progenitor medium
at 37 °C, 5% CO; for 24 hours (Figure 3A). On day 14, two different experimental conditions
were established; the first was cultured with IHA-IDH1-WT medium for 14 days. This medium
was collected from immortalized human astrocytes (IHAs) and is a medium that inducibly
expresses IDH1-WT. The second one was cultured with IHA-IDH1-R132H medium for 14
days. This medium was collected from immortalized human astrocytes (IHAs) producing
mutant IDH1 and is a medium that inducibly expresses mutant IDH1. On day 17, we had two
experimental groups: First, IHA-IDH1-WT medium was removed from NPC-Alginate beads
on day 14 and Neural Progenitor medium was added and incubated with Neural Progenitor
medium for three days (until day 17), second, IHA-IDH1-R132H conditioned medium was
removed from NPC-Alginate beads on day 14 and Neural Progenitor medium was added and
NPC-alginate beads were cultured with Neural Progenitor medium for 3 days (until day 17).

On day 0, alginate beads were visualized by confocal microscopy and light microscopy.

NPC-alginate beads were transparent and shiny (Figure 17A and 17B). No degradation of NPC-
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alginate beads was observed on day 0. However, it was observed that the structure of NPC-
alginate beads treated with IHA-IDHI-WT and IHA-IDH1-R132H media was disrupted on the
14th day. In addition, surprisingly, it was observed that the NPCs inside the alginate beads
managed to continue to proliferate and form an aggregate. When the 17th day groups were
examined, a transparent and bright 3D environment was not seen and more deterioration was
observed in the alginate beads. Again, surprisingly, the number of cells increased day by day
and cell clusters were observed. These cells clusters are the most important reason for the
blurriness in the light microscope image. On the other hand, in a striking detail, it was observed
in the 14" and 17" day groups that the structure of the alginate beads was deteriorating day by
day and therefore the cells escaped from the beads (Figure 17B).

NPC-IDH1_WT-Day 17 NPC-IDH1_R132H-DAY 17

Figure 17. 3D culture of alginate beads prepared with hNPCs. A. Confocal microscope images
after incubation of alginate-based 3D NPC culture in Neural progenitor medium for 1 day. Scale
Bars: 500 pum. B. light microscope images of Alginate-based 3D NPC cultures on day 0
(incubated in NPC medium for one day), day 14 (incubated in IHA-IDH1-WT or IHA-IDH1-
R132H conditioned medium for 14 days) and day 17 (they were first incubated in IHA-IDH1-
WT and IHA-IDH1-R132H conditioned medium for 14 days, then in Neural Progenitor

medium for three days). Scale Bar: 1 mm.
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4.2.1. Effect of 3D culture prepared with alginate on cell viability, cell cycle and
differentiation of NPCs.

Cell viability measurement with Calcein AM/PI staining

Calcein-AM/PI staining was applied to examine the short- and long-term viability and
mortality rates of NPCs kept in 3D culture prepared with alginate and given IHA -IDH1-WT
and IHA-IDH1-R132H conditioned medium by changing the medium at different times.
Calcein AM (green) marks live cells, while PI (red) dye marks dead cells. Live and dying/dead
cells were visualized by Calcein AM/PI staining (Figure 18).

Live & Dead
Cells

Live Cells Dead Cells

 NPC_Control_Day0

NPC_IDH1-WT_Day14

® NPC_IDH1-R132H_Day14

NPC_IDH1-WT_Day17

NPC_IDH1-R132H_Day17

Figure 18. LIVE/DEAD imaging of Neural Progenitor cells stained with Calcein-AM/PI in
three-dimensional alginate beads was performed with a confocal microscope. In the images,
live cells were signed Calcein-AM (green) and dead cells were signed with PI (red). Scale

bar:100pum

When we look at the live/dead staining of our 5 different experimental conditions, it is

seen that on NPC_ Control Day 0 the cells appear as single cells, do not form aggregates yet,
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and the number of dead cells is very low. When looking at the day 14 experimental conditions,
interestingly, it was observed that there were more living cells in the NPC _IDH1-R132H_Day
14 condition than in the WT. Again, the dead cell rate is quite low under the 14th day conditions.
When comparing the day 17 conditions, more cells are seen in the NPC_IDH1-R132H Day 17
condition, which was exposed to the IHA-IDH1-R132H conditioned medium for 14 days. At
the same time, on day 17, residual cells formed aggregates within the alginate beads (Figure

18).

Immunoflurescence Staining results of NPCs isolated from alginate beads

Immunoflurescence staining was performed for our 5 different experimental conditions.
No images could be obtained for the 17th day conditions. 1 day after seeding on Matrigel-coated
glass-bottomed plates, the cells could not bind to the plate. This may be an indication that the
cells have changed morphologically. Our results supporting this conclusion are interesting.
When we look at the SOX1, NESTIN and PAX6 staining of NPC cells isolated from NPC-
alginate Beads in the NPC_Control Day 0 condition, it is observed that the cells express these
markers. But when we look at the cells isolated from NPC-alginate beads of both conditions on
the 14th day, it is seen that the expression of SOX1 and PAX6 is greatly reduced. It was
observed that PAX6 expression was almost absent, especially in the NPC_IDH1-WT Day 14
condition, and SOX1 expression was almost absent in the NPC IDHI-R132H Day 14

condition (Figure 19).

NPC_Control_Day0

NPC_IDH1-R132H_Day14

Figure 19. Immunoflurescence staining of NPCs isolated from 3D alginate cultures. Scale bar:

10pum
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Cell Cycle Analysis with PI Staining

Seeing the distribution of different stages of the cell cycle and assessing the change in
cell quantity is critical step to examine variations in cell growth, aging and apoptosis due to
various factors (Malumbres & Barbacid, 2009). Many flow cytometry methods such as
Propidium Iodide (PI) staining are available to measure the percentage of different stages of the
cell cycle. PL, an intercalator dye, binds to DNA by entering between the bases in the DNA raft
and allows measuring DNA content at different phases in the cell cycle. With PI staining, cells
are divided into GO/G1 (2n), S (2n 4n) and G2/M (4n) phases, thus determining the current state
of the cell cycle (Khurana et al., 2019).

Cell cycle analysis showed that cell cycle slowing occurred in the G2/M phase in cells
maintained in 3D alginate culture and treated with different media. In particular, it was observed
that the division of cells in NPC-alginate beads exposed to IHA-IDHI1-R132H conditioned
medium was extremely slow. Although there is a decrease in the proliferation of cells
maintained in [HA-IDH1-WT medium on the 14th day compared to the control group, it is
observed that the division rate is quite high compared to other conditions. It is thought that
IHA-IDH1-R132H medium significantly reduces the cell cycle rate due to 2-HG. The reasons
for these decreases in the division rate include the deterioration of the alginate bead structure
over time and the slight damage to the NPC-alginate beads when the medium is changed at time

points (Figure 20).
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Figure 20. Cell cycle analysis by propidium iodide (PI) staining. In flow cytometry, 10000 cells

were counted for each condition and 3 sets were prepared for each condition at different times.
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4.3. Gene expression profiles of NPCs in different conditioned media in 3D alginate

culture

4.3.1. RT-qPCR Results

Studies with the Mesenchme Homeobox 2 (MEOX2) have been shown to be effective in
the malignancy and clinical prediction of hepatocarcinomas and lung cancer. Furthermore, it is
known that the highest MEOX2 expression is observed in IDH1 aggressive type gliomas.
Previous studies (Turcan et al., 2018), have shown that MEOX2 expression was permanently
suppressed due to IDHI-R132H expression. As expected, MEOX2 expression was observed to
be suppressed more strongly compared to the wild type as a result of treatment with IHA-IDH1-
R132H medium in NPCs cultured in 3D medium prepared with alginate. In addition, MEOX2
expression level continued to decrease even 3 days after [HA-IDH1-R132 conditioned medium
was replaced with Neural progenitor medium. The possible reason for the suppression in cells
treated with IHA-IDH1-WT medium for 14 days can be interpreted as being related to the
transition from Neural progenitor medium to astrocyte medium (Figure 21A).

JMIJD2A (Jumonji domain containing 2A) belongs to a family of conserved Jmjc domain-
containing proteins, which in turn are part of the Jmjc domain histone demethylase superfamily.

JmJC domain-containing histone lysine demethylases (KDMs:JMJD2A/2C etc.) and 5-
methylcytosine hydroxylase (TET) are several enzymes that use a-KG as co-substrate and play
a essential role in establishing and preservation epigenetic landscapes. In IDH mutant cells, it
is targeted by D-2HG (Madala et al. 2018) and histone demethylases are inhibited by D-2HG
(Matthew et al. 2015). In addition to reported genes, when we examined the expression of the
JMID2A gene, which is from the Jumonji domain family and encodes a protein that is inhibited
by 2-HG, we observed an increase in both NPC_IDH1-WT and NPC IDH1-R132H conditions
on day 14. However, the disappearance of this effect on the 3rd day (day 17) of replacing the
conditioned media with Neural progenitor medium indicates that JMJD2A was temporarily
induced, and after removal of the IDH1-R132H THA medium, its expression levels decreased
to the same level as the wild-type IHA medium (Figure 21B).

It has been shown that the expression of LICAM (L1 cell adhesion molecule) continues
to increase after permanent removal of doxycycline by IDH1-R132H, independently of IDH1-
R132H (Turcan et al., 2018). LICAM, which plays a role in normal brain development, is a
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neural cell adhesion molecule. It is overexpressed in gliomas and especially in glioma stem
cells. However, we found that LICAM was suppressed by IDH1-R132H IHA medium in
alginate-embedded NPCs exposed to IHA-IDH1-R132H and IHA-IDHI-WT conditioned
medium, in contrast to previously reported observations, and that this suppression was
persistent (Figure 21C).

While TERT expression decreased excessively in NPCs exposed to IHA-WT medium on
day 14, it was observed to increase compared to the WT and control groups as a result of
exposure to IHA-R132H medium. Moreover, after replacing the IHA-IDH1-WT and IHA-
IDH1-R132H conditioned media with Neural progenitor medium on day 14 and maintaining
the cells with Neural progenitor medium for 3 days, TERT expression returned in NPCs exposed
to IHA-IDHI1-WT medium, TERT expression continued to increase in NPCs exposed to IHA-
IDH1-R132H medium (Figure 21D). These results, when examined in the light of the literature,
provide important clues regarding the induction of TERT expression by the IDHI-R132H
mutation. Ohba et al. They reported that when they achieved stable IDH1-R132H expression in
p53/pRb-KO E6E7-expressing normal human astrocytes, these cells were able to escape
replicative senescence, whereas isogenic cells expressing IDH-WT could not (Ohba et al.
2016). Interestingly, researchers reported that IDH1-R132H induced TERT expression up to 40-
fold, but this induction was observed only in NHAs that could recover from senescence-induced
crisis and not in pre-crisis cells (Ohba et al., 2016). The fact that we were able to see this
induction, albeit much weaker, in completely healthy (genetically wild-type) NPCs may be
explained in two different ways: 1) NPCs more realistically mimic the onset of glioma 2) NPCs
are genetically distinct from p53/pRb-KO E6E7 NHAs. It can also be explained by the fact that

they are small and exist in a 3-dimensional culture environment.
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Figure 21. Graphs of the expression levels of L1-CAM, JMJD2A, TERT, TET1 and MEOX2
genes in 5 different experimental conditions. A) MEOX2 B) JMID2A, C) L1-CAM, and D)
TERT mRNA levels were measured by RT-qPCR in NPCs cultured in alginate beads for 3

different experimental conditions. ** p < 0.01; *** p <0.001; **** p <0.0001.

4.3.2. RNA-Seq Results

Normalization was performed because all samples had to have similar expression and
range distributions in order for the analyzes to be performed correctly. Figure 22 shows TPM
(Transcripts Per Million) distributions in raw data and normalized data. Each line shows the
expression distributions of genes in a sample. Subsequent analyzes were performed on

normalized data.
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Figure 22. TPM (Transcripts per million) distributions in raw and normalized data

Transcriptome analysis with RNA-seq in NPCs in 3D alginate model

RNA was isolated from NPCs in 5 different experimental conditions and transcriptome

analysis was performed. In the first stage of analysis of RNA-seq data, primary component

analysis (PCA) was performed (Figure 23).

PC2

Group
Control
*  Dayl4 _R132H
*  Dayld_ WT
*  Dayl7.R132H
Day17_WT

Figure 23. PCA analysis plot of RNA-seq data.

As can be seen from Figure 5, the most effective factor in the effects of IHA-IDH1-WT
and IHA-IDH1-R132H conditioned media on NPCs maintained in 3D culture prepared with

alginate is day/astrocyte medium exposure. It is seen that mutant and wild-type conditioned
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media differentiate from each other and cluster among themselves. Another noteworthy point
is that after removal of conditioned media on Day 14, the NPC transcriptome approached NPC-
Control-Day0 in some respects, but a complete reversal did not occur for either group, although
this was consistent between cells exposed to mutant and WT media. The differences appear to
be preserved. As a result, it was concluded that, as expected, the transcriptome partially reverted
in a short time, but this reversal differed depending on the mutation status. It is an extremely
important outcome that the characterization of this situation, which is one of the objectives of
the project, can be observed in a 3-dimensional environment and independently of other
confounding mutations. In the next stage, differential gene expression (DEG) analysis was
performed to obtain gene-based differences. Comparisons were made in 4 different ways (Table

19).

Table 19. Groups used to compare RNA-seq data.

Comparison 1 ‘ NPC-Control-Day0 ‘ NPC-IDH1 R132H-Dayl4
Comparison 2 NPC-Control-Day0 NPC-IDH1 R132H-Dayl17
Comparison 3 ‘ NPC-IDH1 WT-Day14 ‘ NPC-IDH1 R132H-Dayl4
Comparison 4 NPC-IDH1 WT-Day17 NPC-IDH1 R132H-Day17

Comparison 1: NPC-Control-Day(0 vs. NPC-IDHI RI132H-Dayl4

According to the analysis performed in Comparison 1, there was an increase in expression
in 915 genes; decrease expression of 1402 genes was detected. In Table 20 and Table 21, it has
the highest fold-change (-Fold-change) (Table 20) and fold-change (Table 21) values among
the first 100 genes with the lowest FDR value. The top 20 genes are listed.
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Table 20. Top 20 genes with decreased expression on day 14 compared to comparison 1

(Fold-change).

Gene

LGALS1

TXNIP

ACTG2

CAVIN1

PMP22

S100A6

PLP2

S100A10

TPM2

CAPG

MYL9

SFTA1P

TFPI2

GJA1

TAGLN2

LMCD1

S100A11

THY1

PLAT

COTL1

T logFC
-6.6174
-5.7628
-5.0345
-4.8654
-4.2211
-4.1864
-4.1624
-4.0493
-3.9184

-3.776

-3.761
-3.6524
-3.5676
-3.5231
-3.1222
-3.1208
-3.1005
-3.0884
-2.9793

-2.8295

PValue
1.24600919014175e-12
9.30540707278199%¢-11
1.99021344437536e-10
3.13759245748566e-10
1.98588027533477e-11
7.77223698401483e-10

1.0515995314695e-10
2.09524085359006e-12
7.60886369763515e-10

3.80000729202751e-9

1.54224601051618e-10
8.28659582719257e-9
1.69408036329343e-9
1.52483664879392e-9
2.65293237093413e-10
7.92332316349223e-10
2.50433141797032e-10
1.32351894787914e-10
3.67238582805911e-10

2.2360710778411e-11

FDR

9.44010766585e-9

1.18250782590297e-7

1.2787915332219e-7

1.42569558246121e-7

4.02984729648524e-8

2.37990216754095e-7

1.18250782590297e-7

9.44010766585e-9

2.37990216754095e-7

6.3410862423073%-7

1.18250782590297e-7

0.00000106672164284046

3.70769578147935e-7

3.61586922165316e-7

1.40621021144044e-7

2.37990216754095e-7

1.40621021144044e-7

1.18250782590297e-7

1.5041758498473e-7

4.02984729648524e-8
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Table 21. Top 20 genes with increased expression on day 14 compared to comparison 1

(Fold-change).

Gene
SGCG
HSPA6
LAMP3
SLC7A3
GABRQ
HESS
KCNG1
FXYD7
IGLONS

PGGHG

@ €=

RIMS3
CCPG1
PMAIP1
CHAC1
EBF4
DDIT3
BEX2
ASNS

GTPBP2

1 logFC
6.4396
5.8591
4.6133
4.3548
4.2179
3.8815

3.79
3.6579
3.3975

3.37

3.1981
2.9009
2.8884
2.8663
2.8047
2.6608
2.6216
2.5299
2.4803

2.4635

PValue

5.28067393692903e-10

2.13643061167693e-11

1.09634671405818e-8

1.59759600394546e-8

2.20704920367299e-8

1.05996351612278e-9

1.14230946029479%¢-9

2.41486548677797e-8

6.3818953243521e-9

6.66319621630163e-9

1.75624080957069e-9
9.97643514082399e-9
2.88758563008792e-9
4.99823229713983e-9
3.98510475138018e-9
2.52182520016355e-9
7.22357220966865e-10
5.74063305594966e-9
1.9077820768311e-8

1.05145280098945e-9

FDR

1.9033661138267e-7

4.02984729648524e-8

0.00000125052914435168

0.00000161752107770254

0.00000211571493343588

2.7683262885085%¢-7

2.85926404075454e-7

0.00000219107667506061

8.58317295040848e-7

8.82971486839618e-7

3.70769578147935e-7

0.00000118997408527733

5.3102110434127e-7

7.14905892532174e-7

6.41018443437973e-7

4.83492912312208e-7

2.37990216754095e-7

7.95582976293211e-7

0.00000188912354882692

2.76832628850859%-7
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Comparison 2: NPC-Control-Day( vs. NPC-IDHI RI132H-Dayl7

According to the analysis performed in Comparison 2, there was increase expression in
1183 genes; A decrease in expression was detected in 1006 genes. In Table 22 and Table 23,
among the first 100 genes with the lowest FDR value, the highest fold-decrease (-Fold-change)
(Table 22) and fold-increase (-Fold-change) (Table 23) values are shown. The top 20 genes that

have it are listed.

Table 22. Top 20 genes with decreased expression on day 17 compared to comparison 2 (-

Fold-change).

Gene 1 logFC PValue FDR
IGFBPS -4.3725 9.50146594803098e-8 0.0000129312380809108
SMOC1 -3.6891 1.05335189380118e-7 0.0000137561650942644
VGLL3 -3.5283 5.62683849071785e-9 0.00000281685786888103
TENM3 -3.4855 8.93340391650282e-9  0.00000321995610766428
THBS1 -3.0993 2.36781578453305e-10 6.39298052185666e-7
TRIL -3.0675 2.22960170239744e-7 0.0000223232677114481
PI15 -2.9771 1.1164398408938e-8 0.00000346904807113587
PMP22 -2.6652 3.5473202318592e-10 6.39298052185666e-7
SRCAP -2.6547 2.22335786523184e-7 0.0000223232677114481
GJA1 -2.6491 1.03917373484029¢-8 0.00000334428375880209
NID1 -2.645 1.98109204592246e-7 0.0000215079764166353
PALM2AKAP2 -2.5938 2.45499728225479¢-9 0.00000168145737330906
LGALS1 -2.5351 2.96341363599205e-10 6.39298052185666e-7
VCAN -2.5291 4.06431631127514e-8 0.00000767146341732783
COL3A1 -2.4964 2.86256468068401e-7 0.0000268859786750844
CAVIN1 -2.4726 9.89694860209213e-9 0.00000330301495753527
ADAM12 -2.4442 4.899416316282%¢-8 0.00000839336476899374
PLP2 -2.441 2.19087103953061e-9 0.00000164516157810086
FILIP1L -2.4394 1.29764993605075e-7 0.000015590831431671
SESN3 -2.3262 2.05287734535715e-8 0.00000528527935971807
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Table 23. Top 20 genes with increased expression on day 17 compared to comparison 2

(Fold-change).

Gene { logFC
SOX14 6.0086
NRN1 4.5135
FXYD7 4.3244
COL13A1 4.1941
<= 3.9874
3.9275
IGLONS 3.4039
LRRC10B 3.3199
FXYD5 3.2988
HS3ST4 3.243
NSG2 3.1125
PLPPR1 3.0962
LY6H 2.9857
MIR9-THG 2.7893
C20rf80 2.6879
PCSKTN 2.6532
B3GAT1 2.1498
C1QTNF6 2.0806
1.9881
HES4 1.9727

PValue

4.1510681380778%¢-8

2.66199701952179%¢-7

3.11287502274544e-9

6.7307765045395¢e-8

8.68376389108994e-11

9.05260768968529¢-10

7.97232535621391e-9

2.89417371155608e-7

5.52111056018538e-9

1.70208083830437e-8

2.9122780698275%¢-8

2.61240741608333e-9

6.14663726202575e-9

1.71079901070305e-9

9.57094560146952e-10

6.69155935100756e-9

6.96293792099701e-9

1.37126996523349e-7

1.18497395407043e-8

4.93672547726854e-8

FDR

0.00000767146341732783

0.0000255183565350116

0.00000187000778866394

0.0000106405310670887

5.03422725668277e-7

9.58264342387132e-7

0.00000299327599103515

0.0000268859786750844

0.00000281685786888103

0.00000464771225271537

0.00000610291574121311

0.00000168145737330906

0.00000285195607300473

0.00000154160098854451

9.58264342387132e-7

0.00000285195607300473

0.00000285195607300473

0.000016258570600946

0.00000355926676670955

0.00000839336476899374

Comparison 3: NPC-IDHI WT-Dayl4 vs. NPC-IDHI RI132H-Dayl4

According to the analysis performed in Comparison 3, increase expression was seen in

17 genes; A decrease in expression was detected in 3 genes. In Table 24 and Table 25, it has the

highest fold-change (-Fold-change) (Table 24) and fold-change (Table 25) values among the

first 100 genes with the lowest FDR value. The top 20 genes are listed.
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Table 24. Top 20 genes with decreased expression on day 14 compared to comparison 3 (-

Fold-change).
Gene
MT1F
TIR
SPP1
KCNIP4
MT1X
RHOU
VXN
$100A10
NNAT

SCG2

NUDCD3
NPTX2
ELAVL4
CPLX2
MT2A
GAP43
STMN2
PCSK1N
DCX

INSM1

T logFC
-1.3138
-1.1474
-1.0623
-0.9315

-0.917
-0.8289
-0.8019
-0.7945
-0.7696

-0.7161

-0.701
-0.6915
-0.644
-0.6347
-0.6291
-0.6086
-0.5275
-0.475
-0.4486

-0.4445

PValue
0.00193180760677501
0.00137126579315387

0.000203908323319151
0.000373022552549397
0.000306380994307228
0.00158160116172419
0.00000596034574404585
0.000821294503607519
0.000331656579808586

0.00137115085358592

0.000693186701545144

0.0000213787003563698

0.00238993412664328

0.000120591445719553

0.00309683030548612

0.00293010275617573

0.0034883283696869

0.000467623393430407

0.00113511533016743

0.0000829977026382758

FDR
0.226071666813631
0.186054374270528

0.0706699192857257
0.0988619476771357
0.0963761485053122
0.20072969110277
0.0121048337614969
0.139635561735988
0.0963761485053122

0.186054374270528

0.124926107352466

0.0192643468911248

0.25946622186967

0.050546709688251

0.293742504028794

0.286990825390212

0.314333269392487

0.102774497517107

0.170475404002311

0.0415495721374168
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Table 25. Top 20 genes with increased expression on day 14 compared to comparison 3

(Fold-change).

Gene ! logFC
78K 8.5148
X 1.5008
PIF1 1.4732
EMP1 1.3064
GOLGASB 1.3004
1.2677
TARBP1 1.1315
AHSA2P 1.0896
CHTF18 1.0895
GOLGASA 1.0291
NPIPA9 1.0025
MSH5 0.9793
SMG1P7 0.9677
AASS 0.952
NPIPB3 0.9421
0.9322
WDR90 0.9289
PABPCIL 0.918
ROBO3 0.9002
ccDC14 0.8946

PValue

0.00221985072970725

1.89189983503268e-8

0.00124912757899774

0.00111505267985917

0.000100039228025029

0.00000322008499175292

0.00175844718460969

0.000464714804392621

0.000166196441881882

0.00124670067030431

0.00104880549208976

0.00176607120592034

0.000330165321800544

0.000617349353914856

0.000342531839315837

3.92688465133553e-7

0.00302138232997756

0.000820366666607915

0.0000923056839614013

0.0000201368865475445

FDR

0.250038436567401

0.000170479094134795

0.18154659055401

0.170475404002311

0.0450726741866769

0.00967206195356184

0.218000926528058

0.102774497517107

0.0599038455119054

0.18154659055401

0.168764040878944

0.218000926528058

0.0963761485053122

0.120933370176669

0.0963761485053122

0.00176925787965922

0.289634852930083

0.139635561735988

0.0437771851671677

0.0192643468911248

Comparison 4: NPC-IDHI WT-Dayl7 vs NPC-IDHI RI132H-Dayl7

According to the analysis performed in Comparison 4, expression increase in 1143 genes;

A decrease in expression was detected in 636 genes. In Table 26 and Table 27, it has the highest
fold-change (-Fold-change) (Table 26) and fold-change (Table 27) values among the first 100

genes with the lowest FDR value. The top 20 genes are listed.
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Table 26. Top 20 genes with decreased expression on day 17 compared to comparison 4 (-

Fold-change).
Gene
SRCAP
IL6ST
TMX2-CTNND1
AFF4
ADAM10
MT-ND4L
DAAM1
TRIM44
PALM2AKAP2

GAS2L3

DCX
MT-NDS
GAS7
PDP1
QKI
EPB41L3
TACC1
TNPO1
DOCK7

NAMPT

T logFC
-2.3061

-2.169
-1.7639
-1.6077

-1.551
-1.5182
-1.4543
-1.4539
-1.4259

-1.3029

-1.2852
-1.256
-1.244

-1.2189
-1.204

-1.1897
-1.185

-1.1406

-1.1355

-1.1338

PValue
4.04376709319763e-7
0.0000028044598056467
2.4065608277272e-7
0.00000910349544143142
0.0000017172511114719
5.24531814030076e-7
7.79256808529184e-7
0.00000145802301498863
8.70703035166354e-7

6.32950537888703e-7

0.00000699237022826727
0.00000564588409444632
0.00000750151399579979
0.00000523712344427569
0.00000195960905414708
3.46063720526638e-8
0.00000150154385461779
0.00000549182633051621
0.0000021077919029992

0.00000327990181998111

FDR

0.000295588464505966

0.000533458372735266

0.000295588464505966

0.000743772608568373

0.000442118564727809

0.000295588464505966

0.000295588464505966

0.000442118564727809

0.000301765578841693

0.000295588464505966

0.000679702861628414

0.000635938269688197

0.000713239938283399

0.000635668741902919

0.00046178637564903

0.000155919009283277

0.000442118564727809

0.000635938269688197

0.000470777887147052

0.000533458372735266
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Table 27. Top 20 genes with increased expression on day 17 (Fold-change) compared to

Comparison 4.

- 2.857 4.30762254064597e-11 3.88159867137609e-7
1.2507 0.0000024334618087982 0.00049836191725183
1.23 8.21028688470753e-8 0.000246609650393665
MYL9 1.1839 2.12926360048365e-7 0.000295588464505966
WNT7B 1.1793  0.00000236523698331251 0.00049565466178207
CccDC85B 1.0669  0.00000314186944949111 0.000533458372735266
EVA1B 0.9978  0.00000377601394947737 0.000567094361645677
ATOX1 0.9741 0.00000514107789766451 0.000635668741902919
SCAND1 0.9485 2.86404851100281e-7 0.000295588464505966
MRPL23 0.9467  0.00000798502002423544 0.000726798135741268
PAM16 0.9384  0.00000304661152642249
Clorf122 0.9306 3.46113720518722e-7
RP11-425L10 0.9202 6.90612338056484e-7
RPL26P19 0.9151 0.00000199863152261815
DPM3 0.9088 0.00000643082338284996
PET100 0.9079 6.1288302630108e-7
TMEM160 0.9007 5.9223570149792e-7
NAA38 0.8863 0.00000560955079268807
MZT2A 0.8801 0.00000161351339047133
DOKS 0.878 7.8727368196018e-7

Among the genes expressed differently in the 3rd and 4th comparisons, ID1, ID2 and ID3
genes respectively stand out. Among these three genes, the ID1 (DNA binding inhibitor 1) gene
stands out. Then, the expression of ID1 was tested by the RT-qPCR method and, just like the
RNA-seq results, it was observed that ID1 expression was strongly induced in alginate-

embedded NPCs exposed to IDH1-R132H IHA medium (Figure 23).
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Figiire 23. RT-qPCR result for ID1 expression

Following the emergence of the ID1 gene as a target of IDHI-R132H as a result of RT-
qPCR and RNA-seq analyses, genes showing differential expression in RNA-seq analysis were
compared with TCGA-LGG (Cancer Genome Atlas — Low Grade Glioma) data.

For this, the genes showing an increase/decrease in expression on the 17th day were
compared with the first 25 genes showing the highest correlation with ID1 expression according
to TCGA-LGG RNA-seq data. It is striking that 15 of the 25 genes were expressed differently
on day 17 and all of them were correlated in the same direction (positive-positive, negative-
negative), and that the transcriptome changes we see in NPCs are quite similar to low-grade

gliomas from an ID1-centered perspective (Table 28).
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Table 28. Coincidence of the genes most highly correlated with ID1 in the TCGA-LGG

cohort with expression changes in NPCs on day 17.

Gene name logFC PValue FDR ID1 correlation order
- TCGA-LGG

ID3 1,2507 2,43E-06 0,000498 9
RPS21 0,8347 2,96E-05 0,001172 24
C1QL1 0,7461 0,004443 0,027612 2
RPS3 0,7266 0,000211 0,003132 16
FAU 0,7166 1,03E-05 0,00077 6
RPL18A 0,7005 0,00046 0,005227 14
MPST 0,6823 8,76E-06 0,000744 18
POLR1H 0,6606 0,009543 0,048719 20
WDR74 0,6553 0,000553 0,005965 15
RPL23 0,6256 7,75E-05 0,001742 22
ZFAS1 0,6064 0,000579 0,006113 25
ATP2B1 -0,5921 0,134541 0,305454 12
PKN1 0,5753 0,001453 0,012158 7
BCAP29 -0,2988 0,42599 0,624365 9
PLCB3 0,0903 0,789141 0,885617 23
PRR14 0,1633 0,469432 0,661773 5
EEF1G 0,536 0,00389 0,025111 21
ACSL3 -0,7337 0,000958 0,00894 1
CHL1 -2,3863 4,43E-05 0,001321 3

Since all these results highlight the ID1 gene as an important candidate for the
transformative and carcinogenic effects of the IDH1-R132H mutation on NPCs, the promoter
region of this gene was also included in the subsequent ChIP-qPCR and MeDIP-qPCR analyses.

Since TERT expression, one of the two genes targeted in the project, could not be detected
as a result of RNA-seq analysis (due to low expression level), the change in TERT expression

was examined with RT-qPCR, which is a more sensitive method (Figure 21D).
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The fact that TERT is induced by the IHA-R132H conditioned medium is also interesting
as it is the target gene of MYC, another target gene of the project. As a matter of fact, Ohba et
al. They showed that MYC binding together with the H3K4me3 increase of TERT plays a role
in the induction of TERT by IDH1-R132H. However, when the RNA-seq analysis results were
examined, we observed that MY C expression was not induced by IDH1-R132H IHA medium:
-0.04-fold, p=0.86 (comparison 3), 0.06-fold, p=0.81 (comparison 4). On the other hand, MYC
is an immediate early gene and the stability of its mRNA is extremely low; Since mitogens in
the environment are rapidly degraded at both mRNA and protein levels (half-time 25 min) as
soon as they are removed (Dani et al. 1984, PMID: 6594679), examining MYC target genes is
a more reliable approach for the analysis of MYC activity. For this reason, the frequently used
Enrichr bioinformatics analysis tool was used to determine gene-set enrichment for the 102
genes whose expression increased the most on day 17 (Kuleshov et al. 2016, PMID: 27141961).
As a result of this analysis, it is seen that MYC target genes are enriched up to 4 times among

these 102 genes (Figure 24).

ENCODE and ChEA Consensus TFs from ChIP-X
Bar Graph Clustergram  Appyter (1]
Hover each row to see the overlapping genes.
10  entries per page Search:

Index Name P-value Adjusted p-value 0dds Ratio Combined score
MYC CHEA 0.00003525 0.001586 4.60 47.12 MYC ENCODE
MYC ENCODE 0.00002152 0.001586 3.19 3432 MYC CHEA
ATF2 ENCODE 0.0001503 0.004508 240 2115 ATF2 ENCODE
ZBTB7A ENCODE 0.0002091 0.004704 253 2141 ZBTB7A ENCODE.
SIXS ENCODE 0.001303 0.01675 277 18.41 TAF1 ENCODE
YY1 ENCODE 0.001139 0.01675 215 14.60 YY1 ENCODE
TAF1 ENCODE 0.0009995 0.01675 2.08 1439 prm—
PML ENCODE 0.002835 0.03190 232 1361  pEEEEE
TAF7 ENCODE 0.005427 0.05391 2,95 15.41

TAF7 ENCODE
FLI1 ENCODE 0.005991 0.05391 291 14.88 FUIL ENCODE

VW ENOUV A WN =

o

Figure 24. MYC target genes were significantly enriched among genes showing increased

expression on day 17

The KEGG database was used for pathway analyzes and the data from Comparison 3 and
Comparison 4 detailed above were used. At day 14, increased pathway signatures included
pluripotency of stem cells, nRNA TGF-beta signaling pathway, and Hippo signaling pathway,
while decreased pathways included mineral absorption and nervous system diseases such as
Alzheimer's and Parkinson's (Figure 25). On the 17th day, the Ribosome pathway stands out as
the most significantly increased pathway, probably due to increased MYC activity, while

cancer-related pathways (e.g. Pathways in cancer, Prostate cancer, Wnt signaling pathway) and
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melanogenesis stand out among the decreased pathways. Interestingly, the signaling pathway
that controls pluripotency was among the pathways that both increased and decreased the most
on Day 17; The possible reason for this may be that some of the different components of these
critical pathways are permanently induced by 2-HG, while others are temporarily induced, that
is, a rapid return to their previous levels upon withdrawal of 2-HG. As a matter of fact, the fact
that cancer-related pathways are among the pathways that decrease most significantly
immediately after the withdrawal of 2-HG indicates that at least some of the effects of 2-HG on
cancer are temporary, indicating that 2-HG and therefore IDHI-R132H and the associated
IDH1/ It can be interpreted as being dependent on the presence of 2 mutations (Figure 26).

upP

d | Adjusted Odds  Combined
Signaling pathways regulating pluripotency of stem cells Index  Name P-value

p-value Ratio score
mRNA surveillance pathway 1 gigr:lcigﬁspathways regulating pluripotency of 0.0001872 0.01144 786 67.48
Spliceosome
2 mRNA surveillance pathway 0.0002660 0.01144 9.59 78.91
lLSEDetasinalinspathnay 3 spliceosome 0001826 004715  6.13 38.67
Hippo signaling pathway 4 TGF-beta signaling pathway 0.002193  0.04715  7.85 48.09
RNA transport 5 Hippo signaling pathway 0.01504 0.2587 4.43 18.59
Fatty acid degradation 6 RNA transport 0.02318 03170  3.87 14.55
Cell cycle 7 Fatty acid degradation 0.02580 0.3170 8.49 31.05
— 8 Cell cycle 0.03555 0.3750 434 14.47
Oocyte meiosis T
9 Oocyte meiosis 0.03925 0.3750 4.16 13.48
it 10 Endocytosis 0.05920 05091 283 7.99
DOWN
Mineral absorption Index  Name P-value Az’_:’,:fﬁg g:ﬂ; Comt;'cr;erg
Parkinson disease 1 Mineral absorption 0.0002711 0.008405 26.86 220.58
Alzheimer disease 2 Parkinson disease 0.001811 0.02806 8.47 53.48
Pathways of neurodegeneration 3] Alzheimer disease 0.007344 0.07589 5.65 27.77
R 4 Prion disease 0.01952 0.1210 5.61 22.08
5! Pathways of neurodegeneration 0.01726 0.1210 4.36 17.68
DASatNEphozRA]yation 6 Oxidative phosphorylation 0.03178 0.1446 7.57 26.10
Ubiquitin mediated proteolysis 7 Ubiquitin mediated proteolysis 0.03490 0.1446 7.18 24.09
Amyotrophic lateral sclerosis 8 Non-alcoholic fatty liver disease 0.04198 0.1446 6.47 20.52
Non-alcoholic fatty liver disease 9 Amyotrophic lateral sclerosis 0.04072 0.1446 4.18 1337
10 Protein processing in endoplasmic reticulum 0.05007 0.1552 5.85 17.53

Protein processing in endoplasmic reticulum

Figure 25. KEGG pathway analysis of genes showing increased and decreased expression on

day 14
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ibosome Index Name P-value p-value Ratio FERTA
Sermevipokens 1 Ribosome 6.717e-14 7.590e-12 21.82 661.96
Thermogenesis 2 Coronavirus disease 1.848e-10 1.044e-8 13.13 294.16
(Oxidative phosphorylation 3 Thermogenesis 0.0001873 0.007053 6.44 55.30
D - 4 Oxidative phosphorylation 0.0005995 0.01377 7.96 59.07
5) Diabetic cardiomyopathy 0.0006092 0.01377 6.25 46.27
Sighaiing pathways regulating pluripotency of stem cells i s iz
ignaling pathways regulating
REHOG AR R c2nn abinoid signaling 6 pluripotency of stem cells 0.0008321 001567 7.38 5234
Non=alconalie fatty liver disease 7 Retrograde endocannabinoid signaling 0.0009709 0.01567 742 49.40
RRBHBRR] 1ateral sclerosis 8 Non-alcoholic fatty liver disease 0.001193 0.01685 6.79 45.68
9) Prion disease 0.002762 0.02912 4.60 27.07
Prion disease X 5
. 10 Amyotrophic lateral sclerosis 0.002628 0.02912 4.03 23.96
n Adjusted Odds  Combined
Pathways in cancer Index  Name PAlE pvalue  Ratio score
Signaling pathways regulating pluripotency of stem cells 1 Pathways in cancer 0.000002738  0.0004928 5.09 65.21
Prostate cancer 2 Signaling pathways regulating pluripotency of g 00095123 0001278 9.24 99.42
RS 3 Prostate cancer 0.00002257  0.001278  11.76 125.78
Wnt signaling pathway 4 Melanogenesis 0.00002840  0.001278  11.26 117.87
Growth hormone synthesis, secretion and action 5 Whnt signaling pathway 0.00005514 0.001985 7.89 77.41
Growth hormone synthesis, secretion and
Kaposi sarcoma-associated herpesvirus infection 6 action Y 0.00007140  0.002142 9.46 90.29
Human papillomavirus infection 7 !(afposj sarcoma-associated herpesvirus 0.0001417 0.003242 6.74 59.72
infection 3 i " :
(Cushingsyndrome 8 Human papillomavirus infection 00001441 0003242 5.6 44.78
Human T-cell leukemia virus 1 infection 9 Cushing syndrome 0.0003031 0.005527 7.16 58.00
10 Human T-cell leukemia virus 1 infection 0.0003070 0.005527 5.90 47.76

Figure 26. KEGG pathway analysis of genes increased and decreased expression on day 17

In the next stage, we used the RNA-seq data we obtained from NPCs cultured in a 3-
dimensional environment prepared with alginate and the data previously reported by Turcan et
al. with Lee et al. We compared the RNA-seq data obtained from IHAs cultured in a 2-
dimensional environment by (Turcan et al. 2017, Lee et al. 2022) (Table 29).
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Table 29. Genes expressed differently in NPCs due to IDH mutation and common genes

previously reported to be expressed differently in I[HAs due to IDH mutation. Only genes that

show differential expression in at least two cases are shown. Up: Its expression has increased,

down: its expression has decreased, NC: its expression has not changed significantly. NPC

day14: NPC-IDH1 R132H-Day14, NPC day17: NPC-IDH1 R132H-Dayl7

Gene Name
ACKR3
ACTG2
ADAMTS1
AEBP1
ANXA3
ASS1

BGN
CACNA1C
CNN1
CNR1
COL3A1
COL6A1
COL6A2
COL9A3
COLEC12
CPLX2
CYB5R2
CYTL1
DCX

DDO
DOKS
DIO2

Turcan et al. 2018 | Lee et al. 2022

up
down
down
down
up

up
down
down
down
NC
down
down
down
up

up
NC
down
down
up

up
NC
up

down
down
down
down
down
down
down
up
down
up
down
down
down
up
down
up
down
down
NC
up
down

down

NPC dayl4 NPC dayl7

NC
NC
NC
NC
NC
NC
NC
NC
NC
NC
NC
NC
NC
NC
NC
down
NC
NC
down
NC
up
NC

NC
NC
NC
NC
NC
NC
NC
NC
NC
down
NC
NC
NC
NC
NC
NC
NC
NC
down
NC
up
NC
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EFEMP1

up

down

NC

NC

FAMA49A

up

down

NC

NC

FOXE1

up

down

NC

NC

HES4

NC

NC

up

up

HNRNPHI1

down

NC

up

NC

ID1

NC

NC

up

up

ID3

NC

NC

up

up

IGSF9B

up

down

NC

NC

ITGA2

up

down

NC

NC

KCNK1

up

down

NC

NC

KIT

down

up

NC

NC

LAD1

up

up

NC

NC

LIMCH1

up

down

NC

NC

LRP4

up

NC

up

NC

down

down

NC

NC

8
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Gene Name Turcan et al. 2018 Lee et al. 2022 NPC dayl4 NPC dayl7

MANI1C1 up up NC NC
MMP2 up down NC NC
MNI1 up down NC NC
NDRG1 up down NC NC
NMU down NC NC up
NPTX2 NC down down NC
NREP NC down down NC
OPN down down NC NC
PDGFRA up down NC NC
PDLIM3 down up NC NC
PNISR up NC up NC
PPP2R2B up up NC NC
RAB33A down down NC NC
RCAN3 up up NC NC
RHOU NC NC down down
SCG2 up NC down NC
SIX3 up down NC NC
SLC4A4 down down NC NC
SNCA down up NC NC
SOX3 up NC NC up
SOX11 up down NC NC
SPOCK1 up down NC down
SRRM2 NC NC up up
STOX2 NC up NC down
TAGLN NC down NC up
TGM2 down down NC NC
TNFRSF9 up down NC NC
TSPAN2 down down NC NC
VCAN down NC NC down
WNT7B up NC up up

ZNF804A down up NC NC



While some genes appear to change in the same direction, many others show changes in
expression in the opposite direction. It is seen that 55 of the 83 common genes show changes
specific to IHAs, and 25 of them are in the same direction. 21 genes were differentially
expressed in both NPCs and IHAs, 7 of them in the same direction (LRP4, NPTX2, NREP,
PNISR, SOX3, VCAN, WNT7B), 13 in the opposite direction and 1 (SPOCK1). Lee et al. In
the same direction as Turcan et al. It is seen that there is a change in the opposite direction. It is
seen that 6 genes are expressed differently only in NPCs (HES4, ID1, ID3, KCNIP4, RHOU,
SRRM2) and all of these 6 genes show the same change in expression on both the 14th day and
the 17th day. It is noteworthy that the WNT7B gene showed increased expression in 3 out of 4
conditions. In order to see the protein-protein interactions of the genes in Table 29, 83 genes
were examined through the STRING database (Figure 27). Transcription factor (TF) analysis
of genes showing expression changes due to IDH1 mutation in 4 different conditions was

performed (Figure 28).

Figure 27. PPI analysis of proteins encoded by genes showing expression changes due to IDH1

mutation in 4 different conditions
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SUZ12 CHEA

EZH2 ENCODE

Index Name P-value Adjusted p-value 0dds Ratio Combined score

AR CHEA 1 SUZ12 CHEA 1.171e-11 8.902e-10 5.93 149.16
PPARD CHEA 2 EZH2 ENCODE 0.0005115 0.01392 5.45 41.30
TP63 CHEA 3 AR CHEA 0.0005496 0.01392 3.23 24.27

< PPARD CHEA 0.001197 0.02274 5.48 36.90
RIPACHIA 5 TP63 CHEA 0.004868 0.07400 248 13.22
NFE2L2 CHEA 6 TRIM28 CHEA 0.01138 0.09614 4384 21.68
SMAD4 CHEA 7 SMAD4 CHEA 0.01071 0.09614 3.09 14.00

8 KLF4 CHEA 0.007603 0.09614 2.66 12.96
ULl ) 9 NFE2L2 CHEA 0.009596 0.09614 2.56 11.89
SOX2 CHEA 10 SOX2 CHEA 0.01502 0.1142 2.66 1n.18

Figure 28. TF analysis of genes showing expression changes due to IDHI mutation in 4

different conditions

4.4.Effect of 2-HG on epigenetic regulation in NPCs maintained in 3D alginate

culture.

Genome-wide analysis of DNA sequence and molecular components is important to
understand genome activity and systems biology. Epigenetics is defined as mitotic and meiotic
changes that occur in genome activity without any change in DNA sequence (Retis-Resendiz et
al., 2021). Epigenetic regulation plays a fundamental role in important cellular mechanisms
such as growth, gene expression, differentiation of cell, and genome stability (Meissner, 2010;

Putiri & Robertson, 2011).

4.4.1. ChIP-qPCR Results

Important techniques in epigenomic research are chromatin immunoprecipitation (ChIP)
and sequencing. ChIP is an important technique for genome-wide mapping of epigenetic marks
and the interaction between chromatin and a specific biomolecular target and providing
information about how transcriptional regulation occurs (Park, 2009). At the same time, it is
critical for finding gene regulatory networks that it provides precise information about the
regions where transcription factors, core transcription machinery and other DNA binding
proteins bind. The dynamic modification combinations of DNA and Histones and the

positioning of Nucleosomes have a very important place in gene regulation (Park, 2009).
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The most prevalent post-translational modifications (PTMs) of histones are methylation
and acetylation. Besides these, histone modifications such as phosphorylation, glycosylation,
ubiquitination, SUMOylation and ADP ribosyl are less frequent (Albini et al., 2019).

Histone acetylation, one of the best-characterized modifications, indicates transcriptional
activation. H3 Lysine 27 acetylation (H3K27ac) is often found in and around transcription start
sites (TSS) and is associated with active enhancers (T. Wang et al., 2008).

H3 Lysine 4 trimethylation (H3K4me3) is associated with active promoter regions and
plays a role in transcription initiation, elongation, and RNA splicing (Beacon et al., 2021).

Multiple “omics” analyzes were performed on immortalized human astrocytes (IHAs) by
Dr. Sevin Turcan and her team to characterize the dynamics of epigenetic and transcriptional
changes that occur as a result of the IDH-R132H mutation and to show whether the resulting
changes are reversible.

In this study, a tetracycline-inducible expression system was established and IHAs were
passaged in the presence of doxycycline for 30 passages. This thirtieth passage was accepted as
the baseline and after the 30th passage doxycycline was withdrawn. These cells were profiled
by gene expression and methylation arrays at passages of 10, 20, and 40 following doxycycline
withdrawal (Turcan et al., 2018).

Capicua (CIC) mutations in oligodendroglioma (ODG) occur with IDH1/2 mutations.
Considering that CIC and IDH mutations could cooperate on the transcriptome and epigenome,
transcriptomic and epigenomic analyzes were performed in CIC WT and knockout cells with
WT IDHI expression and mutant IDH1 expression. CIC-KO cell line was created using the
CRISPR-Cas9 technique in E6/E7/hTERT+IDH1-WT and E6/E7/hTERT+IDHI1-R132H
human astrocyte cells. (Lee et al., 2022-Integrative multi-omic analysis)

ChIP-Seq analysis data from doxycycline-induced CIC-WT_IDHI-WT and CIC-
WT _IDH1-R132H cells of this study were used by us when designing the primer.

We aimed to find possible similarities and differences by applying conditioned mediums
(IDH1-WT and IDH1-R132H) obtained from the same IHA cells (Turcan et al., 2017) to NPCs
that we cultured in 3D prepared with alginate. We compared the epigenetic changes that occur
by giving the media from [HA (IDH1-WT and IHA-R132H) treated with doxycycline to neural
progenitor cells as detailed in the Materials and Methods section.

In this study, since the cells' own medium, neural progenitor Medium, was replaced with

conditioned media IHA-IDH1-WT and IHA-IDH1-R132H, our comparisons were constructed
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with NPC-IDH1 WT-Dayl14 vs. NPC-IDH1 R132-Dayl4 and NPC-IDH1 WT-Dayl7 vs.
NPC-IDH1 Dayl7, also with NPC-Control-Day0, all conditions were compared and the
changes were monitored. Thus, it was aimed to determine the changes depending on the
expression of IDH1-R132H, different from the effects that may arise from wild-type IDH1
expression and astrocyte medium.

Before the ChIP protocol and ChIP-qPCR experiments were set up in 5 different
experimental conditions and the analyzes were performed, recent data on IHA cells were
utilized (Lee et. al., 2022, Turcan et. al., 2017). Based on H3K4me3 ChIP-seq data generated
in these two studies and shared in GEO (GSE189857, GSE85940), 12 candidate genomic loci,
which can be grouped into 5 groups, were analyzed by ChIP-qPCR on NPCs. Based on
H3K27ac ChlP-seq data shared in GEO (GSE189857), 7 different genomic loci, which can be
grouped into 4 groups, were analyzed by ChIP-qPCR on NPCs.

4.4.1.1.ChIP-qPCR results for H3K4me3 antibody

After applying the ChIP protocol to NPCs maintained in 3D culture prepared with alginate
using H3K4me3 antibody, ChIP-qPCR was applied to known H3K4me3 targets and our target
regions in IHA-IDH1-R132H cells.

CCDC26 Locus

H3K4me3 signals distributed in the CCDC26 gene, which contains the highest risk SNPs
in the 8q24-related glioma risk locus, which our group has previously shown to occur through
MYC regulation, were compared. In addition to the rs55705857 locus we are interested in, 2
more loci that change with IDH1-R132H expression were selected and primers were designed
for these regions.

GEO: When looking at the GSE85940 data, no signal was seen in the primary designed
CCDC loci. In the GEO:189857 data, approximately twice as much signal was seen in the
samples where mutant IDH1 was induced in the regions where the CCDC26-1, CCDC26-4 and
CCDC26-5 primers sit (Figure 29). Although no signal was seen at the rs55705857 locus in the

two experiments in which we used GEO data, primers were designed for this locus.
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Figure 29. IHA-H3K4me3 signals in the data with GEO Codes GSE189857 and GSE85940
belonging to the CCDC26 gene. A. H3K4me3 signal (GEO: GSE189857) targeted with primers
CCDC26F-1 and CCDC26R-1 and located at 130648173-130648272 (GRCh37) in
chromosome 8 (Lee et al. 2022). B. H3K4me3 signal targeted with primers CCDC26F-2 and
CCDC26R-2 and located at chr8:130642073-130642272182 (GRCh37). C. H3K4me3 signals
targeted with primers CCDC26F-3-4 and CCDC26R-3-4 and located at chr8:130641972-
130642068 and chr8:130642073-130642182 (GRCh37). D. H3K4me3 signals targeted with
primers CCDC26F-5-6 and CCDC26R-5-6 and located at chr8:130648285-130648390 and
chr8:130648120-130648269 (GRCh37). E. H3K4me3 signals targeted with primers
1s55705857F-1 and rs55705857R 1 and located at chr8:130645684-130645794 (GRCh37). The
coordinate of rs55705857 is chr8:130645692 (GRCh37).
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Figure 30. ChIP-qPCR results for the CCDC26 gene using H3K4me3 antibody. qPCR results
performed with primers designed for A. CCDC26-1, B. CCDC26-2, C. CCDC26-3, D.
CCDC26-4, E. CCDC26-5, F. CCDC26-6, G. Rs55705857 regions.

In general, in ChIP-qPCRs for the CCDC26 region, a decrease in H3K4me3 signals was
observed when IHA-IDH1-WT and IHA-IDH1-R132H conditioned media were administered.

In ChIP-gPCR for the CCDC26-1 locus, when NPC-IDH1 WT-Dayl4 and NPC-
IDH1 R132H-Dayl4 were compared with each other, it was detected that H3K4me3
enrichment in cells exposed to mutant IDH1 conditioned medium was more than twice as much
as in cells exposed to wild-type IDHI conditioned medium. When comparing NPC-
IDH1 R132H-Day14 with the control group, a decrease in the H3K4me3 signal level is thought
to be due to the medium change, as it was observed in all ChIP-qPCRs. In ChIP-qPCR for the
CCDC26-1 locus, when NPC-IDH1 WT-Dayl7 and NPC-IDHI R132H-Dayl7 were
compared with each other, there was almost 3-fold more H3K4me3 enrichment in cells exposed
to the mutant IDH1 conditioned medium. However, when the cells were exposed to IHA-IDH1-
WT and IHA-IDH1-R132H conditioned media for 14 days and then maintained in Neural

Progenitor Medium for 3 days, H3K4me3 enrichment was observed in both conditions. But
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when NPC-IDH1 R132H-Dayl7 is compared with the control group, it is seen that the
H3K4me3 signal level is significantly increased in cells exposed to mutant IDH1 conditioned
medium (Figure 30A).

When the ChIP-qPCR results for the CCDC26-2 locus were examined, no significant
difference could be seen between NPC-IDH1 WT-Day14 and NPC-IDHI R132H-Day14. On
the other hand, when NPC-IDH1 R132H-Day14 is compared with the control group, the
decrease in H3K4me3 signal level is significant. In ChIP-qPCR for the CCDC26-2 locus, when
NPC-IDH1 WT-Day17 and NPC-IDH1 R132H-Day17 were compared with each other, there
was a 3-fold higher H3K4me3 enrichment in cells exposed to the mutant IDH1 conditioned
medium. When NPC-IDH1 R132H-Dayl7 was analogized with the control group, the
H3K4me3 signal level in cells exposed to the mutant IDH1 conditioned medium reached almost
the same level as the control group (Figure 30B).

In the CCDC26-3 locus qPCR results, the H3K4me3 signal level in NPC-IDH1 R132H-
Day14 cells is significantly lower than the control group and NPC-IDH1 WT-Day14 group. In
NPC-IDH1 R132H-Dayl7 cells, the H3K4me3 signal level is almost 2 times higher than the
control group and 4 times more signal is seen compared to NPC-IDH1 WT-Day17. H3K4me3
enrichment at the CCDC26-3 locus followed a different pattern compared to the CCDC26-1
and CCDC26-2 loci. The H3K4me3 signal level in cells under the NPC-IDH1 R132H-Day14
condition is always low compared to previous comparisons. At the same time, the H3K4me3
signal level of cells incubated in Neural Progenitor medium for 3 days after exposure to IHA-
IDH1-WT conditioned medium for 14 days is lower than NPC-IDH1 WT-Day14 cells at this
locus (Figure 30C).

When looking at the CCDC26-4 locus, the H3K4me3 signal level is very low compared
to the control in Day 14 conditions. When NPC-IDHI WT-Day14 and NPC-IDH1 R132H-
Day14 were compared, it was observed that although the H3K4me3 signal level appeared high
in NPC-IDH1 R132H-Day14 cells, there was no substantial difference. In the comparison of
NPC-IDH1 WT-Day17 and NPC-IDH1 R132H-Day17, there was more than 3-fold H3K4me3
enrichment in cells exposed to the mutant IDH1 conditioned medium. Additionally, when the
control group and NPC-IDH1 R132H-Dayl7 were compared with each other, H3K4me3
enrichment decreased significantly compared to the control (Figure 30D).

When the CCDC26-5 locus was examined for H3K4me3 enrichment, there was a 3-fold
higher significant H3K4me3 enrichment in NPC-IDH1 RI132H-Dayl4 cells when NPC-
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IDH1 WT-Dayl4 and NPC-IDH1 R132H-Day14 were compared to each other. In addition,
both NPC-IDH1 R132H-Day14 and NPC-IDH1 R132H-Dayl7 showed that the H3K4me3
signal level was significantly reduced compared to the control. Moreover, when comparing
NPC-IDH1 WT-Dayl7 and NPC-IDH1 R132H-Dayl7, the H3K4me3 signal level is
significantly higher in cells exposed to IDH1 mutant medium (Figure 30E).

At the CCDC26-6 locus, the H3K4me3 signal level of NPC-IDH1 R132H-Day14 and
NPC-IDH1 R132H-Day17 conditions is lower than the control group. But there is a significant
decrease. Comparing NPC-IDH1 WT-Dayl14 and NPC-IDH1 R132H-Dayl14 and comparing
NPC-IDH1 WT-Dayl7 and NPC-IDH1 R132H-Day17 shows that H3K4me3 enrichment is
significantly higher in conditions exposed to mutant IDH1 medium (Figure 30F).

When looking at the H3K4me3 enrichment at the locus where the Rs55705857 SNP
region is located. The H3K4me3 signal level decreased in cells exposed to IHA-IDH1-R132H
medium for 14 days, but the H3K4me3 signal level increased after the IHA-IDH1-R132H
medium was withdrawn and the cells were incubated in Neural progenitor medium for 3 days

(Figure 30G).

Myc promoter and MYC enhancer controlled by TRIM28

The promoter of MYC, the most important target gene of the project, was selected. The
enhancer that interacts with the rs55705857 locus, the strongest 8q24-related risk SNP, and
controls MYC expression by binding to the TRIM28 transcription factor, was selected.
H3K4me3 signals are seen in the upstream region of the MYC gene in GEO: GSE85940 and
GEO: GSE189857 data. In the GSE85940 data, it is seen that H3K4me3 enrichment is much
higher in parental samples than in mutants. There is also very little H3K4me3 signal in
OFF M70 samples. GEO: GSE85940 data, as mentioned before, was obtained from Turcan et
al. Taken from 2017. Samples PAR 02, PAR 10, and PAR 40 are IHA cells with passage
number 30+2, 30+10, and 30+40 that were not induced by doxycycline, respectively. Samples
MUT 02, MUT 10 and MUT 40 are IHA-R132H cells with passage number 30+2, 30+10 and
30+40, respectively, continuously induced by doxycycline. OFF _M70 examples are; They are
IHA-R132H cells that were induced with doxycycline for up to 30 passages and then were not

given doxycycline for 40 passages.
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GEO:189857 data (Lee et al., 2022) are the 4 examples at the bottom of the IGV data
figures. The first two are CIC-WT IDHI1-WT and last two are CIC-WT_IDHI1-R132H data.
These examples show that there is no variation in H3K4me3 enrichment between WT IDH1
and mutant IDHI1 (Figure 31A). Although no signal was seen in the MYC enhancer locus
controlled by TRIM28 in the two experiments in which we used GEO data, ChIP-qPCR was

performed for this locus since it is the region of interest (Figure 31B).

Figure 31. H3K4me3 signaling at MY C enhancer regions controlled by TRIM28 and the MYC
promoter. A. H3K4me3 signal targeted by primers MYCPF1 and MYCPRI1 and located at
chr8:128747140-128747222 (GRCh37) (GEO: GSE189857 and GSE85940). B. H3K4me3
signal targeted with primers TRIM28MYCEF1 and TRIM28MYCERI and located at
chr8:128633241-128633354 and chr8:128632920-128633037 (GRCh37) (GEO: GSE189857

and GSE85940).
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Figure 32. qPCR results performed with primers designed for the regions where A) MYC
Promoter and B) TRIM28 transcription factor bind
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Looking at the ChIP-qPCR results for the MYC Promoter locus, the H3K4me3 signal
level increased in NPC-IDH1 WT-Dayl4, NPC-IDH1 R132H-Dayl4 and NPC-
IDH1 R132H-Dayl7 compared to the control group. A significant increase is observed
especially in NPC-IDH1 R132H-Dayl7. It was observed that the H3K4me3 signal level
decreased in wild-type IDH1 samples in NPCs that were withdrawn from conditioned IHA
media and maintained in Neural Progenitor medium for three days, and was almost the same as
in the control group. But it was observed that mutant IDH1 continued its effect and there was a
continuous increase in the H3K4me3 signal level. When NPC-IDH1 WT-Day17 and NPC-
IDH1 R132H-Dayl7 are compared, H3K4me3 enrichment is 2 times higher in NPC-
IDH1 R132H-Day17. When our data were compared with the results of Dr. Turcan and her
team's studies, when the effect of mutant IDHI was examined, it was seen that H3K4me3
enrichment in the MYC gene increased according to our results, while it decreased in the other
study. (Figure 32A). These results indicate increased signal on day 17 in NPCs exposed to this
IHA medium, whereas no significant change in H3K4me3 signal at the MYC promoter was
observed in IHAs in previous studies. It is noteworthy that these changes parallel the H3K4me3
changes at the rs55705857 locus. When looking at the qPCR results for the MYC enhancer
locus controlled by TRIM28, there was a decrease in H3K4me3 signal in four experimental
conditions compared to NPC-Control-Day0. When NPC-IDH1 WT-Dayl7 and NPC-
IDH1 R132H-Dayl7 were compared, it was observed that H3K4me3 enrichment was more
than 3 times higher in NPC-IDH1 R132H-Day17. There was a sharp decrease in the H3K4me3
signal level in NPCs exposed to mutant IDH1 medium for 14 days, and after the 14th day, when
the medium was replaced with Neural progenitor medium and incubated for 3 days, the

H3K4me3 signal level showed a dramatic increase (Figure 32B).
H3K4me3 ChIP-qPCR result for GSDMC gene
A region was selected, approximately 100 kb on the telomeric side of the SNP numbered
rs55705857 and located downstream of the GSDMC gene, very close to the locus that shows

changes in the H3K4me3 signal after IDH1-R132H expression, according to GEO: GSE189857
data.
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GEO: When looking at GSE85940 data, no signal was seen in the primary designed loci.
In the GEO:189857 data, H3K4me3 signal was seen very close to the primer designed region.

Since it was not possible to design a primer suitable for the part where the signal was seen, a

primer was designed for a nearby area (Figure 33).

Figure 33. IHA-H3K27ac signals in the GEO: GSE85940 and GEO: GSE189857 data
belonging to the GSDMC upstream region. H3K27ac signal in the downstream region of the
region located chr8:130742112-130742191, targeted with GSDMCUF and GSDMCUR
primers, was observed at almost the same level in both IDHI-WT and IDH1-R132H samples
only in the GEO:GSE189857 data.
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Figure 34. qPCR results for the locus located upstream of GSDMC after ChIP with H3K4me3
antibody.
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According to the qPCR results for the locus upstream of the GSDMC gene, the H3K4me3
signal level in NPC-IDH1 R132H-Dayl4 cells was importantly reduced compared to the
control. Moreover, comparing NPC-IDH1 WT-Dayl4 and NPC-IDH1 R132H-Dayl4, the
H3K4me3 signal level is 6 times higher in the NPC-IDH1 R132H-Day14 condition. When
NPC-IDH1 WT-Day17 and NPC-IDH1 R132H-Dayl7 are compared, H3K4me3 enrichment
is significantly higher in cells incubated in IDH1 mutant medium for 14 days. H3K4me3 signal
level increased in cells that were withdrawn from IHA-WT and IHA-R132H conditioned media
and treated with Neural Progenitor medium for 3 days (Figure 34).

Although it is unclear whether this signal received from an intergenic region may act
through long-distance MYC regulation or through the much closer GSDMC or another gene, it

is an interesting finding that the effect seen in IHAs is also repeated in NPCs.

H3K4me3 ChIP-qPCR result for the TERT gene

The TERT gene, one of the two target genes of the project, was selected. H3K4me3
signals are seen in the TERT gene in GEO: GSE85940 and GEO: GSE189857 data. In the
GSE85940 data, it is seen that H3K4me3 enrichment is very high in the parental samples, and
the signal level decreases as the passage progresses in the mutants. In OFF_M70 samples, the
H3K4me3 signal is very low, as in the later passages of the mutant samples. On the other hand,
when looking at the IGV image of GEO:189857 data (Lee et al., 2022) in the same region (4
samples below), a slight H3K4me3 enrichment was detected in the CIC-WT_IDH1-R132H data
compared to the CIC-WT_IDH1-WT data (Figure 35).
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Figure 35. IHA-H3K4me3 signals of the TERT locus. IGV view of the TERT locus under
different conditions according to H3K4me3 ChIP-seq data after the expression of IDH1-R132H
in [HAs. A) Data from Turcan et al. Taken from 2017. Rows 1-2-3: IHAs expressing IDH1-
R132H passage 30+2, 30+10, 30+40; Row 4: IHAs expressing IDHI-R132H from passage
30+2. B) Data from Lee et al. Taken from 2022. Rows 1-2: IDH1-R132H mutant, Rows 3-4:
IHAs expressing IDH1-WT.
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Figure 36. qPCR results for the hTERT region after ChIP with H3K4me3 antibody.

H3K4me3 signal in the hTERT region appears to decrease at the same rate on day 14 in
NPCs exposed to astrocyte medium expressing both WT and mutant IDH1. On the third day
(day17) after returning to NPC medium, it is observed that it shows a partial reversal and
increases only in NPCs exposed to mutant IDH1 medium (Figure 36). When evaluated together
with the qPCR results in Figure 21D, the TERT is relatively activated in the presence of mutant

IDH1 and this activation is "permanent". Compared to the literature, this finding is interesting
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because it has been reported that when p53/pRb-KO E6E7-expressing normal human astrocytes
provide stable IDH1-R132H expression, these cells can escape replicative senescence, whereas

isogenic cells expressing IDH-wt cannot escape (Ohba et al., 2016).

H3K4me3 ChIP-qPCR result for ID1 Promoter region

As aresult of our RNA-seq analysis, the promoter of the ID1 (inhibitor of differentiation
1) gene, which we showed for the first time to be induced by IDH1-R132H expression and play
a role in the advanced stages of gliomas, was selected. H3K4me3 signals are seen in the TERT
gene in GEO: GSE85940 and GEO: GSE189857 data. In GSE85940 data, it is seen that
H3K4me3 enrichment is higher in parental samples than in mutants. In OFF _M70 samples, it
is seen that the H3K4me3 signal increases again and returns to enrichment with the parents. On
the other hand, when looking at the IGV image of GEO:189857 data (Lee et al., 2022) in the
same region (4 samples at the bottom), almost the same H3K4me3 enrichment was seen in CIC-

WT IDH1-R132H and CIC-WT _IDHI1-WT data (figure 37).

ID1
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Figure 37. IHA-H3K4me3 signals of the ID1 promoter. IGV view of this locus under different
conditions according to H3K4me3 ChIP-seq data after the expression of IDHI-R132H in IHAs.
B) Data from Lee et al. Taken from 2022. Rows 1-2: IDH1-WT, Rows 3-4: IHAs expressing
IDH1-R132H mutant.
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Figure 38. qPCR results for ID1 promoter after ChIP with H3K4me3 antibody.

The results obtained, unlike the results previously obtained in IHAs (Turcan et al., 2017
and Lee et al., 2022), compared to NPC-IDH1 WT-Dayl4 and NPC-IDHI R132H-Day14
samples, IDH1-R132H for 14 days. indicating relatively increased H3K4me3 signaling at the
ID1 promoter in NPCs exposed to the mutant medium. Moreover, this signal increase is found
both in the presence of the mutant medium (day 14) and 3 days after removing this medium
(day 17). Both NPC-IDH1 R132H-Day14 and NPC-IDH1 R132H-Day14 exposed to mutant
IDH1 medium had significantly higher H3K4me3 signal levels compared to NPC-IDH1 WT-
Dayl14 and NPC-IDH1 WT-Dayl7 exposed to wild-type IDHI medium on their respective
days. and also H3K4me3 enrichment in NPC-IDH1 R132H-Day17 cells is very high compared
to the control (figure 38).

4.4.1.2.ChIP-qPCR results for H3K27ac antibody
Since ChIP analysis was not performed for the H3K27ac antibody in the study with GEO:

GSE85940 data (Turcan et al., 2017), only the study with GEO: GSE189857 data (lee et al.,
2022) was used, and IGV figures are presented only from the results of this study.
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H3K27ac ChIP-qPCR result for CCDC26 locus and rs55705857 SNP region

GEO: Although no signal was seen in the rs55705857 locus in the two experiments in
which we used GSE189857 data, ChIP-qPCR was performed for this locus since it is the region
of interest (Figure 39).

Human (GRCh37/hg19) @  chr8 B chr8:130,644,823-130,646,717 Go Fr <« » @ [ = 2 | g {5

,,,,,,,, CCDC26

Figure 39. H3K27ac signals from the rs55705857 locus, the strongest 8q24-associated risk
SNP. Since the region targeted by the two different primer sets is almost the same, it is shown
in a single frame. H3K targeted with primers rs55705857F-1 and rs55705857R1 and located
chr8:130645684-130645794 (GRCh37) and located chr8:130645682-130645760 targeted with
primers rs55705857F-2 and rs55705857R-2. 4me3 signals. The coordinate of rs55705857 is
chr8:130645692 (GRCh37).

The gqPCR results for the region we targeted with two separate primer sets for the
1s55705857 locus, which is the strongest 8q24-related risk SNP after ChIP with H3K27ac
antibody, are given below. The qPCR results established for the two primer sets support each
other (Figure 40).
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Figure 40. qPCR result wusing rs55705857F-1/rs55705857R-1 and rs55705857F-
2/rs55705857R-2 primers after ChIP with H3K27ac antibody

Looking at the qPCR results using rs55705857 -1 and rs55705857-2 primers, it was seen
that the H3K27ac signal increased approximately 5-fold in NPCs exposed to IHA medium
expressing IDH1-R132H for 14 days, and in NPCs exposed to IHA medium expressing IDH1-
WT for 14 days. It was observed that it increased more than 10 times. It is observed that the
H3K27ac signal decreases again in NPCs exposed to NPC medium for 3 days after 14 days of
exposure to IHA medium expressing IDH1-WT, and in NPCs exposed to NPC medium for 3
days after 14 days of exposure to IHA medium expressing IDH1-R132H. These results show
that the H3K27ac level at the rs55705857 locus increased during the treatment with IDH1-
R132H conditioned medium and returned to the control group level after the conditioned

medium was withdrawn (Figure 40).
H3K27ac ChIP-qPCR result for Myc promoter and MYC enhancer controlled by TRIM28
GEO: H3K27ac signals in the MYC Promotor region are seen in GSE189857 data (Lee

et al., 2022) (Figure 41). When CIC-WT _IDHI1-R132H samples were compared with CIC-
WT IDHI1-WT, H3K27ac was observed to be enriched in IDH1-R132H samples.
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Figure 41. qPCR result using MYCPR1, MYCP2 and TRIM28MYCER primers after ChIP
with H3K27ac antibody. A. H3K27ac signal (GEO:GSE189857) targeted with primers
MYCPF-1 and MYCPR-1 and located at chr8:128747140-128747222 and with primers
MY CPF-2 and MYCPR-2 and located at chr8:128747071-128747158 (GRCh37). B. H3K27ac
signal (GEO: GSE189857) targeted with primers TRIM28MY CEF-2 and TRIM28MY CER-2
and located at chr8:128632920-128633037 (GRCh37).

The qPCR results for the region where we targeted the MYC Promoter with two separate
primer sets after ChIP with the H3K27ac antibody are given (figure 42A,B). Although MYC1
and MYC2 primary regions are very close to each other, H3K27ac signal results were different
from each other in cells exposed to NPC medium for 3 days after exposure to IHA medium
expressing IDH1-R132H on the 14th day. MYCF1 and MYCR?2 sequences are almost reverse

complements of each other.
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Figure 42. qPCR results performed with primers designed for the regions where A) MYC
Promotor-1 B) MYC Promotor-2 and C) TRIM28 transcription factor bind
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Looking at the qPCR results using MYCP-1 and MYCP-2 primers, it is seen that the
H3K27ac signal in the MYC Promoter of NPCs expressing IDH1-R132H exposed to IHA
conditioned medium for 14 days increased analogized to the control group and also the NPC-
IDH1 WT-Dayl4 group. A decrease was observed in the MYC Promoter-1 locus in NPC-
IDH1 WT-Dayl4 samples compared to NPC-Control-day0 samples. Although the MYC
Promoter-2 locus is very close to the MY C Promoter-1 locus, H3K27ac signal levels differ from
each other for each experimental condition. In addition, when MYC Promoter-1 and MYC
Promoter-2 samples are compared, H3K27 enrichment is seen in both NPC-IDH1 R132H-
Day14 samples, while a dramatic decrease in the H3K27ac signal level is seen in the MYC
Promoter-1 locus in NPC-IDH1 R132H-Day17 samples, while H3K27ac is seen in the MYC
Promoter-2 locus. Its enrichment continues. (figure 42A,B)

According to the qPCR results performed using MYCTRIM28-F2 and MYCTRIM28-R2
primers on the MYC enhancer region controlled by TRIM28, H3K27ac enrichment increased
approximately 4-fold when compared to the control group in the NPC-IDH1 R132H-D14
condition, and when compared to the NPC-IDH1 WT-Day14 condition. It was observed that it
increased approximately 2 times. In the NPC-IDH1 R132H-Dayl7 condition, which was
incubated in Neural Progenitor medium for 3 days after treatment with IHA-IDH1-R132H
condition medium for 14 days, the H3K27ac signal level decreased approximately 5-fold
compared to NPC-IDHI R132H-D14. Especially when looking at the NPC-IDH1 WT-Day14
and NPC-IDHI WT-Dayl7 conditions exposed to IHA-IDHI1-WT medium, the H3K27ac
signal level was almost unchanged (Figure 42C). Looking at the results, the H3K27ac signal
level in NPC-IDH1 R132H-Day17 cells is even less than that in the NPC-IDH1 WT-Day17
condition. These results indicate a similar profile with the MYC promoter-1 region and provide
important clues about the epigenomic changes involved in the activation of the MYC gene as a

result of the IDH1-R132H mutation.
H3K27ac ChIP-qPCR result for GSDMC downstream locus
As mentioned above, a region was selected about 100 kb on the telomeric side of the SNP
numbered rs55705857 and located downstream of the GSDMC gene and very close to the locus

showing H3K27ac signal after IDHI-R132H expression according to GEO: GSE189857 data
(Figure 43).

108



nnnnn (GRCh37/hg19) @  chr8 B chr8:130,741,719-130,743613 Go Tt « » @ b= I | Eunnngin Z@

Figure 43. IHA-H3K27ac signals in the data with GEO Codes GSE189857 belonging to the
GSDMC upstream region. A. H3K27ac signal (GEO:GSE189857) targeted with primers
GSDMCUF and GSDMCUR and located at chr8:130742112-130742191.

The H3K27ac signal in this locus was measured after ChIP with the help of primers
specifically designed for the region located upstream of GSDMC. GSDMCDSF and
GSDMCDSR primers target the sequences 130742100-130742200 in chromosome 8, according
to the GRCh37 sequence.
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Figure 44. qPCR results for GSDMC downstream region after ChIP with H3K27ac antibody

The H3K27ac signal in the GSDMC downstream region, which we previously showed to
interact with the rs55705857 locus, appears to decrease on day 14 in NPCs exposed to astrocyte
medium expressing IDHI-WT and IDH1-R132H separately. On the third day (dayl7) after

returning to Neural Progenitor medium, it is observed that the H3K27ac signal in NPCs exposed
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to astrocyte medium expressing R132H mutant IDH]1 for 14 days remains almost unchanged.
However, compared to WT medium, there is a relative increase in H3K27ac signal on both days
14 and 17 in NPCs exposed to the medium obtained from IDH1-mutant IHAs (Figure 44). This
result shows that epigenome changes in the 8q24 locus as a result of the IDH1-R132H mutation
occur not only in the vicinity of MYC, but also in the loci on the other side of the risk SNP

(telomeric).

H3K27ac ChIP-qPCR result for ID1 promoter

As aresult of our RNA-seq analysis, the promoter of the ID1 (inhibitor of differentiation
1) gene, which we showed for the first time to be induced by IDH1-R132H expression and play
a role in the advanced stages of gliomas, was selected. GEO: H3K27ac signals are seen in the
ID1 Promotor region in GSE189857 data. When CIC-WT IDHI1-R132H samples were
compared with CIC-WT IDHI1-WT samples, it was observed that there was almost 2-fold
H3K27ac enrichment (Figure 45).

NNNNN (GRCh37/hg19) @  chr20 B  hr20:30,192,731-30,194,362 G ft « » @O x 2 | Eveinngonn Z

3019280080 30.193.000 bp 30193200 bp 30.193.000 b0 30.193.600 bp 30.193.800 bp 20194000 bp 2194200 bp

|||||

sssss

ID1

Figure 45. IHA-H3K27ac signals in the data with GEO Codes GSE189857 belonging to the
ID1 promoter region. H3K27ac signals (GEO:GSE189857) targeted with primers IDI
PromoterF-1 and ID1 PromoterR-1 and located at chr20:30193079-30193179 and IDI
PromoterF-2 and ID1 PromoterR-2 and located at chr20:30193077-30193122 are in the same

box because they overlap each other. shown in.
The qPCR results for the region where we targeted the ID1 Promoter with two separate

primer sets after ChIP with the H3K27ac antibody are given below. ID1 Promotor-1 and ID1
Promotor-2 qPCR results support each other.
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Figure 46. qPCR results for the ID1 Promoter region after ChIP with H3K27ac antibody. A)
ID1PF-1 and IDP1R-1 primers B) qPCR result using ID1PF-2 and IDP1R-2 primers

qPCR results using ID1 Promotor-1 and ID1 Promotor -2 primers show that H3K27ac
signal increased in NPCs exposed to IHA medium expressing IDH1-R132H for 14 days, and
decreased in NPCs exposed to IHA medium expressing IDHI-WT for 14 days. There is
significant H3K27ac enrichment in cells exposed to IDHI mutant medium when NPC-
IDH1 WT-Dayl4 and NPC-IDH1 R132H-Day14 are compared. In addition, when the NPC-
IDH1 R132H-Day17 condition is compared with the control group, it is seen that the H3K27ac
signal level decreased and approached the level in the control group. When NPC-IDH1 WT-
Dayl7 and NPC-IDH1 R132H-Dayl7 are compared, the H3K27ac signal level in NPC-
IDH1 R132H-Day17 is lower than that in NPC-IDH1 WT-Day17 (Figure 46).

As a result, it is seen that the IDH1-R132H mutation strongly increases the H3K27ac
level in the ID1 promoter and that this increase is temporary - the effect disappears after the
removal of the mutant medium. Considering that the H3K4me3 signal continues on day 17 (see
4.2.6), it can be concluded that the positive effects of IDH1-R132H on the ID1 promoter may
be partly permanent and partly temporary.

4.4.2. MeDIP-qPCR results

DNA methylation, a stable and heritable epigenetic modification, continues to be studied

extensively. DNA methylation is the methylation of cytosine residues in CpG dinucleotides by
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DNA methyltransferases (DNMTs) (Meissner, 2010). Profiling DNA methylation changes that
occur during the development process and disease phenotype is critical in diagnosis. Methylated
DNA immunoprecipitation (MeDIP) is a method based on the method of analyzing methylated
DNA by enriching it. In short, DNA fragments containing methylated cytosine are separated
and analyzed by precipitation with 5-methylcytosine (SmC) antibody (Down et al., 2008).
MeDIP is preferred in methylation studies because it is more affordable, reproducible and a
useful method than other methylation methods. In addition, if single base resolution is not
sought in experiments, MeDIP answers many questions about DNA methylation.

DNA methylation, an important epigenetic mark, was analyzed by MEDIP-qPCR at
identified loci. Thanks to this method, the amounts of both 5-hydroxymethylcytosine (5-hmC)

and 5-methylcytosine (5-mC) were determined in the same sample.
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Figiire 47. MeDIP-qPCR results. (A-E) Changes of methylation levels in the loci analyzed by

qPCR

Methylation analysis results performed with the MeDIP-qPCR method confirm increased
genome-wide DNA methylation through the inhibition of various DNA demethylase enzymes

as an oncometabolite of 2-HG, which accumulates as a result of IDH1 and IDH2 mutations
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(Turcan et al., 2012). On the other hand, it is noteworthy that the methylation of the enhancer
region (both 5-hmC and 5-mC), which we showed in our previous studies to interact with the
1s55705857 risk SNP and regulate MY C expression through the TRIM28 repressor protein, was
significantly reduced (Figure 47A). Since there is a close relationship between TRIM28-
mediated suppression and DNA methylation (Turelli et al. 2014), this decrease in methylation
levels can be expected to have an increasing effect on MY C expression. Although the effect of
5-hmC on transcriptional control is not fully known, the increase in 5-hmC in MYC and ID1
promoters (Figure 47D) may indicate increased TET-mediated active demethylation. The
frequent occurrence of 5-hmC near active enhancers and expressed genes (Li et al. 2019) may

indicate the possible positive effects of this signal increase on ID1 and MYC expression.

4.5. Functional analyzes on neurospheres

4.5.1. Effects of IDH1-R132H mutant IHA medium and suppression of ID1 and
MYC with dCas9-KRAB on NPC neurospheres

MYC and ID1 genes were suppressed in neurospheres using the dCas9-KRAB approach.
While the most efficient suppression for the MYC gene was obtained with gRNAS, the most
efficient suppression for ID1 was obtained with gRNA1 (Figure 48).
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Figure 48. dCas9-KRAB-mediated MYC and ID1 gene suppression in HEK293T cells.
Targeting the MY C promoter and ID1 promoter, 7 gRNAs were designed for the MY C promoter
region and 2 gRNAs were designed for the ID1 promoter region. pLV hU6-sgRNA hUbC-
dCas9-KRAB-T2a-GFP plasmids, in which these gRNAs were cloned, were introduced into
HEK293T cells by transfection.
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After determining the most suitable conditions, the effect of Neural Progenitor medium,
IHA-IDH1-WT and IHA-IDH1-R132H medium on NPC-prepared neurospheres was examined

alone or simultaneously with MYC and/or ID1 gene silencing.

Control (NPCs) Repression of ID1 Repression of MYC Repression of ID1&MYC

Neural Progenitor
Medium
Day 8

A IHA-WT Medium
Day 8

IHA-R132H Medium
' > Day 8

Figure 49. Microscope images of neurospheres on day 8. Control group NPCs are non-
nucleofected cells. Constructed pLV hU6-sgRNA-ID1 hUbC-dCas9-KRAB-T2a-GFP plasmid
targeting the ID1 promoter to repress ID1, constructed pLV hU6-sgRNA-MYC hUbC targeting
the ID1 promoter to repress MYC Plasmid -dCas9-KRAB-T2a-GFP, plasmids pLV hU6-
sgRNA-ID1 hUbC-dCas9-KRAB-T2a-GFP and pLV hU6-sgRNA-MY C hUbC-dCas9-KRAB-

T2a-GFP were used in nucleofection to repress both simultaneously.

It is observed that control NPCs and nucleofectioned NPCs treated with Neural progenitor
medium, [HA-IDH1-WT and IHA-IDH1-R132H media containing bFGF and EGF for 8 days
form neurospheres. It is observed that NPC cells form Neurospheres under all conditions.
Interestingly, the cell density of the neurospheres formed in Neural Progenitor medium
containing bFGF and EGF is lower and the neurospheres formed come closer to each other and
merge at the same time. When the control group was compared with other groups, the
neurosphere size was smaller in IHA-IDH1-WT medium and it formed fewer neurospheres in
IHA-IDH1-R132H conditioned medium compared to the others. When looking at the group in
which ID1 is repressed, neurospheres exposed to the IHA-IDH1-R132H conditioned medium
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are larger and denser. In the MYC repressed group, neurospheres treated with IHA-IDH1-WT
conditioned medium are seen to be larger and have higher cell density. In the group in which
MYC and ID1 are repressed, it is observed that the cells tend to form neurospheres, especially
in the IHA-IDH1-R132H conditioned medium. On day 8, we observed an abundance of newly

formed neurospheres (Figure 49).

4.5.2. Immunofluorescence staining of neurospheres

NESTIN and PAX6 are explained in detail in the characterization of NPCs section. In
addition, NESTIN, known as a marker of glioma stem cells, is mainly expressed in precursor
neurons (Wu B et al. 2015). Dysregulation of PAX6 results in developmental disorders and
tumorigenesis (Lang D et al. 2007). In glioma cells, PAX6 functions as a tumor suppressor, and
inhibition of PAX6 results in increased proliferation and cell migration and increased cell
expansion under stressful conditions (ZhouY-H et al 2003; Chang JY et al 2007).

Control group NPCs and dCas9-KRAB-mediated ID1 and/or MYC silencing were
performed by nucleofection, and immunofluorescence staining was performed separately for
the groups in which neurospheres were formed with different media. At the end of staining, the
neurospheres were placed in a glass-bottomed 35 mm cell culture dish and Z stack images were
taken with the help of a confocal microscope. Then, the Z-stack images were combined with
the ZEN program to create maximum intensity images for each group (Figure 50, 51, 52 and

53).
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NESTIN HOECHST

Control-Neural
Progenitor Medium
Day 8

HOECHST

Control-IHA-WT Medium

Day 8

HOECHST

Control-IHA-R132H Medium
Day 8

Figure 50. Merged images of confocal microscope Z Stack images of the control group.
Immunofluorescence staining of neurospheres formed by treatment with Neural Progenitor
medium, IHA-IDH1-WT and IHA-IDH1-R132H medium containing bFGF and EGF for 8
days.

In the neurospheres of control group, on the 8™ day, Nestin expression was observed to
be strong in all media used, but PAX6 expression was not strong. In fact, it was observed that
there was more PAX6 expression in IHA-IDH1-R132H medium containing bFGF and EGF

compared to other conditions (Figure 50).
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Control-Neural
Progenitor Medium
Day 8

HOECHST

Control-IHA-WT Medium
Day 8

HOECHST

Control-IHA-R132H Medium
Day 8

Figure 51. Immunofluorescence staining of neurospheres generated by treating NPC cells
nucleofected with pLV hU6-IDI hUbC-dCas9-KRAB-T2a-GFP plasmids with Neural
Progenitor medium, IHA-IDH1-WT and IHA-IDH1-R132H medium containing bFGF and
EGF for 8 days. (Image taken at 10X magnification).

In conditions where ID1 was repressed, it was observed that NESTIN expression was
strong, but different media had no effect on PAX6 expression, and PAX6 expression was at a

low level for all conditions (Figure 51).
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Control-Neural
Progenitor Medium
Day 8

NESTIN
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Control-IHA-R132H Medium
Day 8

Figure 52. Immunofluorescence staining of neurospheres generated by treating NPC cells
nucleofected with pLV hU6-MYC hUbC-dCas9-KRAB-T2a-GFP plasmids with Neural
Progenitor medium, IHA-IDH1-WT and IHA-IDH1-R132H medium containing bFGF and
EGF for 8 days. (Image taken at 10X magnification).

It was observed that NESTIN expression was strong under conditions where MYC was
repressed. It is thought that different media have an effect on PAX6 expression, as shown in the
figure. PAX6 expression is very low in neurospheres incubated for 8 days in neural progenitor

medium containing bFGF and EGF. (Figure 52).
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Figure 53. To suppress ID1 and MYC, NPC cells were nucleofected with pLV hU6-MYC
hUbC-dCas9-KRAB-T2a-GFP and pLV hU6-ID1 hUbC-dCas9-KRAB-T2a-GFP plasmids
with Neural Progenitor containing bFGF and EGF for 8 days. Immunofluorescence staining of
neurospheres formed by treatment with medium, IHA-IDH1-WT and IHA-IDH1-R132H

medium (image taken at 10X magnification).

NESTIN expression is strong under conditions where MYC and ID1 are repressed
together. It is thought that different media have an effect on PAX6 expression. Interestingly,
PAX6 expression was higher in neurospheres incubated in IHA-IDH1-WT medium containing

bFGF and EGF for 8 days compared to others. (Figure 53).
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5. DISCUSSION

It is known that the G-CIMP phenotype is observed in different cell types that express
mutant IDH1/2 or are exposed to D-2-HG, and the cells show less differentiation (Turcan et al.,
2012). In vitro studies on gliomas generally perform tumor cells cultured in 2D environments,
and cells cultured in these environments may not fully represent the 3D in vivo tumor
microenvironment. To date, analysis of major histone modifications, DNA methylation,
transcriptome, etc. Most analyzes performed, such as the characterization of early epigenomic
changes resulting from IDH1/2 mutations in non-tumor cells, including tumor cells, have been
performed in cells cultured mostly in 2D environments. It is known that cells cultured in 2D
environment do not fully reflect the glioma biology occurring in 3D tissue. Even if
heterogeneous tumor samples are studied under this 2D cell culture condition, the 2D
environment may not fully reflect the 3D culture because the micro environment cannot be fully
reflected.

The cell culture method enables the understanding of cell structure, the development of
tissue morphology and engineering, drug effect and disease mechanisms in pre-clinical, cancer
and gene function-related research (Kapatczynska et al., 2018). In the 2D environment, cells
attached to an artificial flat and hard surface are cultured in a single layer and maintenance is
low-cost, but in 2D, the metabolism and functionality of the cells change greatly because they
cannot mimic the natural structures of cultured tissues or tumors. At the same time, cell-cell
and cell-extracellular environment interactions cannot simulate the expected behavior in vivo,
and 2D culturing causes various phenotype losses in cells (Kapatczynska et al., 2018). Studying
biological processes in 3D culturing has proven to be closer to the natural system in vivo (Ravi
et al., 2015). The first three-dimensional culture was made by Hamburg and Solomon in the
1970s using solution prepared with agar (Hamburger & Salmon, 1977). In studies conducted
since then, the similarity of the morphological structures and behaviors of the cells in the tumor
mass and the cells cultured in 3D environment has attracted attention. At the same time,
intercellular interaction; interaction of cells with the ECM; Differences in ECM components
and their impact on development and morphogenesis; Our increased understanding of issues
such as biochemical signaling processes to regulate stem cell differentiation has been
accelerated by 3D culture (Kang et al., 2021). Nowadays, 3D environments are needed to show

the growth, organization and differentiation of cells more realistically, as in tissues and organs,
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to provide a controllable culture environment and to make cellular mechanisms comparable to
in vivo conditions (Caliari & Burdick, 2016; Yamada & Cukierman, 2007). Extracellular matrix
(ECM), which provides the structural scaffolding in almost all tissues of multicellular
organisms, regulates the dynamic behavior of cells and intercellular communication. It also has
critical roles in the proliferation, morphology, differentiation, and functions of cells and tissues.
As itis known, ECM is a complex structure, and since the needs of each tissue or different types
of cells are different, ECM components are different for each tissue (Kang et al., 2021). Various
natural and synthetic biomaterials are available for creating 3D environments. Biomaterials
make it possible to study the entire complex structure of tissues and organs in cell culture
systems. Among biomaterials, hydrogels, which are hydrophilic polymers capable of retaining
water, are highly preferred in cell culture studies because they can physiologically mimic the
elements of natural ECM and are mechanically similar to soft tissue (Caliari & Burdick, 2016).

Hydrogels are divided into two: natural and synthetic. Synthetic ones include
polyethylene glycol (PEG), polyvinyl alcohol (PVA) and polycaprolactone (PCL); Alginate,
chitosan, hyaluronan and collagen can be given as examples of natural polymers (Andersen et
al., 2015)

Alginate, a polysaccharide obtained from a wide variety of brown algae, pseudomanas
and azotobacter bacteria, is one of the most widely used hydrogels for microencapsulation in
terms of permeability and biocompatibility. It offers ease of use as it has advantages such as
being easily available, maintaining its stability in the long term, having the ability to retain
water, being non-toxic, having a porous structure and being biodegradable (Kang et al., 2021;
Reig-Vano et al., 2021). It consists of B-(1-4)-linked B-D-mannuronic acid repeats (M-blocks)
and B-(1-4)-linked o-L-guluronic acid repeats (g-blocks). These blocks are connected to each
other by glycosidic bonds and can form copolymers as homopolymeric blocks (MMM- or
GGG- blocks) or heteropolymeric blocks (MGMGMG-blocks) (Morris et al., 1980; Sperger et
al., 2011). The configurations of M- and G- blocks are different from each other. While M-
blocks have a linear and flexible structure, G-blocks provide alginate with a rigid structural
feature as they create steric barriers around carboxyl functional groups. Therefore, the M- and
G-block ratio of the alginate used is essential for the mechanical features of the formed
hydrogels. For example, if the G-block ratio is high, a strong and hard hydrogel is produced,
whereas if the M-block ratio is high, a soft and flexible hydrogel is formed (Costa et al., 2018).

It forms a gel-like matrix by being activated by divalent cations such as calcium, zinc and
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copper. Due to this gelling feature, it creates 3-dimensional structures and forms suitable
structures for cells (Machida-Sano et al., 2014). The pore size of the alginate gel network can
be adjusted between 5-200 nm. Pore size is important for cells to receive nutrients and remove
waste products (Smidsr & Skj, 1990). Ionically gelled alginate can be dissolved using
substances such as ethylenediaminetetraacetic acid (EDTA) hexametaphosphate.

Previous studies have shown that alginate successfully mimics the 3D environment of the
CNS, and that the differentiation of stem cells into neural lineages is successfully achieved in
3D alginate culture ((Bozza et al., 2014; L. Li et al., 2011). Additionally, a model that mimics
treatment conditions in drug response studies was created with a 3D culture prepared with U87
glioblastoma cells and alginate hydrogel. Cells in 3D alginate culture treated with
temozolomide (TMZ) demonstrated an anti-proliferative effect, as did cells maintained in 2D
cell culture medium. Moreover, it was determined that the expression of genes associated with
drug resistance increased more in cells maintained in 3D alginate culture. As a result, the 3D
culture model prepared with alginate has been shown to be a fast, reliable and practical model
for drug testing and treatment development (Dragoj et al., 2021).

Therefore, we used alginate in modeling to shed light on the earliest stages of
gliomagenesis. In this study, an alginate bead formation protocol was applied to perform
alginate-based 3D culture (Davoudi et al., 2021). The diameter of the alginate-formed beads
was approximately 2 mm, and there are approximately 2500 cells in each NPC alginate bead.
For the first time in the literature, we showed that alginate-encapsulated NPCs survived and
grew throughout the culture period (18 days) without passaging or re-encapsulation with
alginate. We observed that the number of cells increased and formed dense clusters from the
first day of culture, even when the medium was changed at time points.

Not knowing exactly what the cell of origin of gliomas is has been an ongoing problem
for many years. It is the most critical factor to take into account when creating glioma models.
This issue was mentioned in the introduction part. Neural stem cells (NSCs), which have self-
renewing properties, are considered to be ideal candidates as the cell of origin of gliomas,
considering their development potential and plasticity properties.

It is also known to be produced by NSCs to produce new generations of neuronal and
glial lineages in neural progenitor cells (Cahill & Turcan, 2018). It is accepted that gliomas
arise from differentiation by accumulation of mutations in neural stem/progenitor cells,

oligodendrocyte progenitor cells or astrocytes. However, cells from high-grade tumor tissues
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are mostly used in glioma cell culture models. Because cells derived from tumor tissue reflect
the cellular conditions in fully developed tumors, they are not suitable for modeling the early
stages of gliomas (Cahill & Turcan, 2018).

Neural progenitor cells, which are among the cell types considered as possible cells of
origin, allow the development of more effective treatments, as they more realistically reflect
the cellular states in the initial stages of gliomagenesis and gliomagenesis-related signals can
be better captured in these cells. For this reason, NPCs created by differentiating from hiPSC
without oncogenic mutations were used. iPSC generated from non-pluripotent cells are capable
of differentiating into many different cell types, including neurons. Generation of iPSCs has
enabled the development of disease models and novel therapies to study disease pathogenesis
(Csete, 2010; Raya et al., 2009).

Basic helix-loop-helix (bHLH) proteins serve as key regulators of lineage- and organ-
specific gene expression in both vertebrates and invertebrates (Coppé et al., 2003). The DNA
binding inhibitor (ID) protein family dimerizes with bHLH proteins. Thus, as negative
regulators of bHLH, they regulates processes important in stem cell homeostasis, such as cell
cycle regulation, differentiation, stem cell niche maintenance, and cell migration (Sachdeva et
al., 2019a; Soroceanu et al., 2013). The ID protein family has four subtypes: ID1, ID2, ID3, and
ID4. Gene expression levels of the ID1, ID2 and ID3 subtypes, which are functionally similar
in undifferentiated cells, extremely proliferative cells, embryonic cells and cancer cells, are
high.

ID1 protein is the most studied subtype of all ID proteins and is involved in tumorigenesis,
cell senescence, proliferation and survival (Z. Zhao et al., 2020). It is overexpressed in more
than 20 types of cancer, such as prostate cancer, blood cancer, breast cancer and glioblastoma.
ID1, which is considered as a tumor promoter, promotes proliferation and differentiation,
metastasis, angiogenesis and Ephitelial Mesenchymal Transition (EMT) (Sachdeva et al., 2019;
Z. Zhao et al., 2020). ID1 has been shown to be a critical regulator of Glioblastoma initiation
and GBM chemoresistance. In the same study, it was shown that the effect of the chemotherapy
drug temozolomide given after inhibition of ID1 increased on the cells, delayed tumor
recurrence and prolonged life (Sachdeva et al., 2019).

It was observed that cyclinaD1, B-catenin and c-Myc, expressions decreased and
expression of E-cadherin increased in ID1-silenced U87 cells with the help of small hairpin

RNA (shRNA). This result shows that the Epithelial-Mesenchymal transition (EMT) is
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controlled and thus the metastatic potential of GBM is regulated by ID1 (Guo et al., 2013). It
was also found that ID1 increased EGF secretion in glioblastoma, thus providing EGFR
activation and leading to resistance against temozolomide-mediated cell death (Sachdeva et al.,
2019).

In point of fact, the increase in the H3K4me3 and H3K27ac signals of the ID1 promoter
after the application of IHA-IDHI1-R132H conditioned medium for 14 days explains the
increased ID1 expression. Interestingly, the increase in H3K27ac histone modification was
reversed after removal of IDHI-mutant medium after 14 days. This finding suggests that the
activating effect at the ID1 promoter is 2-HG dependent and may be transient. However, it
should not be forgotten that the IDHI mutation is the earliest change and is found in all
subclones that occur in gliomagenesis, so the induction in ID1 may not be reversible at all, or
it may occur by a different mechanism. Although the level of SmC at the ID1 promoter appears
to be partially increased, the increase in the level of ShmC can be interpreted as increased TET-
mediated oxidation of SmC and may indicate that the ID1 promoter is protected from possible
2-HG-mediated methylation.

The results of comparing the genes showing different expression in RNA-seq analysis
with TCGA-LGG data also support that ID1 may have a key role in the gliomagenesis-
triggering effects created by IDHI-R132H. When the genes showing an increase/decrease in
expression on the 17th day as a result of RNA-seq analysis were compared with the first 25
genes showing the highest correlation with ID1 expression according to TCGA-LGG RNA-seq
data, 15 of the 25 genes had different expression on the 17th day and all of them were the same.
It is striking that a correlation in the direction (positive-positive, negative-negative) was
observed, and that the transcriptome changes we see in NPCs are quite similar to low-grade
gliomas from an ID1-centered perspective.

TERT expression was strongly induced in NPCs exposed to IHA-IDH1-R132H
conditioned medium compared to NPCs exposed to IHA-IDH1-WT conditioned medium.
Moreover, this induction continued despite returning to normal NPC medium for 3 days after
day 14. In MeDIP-qPCR analysis, there was a substantial increase in the SmC level of TERT in
cells maintained in IHA-IDH1-R132H conditioned medium, and a partial decrease in the ShmC
level was observed compared to the wild type. In H3K4me3 ChIP-qPCR analysis, day 17
indicates a delayed activation. These results, when examined in the light of the literature,

provide important clues regarding the induction of TERT expression by the IDHI-R132H
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mutation. It is reported that when they achieved stable IDHI-R132H expression in p53/pRb-
KO E6E7-expressing normal human astrocytes, these cells were able to escape replicative
senescence, whereas isogenic cells expressing IDH-WT could not (Ohba et al., 2016).
Interestingly, researchers reported that IDHI-R132H induced TERT expression up to 40-fold,
but this induction was observed only in normal human astrocytes (NHA) that could recover
from senescence-induced crisis, and not in pre-crisis cells (Ohba et al., 2016). The fact that we
were able to see this induction, albeit much weaker, in completely healthy (genetically wild-
type) NPCs may be due to the fact that NPCs are genetically different from p53/pRb-KO E6E7
NHAs, cells that more realistically mimic glioma onset. It can also be explained by the fact that
they are small and exist in a 3-dimensional culture environment.

The fact that TERT was induced is also interesting as it is the target gene of MYC, another
target gene of the project. As a matter of fact, they showed that MYC binding together with the
increase in H3K4me3 in the TERT promoter plays a role in the induction of TERT by IDHI1-
R132H (Ohba et al., 2016). However, when the RNA-seq analysis results were examined, we
observed that MYC expression was not induced by IDH1-R132H THA medium: -0.04-fold,
p=0.86 (comparison 3), 0.06-fold, p=0.81 (comparison 4). On the other hand, MYC is an
immediate early gene and the stability of its mRNA is extremely low; Since mitogens in the
environment are rapidly degraded at both mRNA and protein levels (half-time 25 min) as soon
as they are removed (Dani et al. 1984), examining MY C target genes is a more reliable approach
for the analysis of MYC activity. Therefore, for the 102 genes whose expression increased the
most on the 17th day, MYC appeared in the top two ranks in the gene-set enrichment analysis
results of the transcription factors controlling these genes (according to CHEA and ENCODE
databases), indicating that MYC activity increased as a result of IDH1-R132H. A supporting
finding for this finding comes from the increased level of H3K27ac in the MYC promoter;
However, while the increase in one region of the promoter was permanent, the increase in the
other region was reversed on the 17th day. This observation may be indicative of the known
complex regulatory mechanisms of the MYC promoter (Levens 2008).

Another striking MY C-related finding is that the methylation levels of the MY C enhancer
(TRIM28-related), which we identified in our previous studies and interacts with the
rs55705857 glioma risk SNP, showed a significant decrease in both 5-mC and 5-hmC. In
addition, H3K27ac signal at this enhancer also increases on day 14 and is reversed after removal

of the mutant medium. On the other hand, it is also interesting that the H3K27ac signal in the

125



regions near rs55705857 was significantly suppressed after exposure to the mutant medium
compared to the IDH1-WT medium. On the other hand, although no H3K4me3 signal was
observed at the rs55705857 SNP locus in previous studies with IHAs (Turcan et al., 2018), in
our study, an increased H3K4me3 signal due to the IDH1-R132H mutation was observed in
NPCs exposed to the medium obtained from these IHAs. The reason for this result may be the
analysis of changes in NPCs instead of IHA, or the qPCR method used may be more sensitive
than the ChIP-seq method. In both cases, our results show that the IDH1-R132H mutation
causes H3K4me3 enrichment partially at the rs55705857 locus and more strongly at a locus
approximately 2.5 kb away from the SNP.

Another interesting result revealed by RNA-seq data was that the signaling pathways
controlling pluripotency were among the pathways that both increased the most and decreased
the most on day 17; The possible reason for this may be that some of the different components
of these critical pathways are permanently induced by 2-HG, while others are temporarily
induced, that is, a rapid return to their previous levels upon withdrawal of 2-HG. As a matter of
fact, the fact that cancer-related pathways are among the pathways that decrease most
significantly immediately after the withdrawal of 2-HG indicates that at least some of the effects
of 2-HG on cancer are temporary, indicating that 2-HG and therefore IDH1-R132H and the
associated IDH1/ It can be interpreted as being dependent on the presence of 2 mutations.

Although suppression of ID1 and MYC with the dCas9-KRAB method has been
achieved, additional analyzes are needed in this direction. After optimization of this approach,
we will be able to test more accurately to what extent suppressing these two genes can prevent
the changes caused by mutant IDH1 towards glioma formation. On the other hand, neurosphere
size and density in control cells exposed to IHA-IDH1-R132H medium are higher than in cells
exposed to IHA-IDH1-WT medium. At the same time, it is a striking detail that when IHA-
IDH1-R132H medium was given to cells in which only ID1 was suppressed and ID1 and MYC
were suppressed together, their ability to form neurospheres was greater. When the conditions
of suppression of MYC in cells are compared, the neurospheres formed by cells cultured in
IHA-IDH1-WT medium and neural progenitor medium are larger.

These results indicate that the mutant medium can eliminate the negative effects of dCas9-

KRAB-mediated gene repression of ID1 and MYC.
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6. CONCLUSIONS AND FUTURE DIRECTIONS

In this study, we first showed that NPCs can be cultured for a long time in 3D culture
prepared with alginate and that 3D culture prepared with alginate is suitable. At the same time,
the effects of IDH mutations alone on the earliest stages of gliomas, without the confounding
effect of other mutations, were demonstrated in NPCs maintained in 3D culture with IHA-
IDH1-R132H conditioned medium. While the results obtained supported the hypotheses first
put forward by our group regarding the role of MYC in this early stage, they also revealed ID1
as another critical factor. Previous studies have shown that ID1, which is considered a tumor
promoter, is an important regulator in glioblastoma initiation and chemoresistance. The ID1-
MYC-IDHI relationship will be examined more closely in studies following functional
analyzes initiated by repressing ID1 and/or MYC. The molecules and networks in which ID1
and MYC act together in the glioma-initiating effects of IDH1 can be determined, and possible

targeting strategies can be developed.
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Modeling The Earliest Stages Of Gliomagenesis Using Human iPSC-derived NPCs In A
Three-dimensional Alginate-based Matrix
Ug Boyutlu Aljinat-Bazli Bir Matriste Insan iPSC'lerinden Tiiretilmis NPC'leri Kullanarak

Gliomagenezin En Erken Asamalarinin Modellenmesi

Burcu Ekinci!, Tutku Yaras!'2, Yavuz Oktay!%3

'Dokuz Eyliil University, Izmir International Biomedicine and Genome Institute, Izmir, Turkey
2Izmir Biomedicine and Genome Center, Izmir, Turkey

3Dokuz Eyliil University, Faculty of Medicine, Department of Medical Biology, Izmir, Turkey

Abstract

Objective: The development of gliomas is believed to be triggered by isocitrate dehydrogenase
(IDH1/2) mutations, but there is limited information on how IDH1/2 mutations trigger
gliomagenesis. This is because studies over the years have often used patient humor samples or
transformed cells or normal stem cells with driver mutations to explore the early stages of
glioma development. Here, we constructed a model to understand the specific effects of IDH1-
R132H mutation alone by preparing an alginate-based 3D culture with NPCs and hence sought
to avoid the effects of other driver mutations.

Methods: Human induced Pluripotent Stem Cells (hiPSCs) were differentiated into Neural
Progenitor Cells (NPCs). NPCs embedded in an alginate-based 3D matrix were incubated in
Neural Progenitor Medium for 1 day (day 0). Then, Neural Progenitor Medium was removed
from the NPC-alginate beads and incubated for 14 days with conditioned media from

Immortalized Human Astrocytes (IHAs) that produced doxycycline-induced wild-type IDH1
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and Mutant IDH1. On day 14, IHA-conditioned media were replaced with Neural Progenitor
Medium and incubated for 3 days (day 17). RNA was isolated from NPCs at day 0 and 17, and
key genes (Tet methylcytosine dioxygenase 1 (7ETI) and Mesenchyme Homeobox 2
(MEOX2)), previously reported to be altered in IDH1-mutant gliomas, were evaluated by RT-
qPCR.

Results: Optimal alginate-based 3D culture conditions were established with NPCs. Expression
of key genes was examined at day 0 and day 17. In the NPC-alginate bead 3D culture model,
TETI was upregulated and MEOX? tended to be downregulated after exposure to IHA-IDH1-
R132H conditioned medium.

Conclusion: We have developed a novel NPC-alginate bead 3D culture model for the first time
in the literature. By recapitulating the earliest stages of gliomagenesis, this model will allow
studying the effects of the IDH1-R132H mutation without confounding effects of the other
mutations.

Keywords: Glioma, Isocitrate Dehydrogenase, IDH1, Immortalized Human Astrocytes, Neural
Progenitor Cells, NPCs.

Ozet

Amag:

Glioma gelisiminin izositrat dehidrojenaz (IDH1/2) mutasyonlar1 tarafindan tetiklendigine
inanilmaktadir, ancak IDH1/2 mutasyonlarinin gliomagenezi nasil tetikledigine dair sinirli bilgi
bulunmaktadir. Bunun nedeni, yillar boyunca yapilan g¢aligmalarda, glioma gelisiminin erken
agamalarini aragtirmak igin siklikla hasta tiimor 6rneklerini veya doniistiiriilmiis hiicreleri veya
slirlicii mutasyonlara sahip normal kok hiicreleri kullanmasidir. Burada, NPC'lerle aljinat bazli
bir 3 boyutlu kiiltiir hazirlayarak tek basina IDH1-R132H mutasyonunun spesifik etkilerini
anlamak i¢in bir model olusturduk ve dolayisiyla diger siiriicii mutasyonlarinin etkilerinden

kaginmaya calistik.
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Yontemler: Insan Indiiklenmis Pluripotent Kok Hiicreler (hiPSC'ler), Noral Progenitor
Hiicrelere (NPC'ler) farklilagtirildi. Aljinat bazli bir 3D matrise gomiilii NPC'ler, Noral
Progenitér Ortaminda 1 giin (0. giin) boyunca inkiibe edildi. Daha sonra, Noral Progenitér
Ortam1, NPC-aljinat boncuklarindan uzaklastirildi ve doksisiklin kaynakli vahsi tip IDH1 ve
Mutant IDHI1 iireten Oliimsiizlestirilmis Insan Astrositlerinden (IHA'lar) sartlandiriimis
ortamla 14 giin boyunca inkiibe edildi. 14. giinde, IHA kogullu ortam, Noral Progenitér Ortami
ile degistirildi ve 3 giin boyunca (17. giin) inkiibe edildi. RNA, 0. ve 17. giinde NPC'lerden
izole edildi ve daha 6nce IDH1 mutant gliomalarda degistirildigi bildirilen anahtar genler (Tet
metilsitozin dioksijenaz 1 (TET1) ve Mesenchyme Homeobox 2 (MEOX2)) RT-qPCR ile
degerlendirildi.
Bulgular: NPC'lerle optimum aljinat bazli 3 boyutlu kiiltiir kosullar1 olusturuldu. Anahtar
genlerin ekspresyonu 0. giinde ve 17. giinde incelendi. NPC-aljinat boncuk 3D kiiltiir
modelinde, TET1 yukar regiile edildi ve MEOX2, IHA-IDH1-R132H kosullu ortama maruz
birakildiktan sonra asagi regiile edilme egilimindeydi.
Sonug: Literatiirde ilk kez yeni bir NPC-aljinat boncuk 3 boyutlu kiiltiir modeli gelistirdik. Bu
model, gliomajenezin en erken agamalarini taklit ederek, diger mutasyonlarin karistirici etkileri
olmadan IDH1-R132H mutasyonunun etkilerini inceleme olanag: saglayacaktir.
Anahtar Kelimeler: Glioma, Izositrat Dehidrojenaz, IDH1, Oliimsiizlestirilmis Insan
Astrositleri, Noral Progenit6r Hiicreler, NPC'ler.
Introduction

Gliomas, a deadly brain tumor type, have poor prognosis, high morbidity and mortality,
while being rare compared to other tumors (1). According to data from the Central Brain Tumor
Registry of the United States, the worldwide incidence rate of primary malignant brain and

other CNS tumors was 3.5 per 100,000 population (2) .
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Gliomas, the most common type of cancer arising from brain tissue, are devastating
cancers that are often incurable due to their heterogeneity and invasive properties (3,4) . Current
treatment modalities such as surgical resection, radiation, and chemotherapy provide modest
benefits for patient survival (5,6) and no significant advances has been made in treatment of
gliomas in the past >20 years (6,7).

Isocitrate dehydrogenases (IDH), whose mutations are one of the most important

diagnostic markers of gliomas, act as core metabolic enzymes in the citric acid cycle and
convert isocitrate to a-ketoglutarate (a-KG) (8,9). Mutations in IDH1 or IDH2 enzymes in
lower-grade glioma (LGG) and secondary GBMs are usually heterozygous missense mutations
and frequently affect amino acids 132 of the IDH1 and 172 of the IDH2 (10).
Mutated IDH1 and IDH2 enzymes acquire a neomorphic feature, leading to the production of
2-Hydroxyglutarate (R-2-HG), an oncometabolite (8). 2-HG is structurally similar to a-KG and
competitively inhibits a-KG-dependent dioxygenases, including DNA demethylases (e.g., TET
family) and histone demethylases (e.g., Jumonji family) (11,12). As a result, the epigenetic
landscape of histones and DNA changes, which result in numerous cellular changes (13-15).
IDHI1/2 mutations are considered to be the earliest genetic alterations that trigger the
development of gliomas, as it has been shown to precede mutations in genes, such as 7P53
mutations known to play roles in glioma development, or the glioma-specific 1p/19q codeletion,
or genome-wide CpG island methylator phenotype (G-CIMP) (16).

Existing cellular models to mimic early gliomagenesis often include transformed cells
or normal stem cells with driver mutations, such as those in 7P53, ATRX, 1p/19g-codeletion,
EGFR, PTEN, NF1, CDKN2A/B, etc.. Although the origins of gliomas are still unclear, studies
in developmental biology, patients, and experimental glioma models suggest that glioma origins
may be neural progenitor or stem cells, oligodendrocyte precursor/progenitor cells, or

astrocytes (17).
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Self-renewing, multipotent and GFAP-expressing neural stem cells (NSCs) transform
into neural progenitor cells that generate neurons and glial cells (18,19) . Due to the
developmental potential and plasticity of NSCs, they are ideal candidates for glioma cells of
origin because multiple oncogenic mutations are required for gliomagenesis, and the self-
renewal and proliferative properties of NSCs may result in the endogenous accumulation of
somatic mutations (20,21). However, the role of postmitotic and differentiated astrocytes in
glioma formation is still debated (20).

Previous studies have often used 2D cultures which force cells to adapt to an artificial,
flat and hard surface. The 2D cultures can alter the metabolism and degree of functionality of
cells, which may significantly differ from the behavior of cells in vivo (22,23).

In contrast, 3D cellular systems reflect and allow the study of biological processes such
as interactions between cells, the effect of the extracellular matrix on cells, and different
external physical and chemical stimuli (24-26). Alginate derived from algae is the most widely
used natural polymer for microencapsulation due to its permeability, biocompatibility, long-
term stability and water retention ability. Unmodified alginate is ionically crosslinked by
activation with divalent cations such as Ca?* (27). Alginate is used during differentiation of
stem cells into neural lineages, as it successfully mimics the 3D environment of the central
nervous system (28,29), and therefore we decided to use alginate to develop a novel model of
the earliest stages of gliomagenesis.

Our knowledge of how the cascade initiated by /DH1/2 mutations triggers or facilitates
gliomagenesis is limited. In comprehensive multi-omic studies that have been going on for
years, either patient tumor samples or glioma models created by combining many oncogenic
mutations were used. However, IDH1/2 mutations are known to be genetic changes that occur
at the earliest stage of gliomagenesis, and therefore, models with additional mutations may not

recapitulate the oncogenic changes leading to glioma development. In this study, we have
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shown that the NPC-alginate bead 3D culture model combined with conditioned media from
immortalized human astrocytes (IHAs) expressing mutant IDH1 inducibly, is a suitable model
to examine the earliest stages of gliomagenesis and how the IDH1-R132H mutation affects cells
with brain tumor initiation potential. Importantly, this model is the first to reveal how the IDH1-
R132H mutation alone acts in the earliest stages of gliomagenesis, independent of the
confounding oncogenic effects of other driver mutations that are used in the existing models
generated to date.

Methods

Immortalized Human Astrocytes

Immortalized Human Astrocytes (IHA) were a gift from Prof. Timothy Chan, assisted
by Dr. Sevin Turcan. IHA-IDHI1-WT and IHA-IDH1-R132H cells were induced by
doxycycline (Sigma, Cat No: D9891-5G) to produce wild-type IDH1 and mutant IDHI1,
respectively. IHA cells were maintained in DMEM High glucose (Gibco, Cat No: 41965-039)
supplemented with 10% FBS (Gibco, Cat No: 10500-064) and penicillin/streptomycin (Gibco,
Cat No: 15140122).

To produce IHA-IDH1-WT and IHA-IDH1-R132H conditioned media, IHA-IDH1-WT
and IHA-IDH1-R132H cells were cultured in DMEM High Glucose Medium in the presence
of doxycycline. When the cells reached 80-90% confluency, media in which the cells were
cultured were collected, filtered with 0.45 uM filter and then stored at -20 °C. After IHA-IDH1-
WT and IHA-IDH1-R132H conditioned media were removed, IHA-IDH1-WT and IHA-IDH1-
R132H cells were passaged with trypsin and grown in 1pg/ml doxycycline-containing DMEM
High Glucose.
hiPS Cell Culture

Mouse embryonic fibroblast (MEF) cells were cultured in MEF medium (DMEM High

Glucose, 10%FBS, 2mM GlutaMAX, 1% pen/strep, 1X MEM-NEAA and 1X Sodium
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Pyruvate) in a gelatin coated 6-well plate. When the confluency of MEF cells in a plate reached
85-90%, cells were treated with Mitomycin-C (Biovision, Cat No: 2713-5) at 10 ug/ml final
concentration for 3 hours at 37 °C and 5% COx.

After incubation, medium containing mitomycin-C was aspirated and cells were washed
with DMEM High Glucose. Human iPSCs were opened with HESC Medium (containing
DMEM-F12 medium, 20% Knock-out SR, 1X MEM-NEAA, 2-Mercaptoethanol, 15mM
HEPES and 100 ng/ml bFGF) on mitotically inactivated MEF feeder cells. Cells were incubated
at 37 °C and 5% CO; and medium was changed every day with fresh HESC Medium. When
iPSCs colonies reached sufficient size, colonies were detached with dispase in DMEM-F12
(Stemcell Technologies, Cat No: 07923). The hiPSCs colonies were cultured in mTESR™ 1
complete medium (mTESR Basal Medium and mTESR 5X Supplement) in matrigel (Corning,
Cat No: 354277) coated wells of a 6-well plate. When cells reach 70-80% confluency, colonies
were removed with dispase and replated in fresh mTESR™ 1 complete medium in a 6-well
plate.

Generating Neural Progenitor Cells (NPCs) from human iPS Cells

To generate Neural Progenitor Cells (NPCs) from hiPSCs, “Generation and Culture of
Neural Progenitor Cells using the STEMdiff™ Neural System” Monolayer Culture protocol
from STEMCELL Technologies was used. Firstly, after iPSC colonies were washed with sterile
PBS, cells were dissociated with Gentle Cell Dissociation Reagent (StemCell, Cat No: 07174).
Cells in STEMdiff™ Neural Induction Medium + SMADi (StemCell, Cat No: 08581) were
plated in a single well of a matrigel-coated 6-well plate and incubated at 37 °C and 5% CO..
Every day, the whole medium was changed with fresh STEMdiff™ Neural Induction Medium
+ SMAD:I until cell confluency reached 90%. Cells were treated with accutase (Stemcell, Cat
No: 07923) and then cells in STEMdiff™ Neural Induction Medium + SMADi were cultured

in a well of matrigel coated 6-well plate. Cells were passaged one more time and plated with
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STEMdiff™ Neural Induction Medium + SMADi. After two passages, the Neural Progenitor
Cell (NPC) Culture protocol was used for expansion of NPCs.

Cells were treated with accutase and plated in a matrigel coated 6-well plate in
STEMdiff™ Neural Progenitor Medium (Stemcell, Cat No: 05833). At 90% confluency, cells
were passaged and placed in fresh STEMdiff™ Neural Progenitor Medium in a matrigel-coated
6-well plate.

Immunofluorescence Staining for characterization of hiPSCs and NPC

Cells were seeded on matrigel coated coverslips in a 24-well plate. After cells were
attached to the coverslips and were 50-60 % confluent, they were fixed with 4%
paraformaldehyde (PFA) (Sigma-Aldrich, Cat No: 158127-100G) for 15 min at RT. Then, cells
attached to coverslips were washed with 1X PBS three times. They were permeabilized with
0.1% Triton X-100 in 1X PBS for 10 min at RT. After 10 min, cells were washed with 1X PBS
three times. For blocking, 1% BSA in PBST (PBS with 0.1% Tween-20) was added on cells
and incubated for 1 hour at RT. Cells were incubated with primary antibodies in blocking
solution for 2 hours at RT. NPCs were detected with Mouse NESTIN (1:1500, Cell Signaling,
Cat No: 33475), Rabbit SOX2 (1:400, Cell Signaling, Cat No: 3579), Rabbit SOX1(1:400, Cell
Signaling, Cat No: 4194S), Mouse OCT4 (1:200, Cell Signaling, Cat No: 75463) and Rabbit
PAX6 (1:200, Cell Signaling, Cat no: 60433). iPSCs were detected with Mouse OCT4 (1:200,
Cell Signaling, Cat No: 75463). After primary antibody staining, cells were washed with 1X
PBS three times. Secondary antibodies in blocking solution were added on cells and incubated
for 1 hour at RT in dark. Goat Anti-Rabbit conjugated to Alexa 555 (1:500, Abcam, Cat No:
ab150078) and Goat Anti-Mouse conjugated to Alexa 488 (1:500, Abcam, Cat No: ab150113)
were applied. After being washed with 1X PBS three times, cells were counterstained with
Hoechst (1:1000) in PBS to stain nuclei for 3 min at RT. Then cells were washed with 1X PBS.

Coverslips were flipped onto a drop of mounting medium placed on a slide.
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Alginate-Based 3D Neural Progenitor Cell Culture

Alginate solution (2%) (Sigma, Cat No: 1112) was prepared with ddH,O and
autoclaved. This solution was filtered with a 0.2 uM filter and then stored +4 °C. When alginate
beads formed with NPCs were prepared, Neural Progenitor Medium and 2% alginate solution
were mixed equally. The concentration of alginate solution was reduced from 2% to 1% with
medium.

Before embedding NPCs in alginate beads, accutase was used to collect NPCs from 10
cm plates. Viable cells were counted using Trypan Blue and a hemocytometer. Each alginate
bead consists of 10 pl of alginate solution formed with the help of a syringe with a 21G X 1-
2" needle. Cells were centrifuged, supernatants were removed and the volume of 1% alginate
solution to be added was adjusted so that the cell concentration in alginate was 250,000 cells/ml.
Cell-alginate suspension was dropped onto 100 mM CacCl, buffer with the help of a syringe to
form alginate beads containing NPCs. The CaCl. buffer was removed and then cells were
washed with DMEM-F12. After the washing step, Neural Progenitor Medium was added onto
NPC-alginate beads and incubated at 37 °C and 5% COa.

3 different time points (Day 0, Dayl4 and Day 17) and 5 different experimental
conditions were selected to develop the model.

In the first group (control), there was no manipulation of cells. NPC-alginate beads were

incubated in the Neural Progenitor Medium for 24 hours.
In the second group, The Neural Progenitor Medium on the NPC-alginate beads was replaced
with IHA-IDH1-WT conditioned medium after 24 hours. 3-4 ml of medium was withdrawn
from the plates and 4-5 ml of fresh IHA-IDH1-WT conditioned medium was added every three
days for 14 days.

In the third group, The Neural Progenitor Medium on the NPC -alginate beads was

replaced with IHA-IDH1-R132H conditioned medium after 24 hours. 3-4 ml of medium was
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withdrawn from the plates and 4-5 ml of fresh IHA-IDH1-R132H conditioned medium was
added every three days for 14 days.

In forth and fifth groups; after 14 days, IHA-IDH1-WT and IHA-IDH1-R132H
conditioned mediums on NPC- alginate beads were replaced with Neural Progenitor Medium
and for 3 days, NPCs alginate beads were incubated separately for 3 days at 37 °C and 5% COx.
Recovering cells from alginate beads for further experiments

0.5 M ethylenediaminetetraacetic acid (EDTA) (Invitrogen, Cat No: 15575-020) was
added to the culture medium containing NPC-alginate beads to disrupt alginate polymer by Ca*?
chelation. After alginate was dissolved, the solution in the plate was transferred to a 50 ml
canonical tube. Cells were pelleted by centrifugation at 300 x g for 5 min and washed with
DMEM-F12 medium. Next, the supernatant was completely removed and discarded. TRI
Reagent (Sigma, Cat No: 93289-100ML) was added to the cells to be used for RNA isolation
and stored at -80 °C.

RNA isolation and Real Time Quantitative PCR (RT-qPCR)

Cells, recovered from beads at day 0 and day 17 were lysed in TRI reagent. Direct-zol
RNA MiniPrep Plus Kit (Zymo Research, Cat No: R2072) was used to isolate RNA. RNA
concentration was determined with a Nanodrop (Thermo Scientific, Nanodrop 2000
spectrometer) instrument.

cDNA was synthesized from extracted RNA using ProtoScript® First Strand cDNA
Synthesis Kit (New England BioLabs, Cat No: E63008S). GoTaq® qPCR Master Mix (Promega,
Cat No: A6001) and Real-Time PCR Detection System (Applied Biosystems 7500 Fast
Instrument) were used according to the manufacturers’ instructions. Primers are listed in Table

1. GAPDH, the housekeeping gene, was used to normalize changes in specific gene expression.

10

163



Table 1: Primer List for RT-qPCR

Primer Name | Forward Primer Sequence Reverse Primer Sequence
TETI CAGAACCTAAACCACCCGTG | TGCTTCGTAGCGCCATTGTAA
MEOX2 GTCAGAAGTCAACAGCAAAC | CACATTCACCAGTTCCTTTTCC
CCAG CGAGCC
GAPDH TGCACCACCAACTGCTTAGC | GGCATGGACTGTGGTCATGAG
Result

Generation and Characterization of hiPSC-derived hNPCs

In order to differentiate hiPSCs to NPCs, dual SMAD inhibition of iPSCs in monolayer
culture conditions was performed using the STEMdJiff reagents. Upon induction of
differentiation using the Neural Induction Medium in the presence of SMADi, Neural
Progenitor Medium was used to expand the generated NPCs. Figure 1A illustrates the

morphological changes of cells throughout the differentiation process. (Figure 1A). The

morphological differences between hiPSCs and hiPSC-derived NPCs were readily visible

(Figure 1B).
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A

DAY 0 Passage 1 & 2 PASSAGE 3 Subsequent Passages
Plate Single Cells

| STEMGiff Neural Induction Media+ SMAD

AN

hiPSC-derived NPCs

Figure 1. Generation of human NPCs from hiPSCs. A. Images were taken during various
stages of hNPCs differentiation and show cell morphology during each differentiation step.
Scale bar: 200 um B. Representative images of hiPSC colonies and iPSC-derived NPCs. Scale

bar: 1 mm, 200 pm and 200 pm respectively.

Immunocytochemical staining was performed to characterize whether hiPSC-
differentiated cells correspond to NPCs. However, before starting differentiation, we checked
whether the hiPSCs to be used for differentiation into NPCs were still pluripotent. OCT4
(encoded by POUS5F1, also known as Oct3, Oct3/4), a member of the POU transcription factor
family, is an ESC- and germline-specific transcription factor. OCT4 plays a critical role in the
maintenance of pluripotency and self-renewal of ESCs (30) and it is highly expressed in

pluripotent cells, whereas its expression decreases during differentiation (31). Therefore,
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hiPSCs were stained with an antibody against the pluripotency marker OCT4 and as expected,
all cells were stained strongly for OCT4 (Figure 2A).

Following the confirmation of hiPSCs pluripotency, differentiation was initiated and at
the end of the differentiation process, cells were stained for neuroectodermal stem cell markers,
namely NESTIN, SOX1, SOX2 and PAX6, and the pluripotency marker OCT4 (Figure 2B).

The type IV intermediate filament (IF) protein NESTIN is specifically expressed in
NPCs and is a well-known neural stem cell marker. It is not expressed in post-mitotic neurons
or glia (32). SOX1, a member of the B1 group of the SRY homology box (SOX) transcription
factor family, has been shown to be an important regulator in cell fate determination of neural
lineage cells and is used to identify neural progenitor cells (33). Sex determining region Y-box2
(SOX2), also a member of the SOX family of transcription factors, is a factor that has very
important roles in the control of pluripotency, the neural differentiation of pluripotent stem
cells, and the self-renewal of neural progenitor stem cells (34,35). The paired box 6 protein
(PAXG6) is a transcription factor that plays an important role in the development of the central
nervous system, particularly of the eye, spinal cord and cerebral cortex (36). PAX6 regulates
many vital aspects of NSCs, such as proliferation, self-renewal, differentiation, and apoptosis.

We found that most of the NPCs were stained positively with neuroectodermal stem cell
markers. Also, the cells were not stained with OCT4, as expected. These results indicated that

most of hiPSCs differentiated into NPCs successfully (Figure 2B).
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HOECHST

NESTIN SOx1 HOECHST

; . s

Figure 2. Characterization of hiPSCs and hiPSC-derived NPCs. Representative cells from

the hiPSCs and hiPSC-derived NPCs were fixed and stained with the antibodies against lineage-
specific marker proteins. A. hiPSCs express pluripotency marker OCT4. Scale bar: 50 um. B.
Immunocytochemistry staining showing hiPSC-derived NPCs expressing SOX2, SOX1, PAX6
and Nestin. For NPCs, three different co-stainings were performed. 1; Nestin (Green), SOX1
(Red) and Hoechst (Blue). 2; Nestin (Green), SOX2 (Red) and Hoechst (Blue). 3; OCT4
(Green), PAX6 (Red) and Hoechst (Blue). Nuclei were stained with Hoechst 33258. Scale bar:

20 pm.
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Alginate bead-based 3D NPC culture

Human Neural Progenitor Cells (NPCs) that had been homogeneously dispersed were
encapsulated inside alginate hydrogel sphere-like beads. Alginate is widely used in the creation
of 3D cell culture models due to its advantageous properties, such as easy gelling under
physiological conditions, easy dissolution, ease of microscopic observation, and a structure that
allows efficient nutrient and waste diffusion (37,38).

The concentration of alginate is important for mechanical stability, flexibility, and
nutrient diffusion when creating a 3D culture (38,39). It was observed that alginate beads
prepared at low alginate concentration had large pore sizes, had a weak structure, and failed to
maintain integrity during long-term culture. It was also reported that the proliferation of
embryonic stem cells (ESCs) was inhibited in alginate beads prepared at the concentration of
2%, whereas the beads prepared at 1% alginate concentration are the most suitable for ESC
growth (38).

For this reason, 3D culture was created with 1% concentration of alginate to maintain
cell viability and proliferation of NPCs. 3 different time points and 5 different experimental

conditions were selected to develop the model (Figure 3).
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Figure 3. Schematic representation of experimental design A) IHA-IDH1-WT and IHA-
IDH1-R132H conditioned media production B) Preparation of 5 experimental conditions: NPC-
Control-Day 0, NPC-IDH1_WT-Day 14, NPC-IDH1 R132H-Day 14, NPC-IDH1 WT-Day 17
and NPC-IDH1 R132H-Day 17

Alginate beads formed with NPCs on day 0 were incubated in the Neural Progenitor
medium for 24 hours (Figure 4A). At day 14, we had two different experimental groups: the
first was cultured with a medium collected from immortalized human astrocytes (IHAs),
inducibly expressing IDH1-WT for 14 days. The second was cultured with medium collected
from IHAs expressing the IDH1-R132H for 14 days. At day 17, we had two experimental
groups: i) conditioned medium collected from IHAs inducibly expressing IDH1-WT were
removed from NPC-Alginate beads on day 14 and Neural Progenitor medium was added, and

cells were cultured with Neural Progenitor medium for 3 days (until day 17), ii) conditioned
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medium collected from IHAs inducibly expressing IDH1-R132H were removed from NPC-
Alginate beads on day 14 and Neural Progenitor medium was added, and cells were cultured
with Neural Progenitor medium for 3 days (until day 17),

At day 0 the alginate beads were transparent and shiny (Figure 4A). No degradation of
the beads was observed at day 0, but at day 14, the beads that were treated with IHA-IDH1-WT
and IHA-IDH1-R132H mediums began to deteriorate. However, the cells within the beads were
able to keep proliferating, forming an aggregate. Deterioration of more beads was observed on
the day 17 groups; more frequent clustering was observed due to the increase in the number of
cells. In addition, it was observed that cells escaped from the beads due to deterioration of the

alginate beads in the 14th and 17th day groups (Figure 4B).

A

NPC-Control-Day 0 NPC-IDH1_WT-Day 14  NPC-IDH1_R132H-DAY 14  NPC-IDH1_WT-Day 17 NPC-IDH1_R132H-DAY 17

Figure 4. 3D culture of hNPCs in alginate beads. A. Confocal microscope images of alginate-
based 3D NPC culture at day 1. Scale Bars: 500 pm. B. Light microscope images of alginate
based 3D NPC cultures at day 0 (in NPC medium), day 14 (in IHA-IDH1-WT and IHA-IDH1-
R132H conditioned-medium) and day 17. On day 14, IHA-IDH1-WT and IHA-IDH1-R132H
conditioned-medium were changed with regular NPC medium and cultured for three days

before imaging on day 17. Scale Bar: 1 mm.

17

170



RT-qPCR analysis confirms upregulation of IDH1-R132H induced genes

To confirm that NPCs exposed to IHA-R132H conditioned medium display alterations
observed in IDH1-R132H expressing glial cells, we analyzed the expression levels of the genes
known to be upregulated (TETI) and down-regulated (MEOX2) by IDH1-R132H in NPCs at
two time-points (day 0 and day 17) by RT-qPCR.

Cells were recovered from the beads at indicated time-points and expression of TET!
and MEOX2 was examined. On the third day after returning the cells to the Neural Progenitor
medium (day 17), the expression level of TET! in NPCs exposed to IHA-IDH1-WT conditioned
medium was almost the same as in day 0 NPCs. On the other hand, it was observed that in the
NPCs exposed to IHA-IDH1-R132H conditioned medium TE7! expression increased almost
3.5 times compared to day 0. Furthermore, a significant difference in TET! expression was
observed when NPC-IDH1 R132H-Day17 cells were compared with NPC-IDH1 WT-Day17
cells (Figure 5A). Therefore, we conclude that growing NPCs in IHA-IDH1-R132H
conditioned medium induces expression of TET1, in line with the reported induction of T7ET!
in IDH1/2 mutant gliomas (40).

On the other hand, it was observed that MEOX2 expression was suppressed both in NPCs
cultured in IHA-IDH1-R132H conditioned medium and in IHA-IDH1-WT conditioned
medium. However, the suppression showed a tendency to be stronger in NPCs cultured in IHA-
IDH1-R132H conditioned medium, compared to the IHA-IDH1-WT conditioned medium (2.2

fold, p=0.21, after multiple-test correction in ANOVA) (Figure 5B).
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Figure 5. The expression patterns of TET1 and MEOX2 genes. A) TETI B) MEOX2 mRNA
levels were analyzed by RT-qPCR in NPCs cultured inside alginate beads for 3 different

experimental conditions. GAPDH was used as the housekeeping gene. ** p < 0.01; *** p <

0.001; **** p <0.0001.

Discussion

It is known that mutant IDH1/2 expression or exposure to D-2-HG leads to the G-CIMP
phenotype in different cell types and drives the cells to a less differentiated point (14). However,
most in vitro studies of gliomas rely on tumor cells cultured in 2D environments and may not
fully recapitulate the 3D in vivo tumor microenvironment. Therefore, the characterization of

early epigenomic changes resulting from IDH1/2 mutations in non-tumor cells, including
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analysis of major histone modifications, DNA methylation, transcriptome etc., has largely been
performed in cells cultured in 2D. In addition, some of these studies were carried out under cell
culture conditions with heterogeneous tumor samples or cells (e.g., astrocyte) that could not
fully reflect the glioma biology occurring in three-dimensional tissue. However, IDH1/2
mutations are genetic changes that occur at the earliest stages of gliomagenesis, when other
oncogenic changes are not yet present.

Another factor to be considered when creating glioma models is the “cell-of-origin”
problem. Neural stem cells (NSCs), which have self-renewal properties, are considered ideal
candidates as the origin cells of gliomas due to their development potential and plasticity
properties. Neural progenitor cells are also produced by NSCs to produce progeny along
neuronal and glial lineages (20). While it is widely accepted that gliomas result from
accumulation of mutations in neural stem/progenitor cells, oligodendrocyte progenitor cells, or
dedifferentiation of astrocytes, most cell culture models of glioma rely on tumor cell lines
generated from high-grade tumor tissues (20). Because these cells are more likely to reflect the
cellular states in full-blown tumors, rather than the earliest cells-of-origin that give rise to
gliomas, they are not suitable for modeling the early stages of gliomas. As the likely cells-of-
origin, neural progenitor cells could better reflect the cellular states at initial stages of
gliomagenesis and some features associated with gliomagenesis can be better understood in
these cells, which could lead to development of more effective therapies. It is critical that the
model in which the analysis will be performed is capable of reflecting the earliest stages of
glioma, in which IDH mutations exert their effects, and that it can be easily intervened under
controlled conditions. Therefore, human induced pluripotent stem cell (hiPSC)-derived NPCs
with no oncogenic mutation were used. The ability of iPSC produced from non-pluripotent cells
to differentiate into many different cell types, including neurons, has enabled the development

of better disease models that could be used for studying disease etiopathogenesis and
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developing novel therapies, either using cells from healthy donors or patient-derived cells
(41,42).

In order to develop a model based on hiPSC-derived NPCs, we needed a source for
IDH1 mutations. One way to achieve this could be introduction of the mutant IDH]1 into NPCs
and engineering them to express it either in a constitutive or inducible manner. However, the
former would not allow us to investigate the immediate effects of IDH1, while the latter may
suffer from leaky expression leading to possibly irreversible epigenomic changes. Therefore,
we sought to expose NPCs to conditions that could mimic IDH1-R132H induced alterations.
To this end, we used immortalized human astrocytes (IHAs) that inducibly express IDH1-
R132H and as a control, we used IHAs that inducibly express wild-type (WT) IDHI. Since the
immortalized human astrocyte cells we used to produce the IHA-IDH1-WT and IHA-IDH1-
R132H condition mediums were generated by infection with pLVX-Tet-On retroviruses, they
can be induced with doxycycline to produce IDH1-WT or IDH1-R132H (43). In addition to
expressing E6/E7, these cells were also infected with hTERT (44). Although these cells were
previously used to characterize early epigenomic changes in gliomas, their expression of E6/E7
and particularly hTERT, one of the defining early mutations of oligodendrogliomas and GBMs,
they may not reflect the earliest cell state that precedes IDH1/2 mutations. However, they could
still be used as a source of 2-HG and other IDH mutation-induced cellular alterations that are
released to the culture medium. Therefore, we used these IHAs that express IDH1-R132H to
generate such conditioned medium, and IHAs that express WT-IDH1 to generate control

conditioned medium, in our model.

Many of the most recently cited protocols for the production of NPCs are monolayer
and embryoid body (EBs) protocols. In both protocols, NPC generation from iPSCs takes 21-
30 days (45). In this study, the monolayer protocol has been implemented to generate NPCs

from healthy iPSCs. NPC markers such as NESTIN, PAX6, SOX1, SOX2, and DACH]1 should
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be expressed in iPSC-derived NPCs, while pluripotency markers such as OCT4, NANOG,
DNMT3B, and DPPA4 should be down-regulated. Besides, these cells continue to maintain
their morphology and multipotential identity after freezing and thawing (46). The
characterization of NPCs and iPSCs used in this study was demonstrated by
immunohistochemical staining. Cells differentiated into iPSCs with the STEMAdiff™
monolayer culture protocol lost the pluripotency marker OCT4 and were shown to be positive

for NESTIN, PAX6, SOX1 and SOX2.

2D culture systems cannot fully provide the physiological environment faced by the
tumor cells in vivo. In order to better reflect the cell-cell and cell-ECM interactions, biomaterials
are good candidates for mimicking in vivo conditions in vitro. Alginate is a polymer that is
readily available, economical, has long-term stability and water retention, and has the
advantages of biocompatibility, biodegradability and non-toxicity (47,48). Since alginate-based
hydrogels carry several such preferable properties, they are widely used as scaffolds in
processes, such as cell encapsulation and tissue engineering (49).

A 3D glioblastoma cell culture model was developed with U87 glioblastoma cells and
alginate microfiber, which mimics the treatment conditions for drug response studies (50). Cells
in 3D alginate culture treated with temozolomide (TMZ) showed an anti-proliferative effect as
in 2D cell culture medium. On the other hand, when compared to 2D cell culture, it was
determined that the expression of the genes related to drug resistance increased more in 3D
alginate culture. The alginate-based 3D culture model has been proposed as a fast, reliable and
practical model for drug testing and therapy development (50).

In our study to make alginate-based 3D culture, the bead generation protocol was used
(51). The alginate beads were approximately 2 mm in diameter and each bead contained
approximately 2500 cells. For the first time in the literature, we show that alginate allows the

survival and growth of encapsulated NPCs during the culture period (18 days). From the first
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day of culture, the cells increased in number and formed dense clusters. We observed that the
alginate beads swelled and did not deteriorate as the number of cells increased.

One of the two genes we selected to confirm their altered expression in response to
IDH1-R132H-expressing IHA conditioned medium, was Tet methylcytosine dioxygenase 1
(TETI). D-2-HG, an a-KG antagonist, competitively inhibits a-KG-dependent dioxygenases,
including the Ten-Eleven Translocation (TET) family. TET1 is a member of the TET family
that catalyzes the conversion of 5-methylcytosine (SmC) to 5-hydroxymethylcytosine (ShmC)
(52). It is known that TET deficiency is associated with greater genomic instability in glioma
cell lines and increases resistance to ionizing radiation therapy. Furthermore, the amount of
TETI expression varies according to the histological type of the disease. Importantly, it is
expressed at higher levels in IDH-mutant low-grade gliomas and IDH-mutant GBMs, compared
to IDH wild-type LGGs and GBMs (40), which makes it an ideal gene to test in our model.

Since Mesenchyme Homeobox 2 (MEOX2 or GAX), a member of the Homeobox gene
family, activates p16 and p21, overexpression of MEOX2 stops growth and causes endothelial
cell senescence (53). It has been shown that MEOX2 expression is permanently suppressed in
immortalized human astrocyte cells that express IDH1-R132H (43). Therefore, we selected
MEOX2 as another gene to test our model. RT-qPCR analysis of TET! and MEOX?2 at two time
points (day0 and day17) in NPCs exposed to IHA-IDH1-R132H or IHA-IDH1-WT conditioned
medium yielded results that are consistent with the literature, albeit MEOX2 expression change
not reaching statistical significance (p=0.21), possibly due to low replicate number (n=2).

On this basis of our findings in this study, we conclude that the alginate-based 3D NPC
culture model exposed to IHA-conditioned media, is suitable to study the effects of IDH
mutations on the earliest stages of gliomas, without the confounding effects of other oncogenic

mutations. Further characterization of NPCs could potentially reveal the effects of 3D culture

23

176



compared to the 2D culture and established this novel model for further epigenomic

investigations of gliomas.
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