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CHARACTERIZATION OF ALTERATIONS IN EPIGENOME CAUSED BY IDH1 

MUTATIONS AT THE EARLIEST STAGES OF GLIOMAGENESIS 

Burcu Ekinci Görgün; Izmir International Biomedicine and Genome Institute, Dokuz Eylul 

University Health Campus, Balcova, 35340, Izmir/ Türkiye 

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 IDH1-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. 
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GLİOM OLUŞUMUNUN ERKEN AŞAMALARINDA IDH1 MUTASYONLARININ 

EPİGENOMDA YOL AÇTIĞI DEĞİŞİMLERİN KARAKTERİZASYONU 

Burcu Ekinci Görgün, İzmir Biyotıp ve Genom Enstitüsü, Dokuz Eylül Üniversitesi Sağlık 

Yerleşkesi, 35340, İzmir/ Türkiye 

ÖZET 

GlAoma gelAşAmAnde rol oynadığı bAlAnen dAğer mutasyonlardan önce gelAştAğA gösterAlen 

AzosAtrat dehAdrogenaz (IDH1/2) mutasyonlarının glAomagenezA tetAklendAğAne Ananılmaktadır. 

Bugüne kadar yapılan çalışmalarda, glAoma gelAşAmAnAn erken aşamaları araştırılırken 

çoğunlukla heterojen tümör örneklerA veya onkogenAk mutasyonlara sahAp hücreler 

kullanılmıştır. Bu durum, glAomagenezAn IDH1/2 mutasyonlarıyla nasıl tetAklendAğA hakkındakA 

bAlgAlerAmAzA kısıtlamaktadır.  Ayrıca, IDH1/2 mutasyonlarının neden olduğu epAgenomAk 

değAşAmlerAn AncelenmesA metAlasyon dAzAlerA, RNA-seq ve ekspresyon mAkrodAzAler Ale ChIP-

seq temellA klasAk hAston metAlasyon analAzlerAnAn ötesAne geçememAştAr. Bu çalışmanın amacı, 

glAomagenezde en erken görülen IDH1-R132H mutasyonunun, 3 boyutlu ortamda kültürlenen 

nöral progenAtör hücrelerAn (NPH) epAgenomunda yol açtığı kalıcı değAşAmlerAn anlaşılmasıdır. 

Bunun AçAn öncelAkle, doksAsAklAnle AndüklenebAlAr IDH1 (Mutant ve vahşA tAp) Afade eden 

İmmortalAze İnsan AstrosAtlerA (IHA'lar) Ale koşullandırılmış ortam elde edAldA. Bu ortam 

örneklerA daha sonra, Ansan plurApotent kök hücrelerden (hAPSC) farklılaştırılmış NPH'lere 

aljAnat bazlı bAr 3D matrAs AçAnde belArlA sürelerde verAldA.  Farklı besAyerlerAne maruz bırakılan 

NPH’lerden üç zaman noktasında (gün 0, gün 14, gün 17) alınan hücrelerden RNA Azole 

edAlerek RT-qPCR ve RNA-seq analAzlerA gerçekleştArAldA. RT-qPCR Ale IDH1 mutant 

glAomalarda değAştAğA bAldArAlen anahtar genler kontrol edAldA. Daha sonra, ChIP-qPCR ve 

MeDIP-qPCR Ale hAston ve DNA’dakA epAgenetAk Aşaretler analAz edAldA. Bu analAzler AçAn lokus 

seçAmAnde özellAkle, grubumuzun öncekA çalışmalarında lAteratüre Alk kez kazandırdığımız 8q24 

yerleşAmlA glAom rAskAnde IDH1-MYC AlAşkAsAne daAr mekanAstAk bAlgAyA, daha AlerAye taşımayı 

ve (n v(tro bAr modelde doğrudan gösterme amacını ön planda tuttuk. Elde ettAğAmAz bulgular, 

IDH1-MYC eksenAnde oluşan ve glAomagenezA başlatıcı olduğunu düşündüğümüz onkogenAk 

değAşAmlerAn doğrudan hedeflerAnden bArAnAn ID1 (farklılaşma (nh(b(törü) genA olduğuna, bu 

genAn AndüklenmesA sonucunda Ase hücrelerAn daha az dAfferensAye bAr fenotApe büründüğüne 

Aşaret etmektedAr.  

Anahtar Kel-meler: GlAoma, İzosAtrat DehAdrojenaz, IDH1, İmmortalAze İnsan 

AstrosAtlerA, Nöral ProgenAtör Hücreler, NPH'ler, ID1. 
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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 (González-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 (α-KG) to 2-hydroxyglutarate (2-HG), and this 

oncometabolite inhibits α-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 IDH1 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 IHA-

IDH1-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, 
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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 IDH1-R132H expressing cells could recapitulate the earliest oncogenic changes 

induced by the IDH1 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 
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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 

Zülch, 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). 
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In 2007, the 4th 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 CNS5 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, 
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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 CNS5 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 CNS5 (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). 
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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 

et al., 2019). CNS WHO grade 1 LGG is more common in children and shows a good prognosis 

(CampAan & Gutmann, 2017). Grade 2 LGG has a higher potential to recur in children and 

progresses to HGG with a poor prognosis (Duffau & TaAllandAer, 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). 
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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 (WhAtfAeld & 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, Tlx, Gli1) (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 (CahAll & Turcan, 2018). In addition, the failure of mature astrocytes with combined 

activation of Ras and Akt and combined deletion of Pten, Tp53, Nf1 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 (CahAll & 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 α-ketoglutarate (α-KG) and reduce NAD(P)+ to NAD(P)H 

(ReAtman & 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 α, one β and one γ 

subunits (Cohen et al., 2013; Kloosterhof et al., 2011; ReAtman & 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). IDH1 and 

IDH2, which catalyze reversible reactions, have no known allosteric modifiers. The reaction 

catalyzed by IDH3 is irreversible, and unlike IDH1 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 (GabrAel et al., 1986; ReAtman & 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 α-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 andaIDH2 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 a/b 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 a-

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 a-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). 

 

Figure 4. IDH1 Dimerisation. The homodimer formed with two wild-type IDH1 monomers 

converts isocitrate to α-KG. In IDH1 mutant cells, the heterodimer consisting of a wild-type 

monomer and an R132H mutant monomer converts α-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 α-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 α-KG. 

Because of this similarity, D-2HG, α-KG follow a competitive attitude (W. Xu et al., 2011). 

There are more than 60 α-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; ReAtman et al., 

2011). Most studies show that a-KG level is reduced in IDH mutant cells. To compensate for 

the loss of α-KG, Glutamate dehydrogenase 2, which catalyzes the conversion of glutamate to 

α-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 α -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-α 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-α 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 (Polívka 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). 

 
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 IDH1 mutations (Unruh et al., 2019). Methyltransferases and demethylases 

are known to control DNA methylation. In the demethylation process, the iron- and α -KG-

dependent TET enzyme mediates DNA demethylation by catalyzing the conversion of 5-

methylcytosine (5mC) 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 (KohlA & Zhang, 2013). TET enzymes, which work dependent on α -KG, 

are blocked in the presence of 2-HG due to 2-HG, which has a competitive attitude with α -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 α-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 



 18 

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-

CNS5 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 

(MeAssner, 2010; PutArA & 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. LAst of used cells to produce condAtAoned medAa and to generate NPCs 

 
 

3.3.2. Chemicals 
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3.3.3. Kits 
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3.3.4. Solutions 
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3.3.5. Antibodies 
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3.3.6. Equipments 

 
 

3.4. Variables of the Study 

 

Dependent variables in this study; 

Expression levels of MEOX2, JMJD2A, 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 
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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 oC 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 oC 

with 5% CO2. When the cell density reached 85-90% in the cell culture dish, it was treated with 

Mitomycin-C to a last concentration of 10 µg/ml for 3 hours at 37 oC and 5% CO2. The 6-well 

plate was coated with 0.1% gelatin and incubated at 37 oC 5% CO2 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 oC, 5% CO2. 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 3x106 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% CO2. 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 µg/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 oC 
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and 5 % CO2. 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% CO2. 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 µg/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 µg/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% CO2 (Figure 6). 
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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 

 
 

“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 

SMADi 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 µM. 

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 × g for 5 min. STEMdiff Neural Induction Medium + SMADi + 

ROCK Inhibitor Y-27632 was also resuspended to a final concentration of 1x106 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 oC and 5% CO2. 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 oC, 5% CO2. 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 x106 cells were 

seeded in each well with 2 ml STEMdiff Neural Induction Medium + SMADi and incubated at 

37 oC 5% CO2. The medium was replaced with fresh STEMdiff Neural Induction Medium+ 

SMADi every day. This process was repeated until the cells reached the 3rd passage. STEMdiff 

Neural Progenitor Basal Medium, Supplement A and Supplement B were removed from -20 oC 

and allowed to thaw at +4 oC 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 µl into 200 µl PCR tubes, It was stored 

at -20 oC. 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 oC, 5% CO2 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 1x106 cells were 

planted in the wells with 2 ml Neural progenitor medium and incubated at 37 oC 5% CO2. 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 oC and 5% CO2. 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 oC and 5% 

CO2. 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 oC and 5% CO2 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 oC and 5% CO2. 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 µl 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 Şevin 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 IDH1-WT and IDH1-

R132H, IHAs were first infected with pLVX-Tet-On retrovirus, selected with 800 µg/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-IDH1-WT and IDH-IDH1-R132H cells were opened to produce IHA-

IDH1-WT and IHA-IDH1-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 oC water bath to 

warm up. IHA-Empty, IHA-IDH1-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 oC, 5% CO2. was done. IHA-Empty, IHA-IDH1-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 

1µg/ml. They were pipetted and transferred to 10 mm plates and incubated at 37 oC and 5% 

CO2. 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-IDH1-WT and 

IDH-IDH1-R132H conditioned media, it was checked by Western blot whether wild-type IDH1 

and mutant IDH1 were produced in IHA-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 µm filter and stored at -20 oC until use (Figure 

7). 

 

 
 

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

media production 

 

 

 

 



 34 

3.5.5. NPC-Alginate Bead Preparation 

 

Before starting to create 3D culture with alginate, 2% alginate solution was prepared with 

ddH2O and autoclaved. After autoclaving, it was allowed to cool at RT and stored at +4 oC. 

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 oC and 5% CO2. 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 µl 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 CaCl2 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 CaCl2. 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 CaCl2 solution was slowly 

removed with a 1000 µl pipette without damaging the formed beads. To completely remove 

CaCl2 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 1000µl pipette. This washing process was applied twice to completely remove 

CaCl2. Then, Neural Progenitor Medium was added to the ready-made NPC-alginate beads and 

incubated at 37 oC and 5% CO2 (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.  
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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 µl 4mM concentration and 

Propodium Iodide (PI) stains at 10 µl 150 µM concentration with 250 µl 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% CO2 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+2 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 μl of TRI reagent and stored at -80 0C until RNA isolation. Samples 

removed from -80 0C were kept on ice until thawed. Direct-zol RNA MiniPrep Plus Kit was 



 38 

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 GoTaqR 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 ΔΔCt 

method (LAvak & SchmAttgen, 2001). 

 

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

Illumina Stranded mRNA Prep kit1 was used to prepare library for each RNA sample. Illumina 

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 & MaAntaAner, 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. 

 
 

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 
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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 µl 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 oC. 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 oC 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 oC. 

After our 5 experimental conditions were completed, all samples were removed from -80 
oC and allowed to thaw on ice. After they were completely melted, pipetting was performed and 

first, 50 μl 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 

 
 

After the sonication process, to check the sonication efficiency, 50 μl 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 oC. 
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Reverse of crosslink for input fraction 

 

150 ul TE buffer was added onto 50 µl separated unsonicated and sonicated samples. 

Then, 4 μl 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 µg/ml. It was incubated at 55oC for 2.5 hours and at 65 oC 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 μl of Dynabead was used for each sample. Of this 60 

μl Dynabead, 50 μl was used for immunoprecipitation and 10 μl was used for pre-clearing. First, 

1 ml TE buffer solution was placed on 60 µl 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 µl tRNA (10 µl tRNA for each 60 µl Dynabead) was taken into a 

separate tube and denatured at 95 °C for 5 minutes. To each tube containing Dynabeads, 100 µl 

TE buffer (100 ul TE buffer for each sample), 10 µl 10 mg/ml BSA and 10 µl 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 μl of TE buffer solution for each sample was 

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

 

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 μl of TE buffer solution + dynabead solution was added to each 

sample. It was incubated with rotation at +4 oC 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 oC overnight. The next day, 50 μl of pre-blocking dynabead 

solution was added and incubated with rotation at +4 oC 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. 1ml lysis solution containing 

40 µl 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 µl 

PIC and TE buffer containing 40 µl 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 oC, 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 µl 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 µl of eluting solution for each sample. 

 

Reversal of crosslink for IP 

 

4 μl of 10 mg/ml RNAase A (last concentration of 0.2 mg/ml) was added to each 200 μl 

sample and incubated at 37 °C for 30 minutes. Then, 4 μl of 0.5 M EDTA (last concentration of 

10 mM), 8 μl of 1M Tris pH 6.5 (last concentration of 40 mM), 0.5 μl of 20 mg/ml Proteinase 

K (last concentration of 50 μg/ml) were added. It was incubated at 55 oC for 2.5 hours and at 

65 oC 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. 

 
 

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 (figüre 

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

 
 

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 µl 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 μl 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 

 
 

After sonication was completed, sonicated and unsonicated 10 µl 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 oC for 10 minutes. 

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

Since three different antibodies will be used, there are three 1000 µl 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 µg of DNA was 
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assumed in each tube. Antibody amounts used for each experimental condition; For IgG Mouse; 

0.4 μl for hmC; 0.8 µl for mC; It is 0.4 µl. 

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 oC. 

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 µl 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 oC 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. 4th Washing was done with TE buffer. It was incubated at rotator speed 

12-18 rpm, 5 minutes and +4 oC, and then centrifuged at 2000 rpm for 1 minute and the 

supernatants on the beads were discarded. For each sample, 100µl of 10X chelex was added to 

the remaining beads and incubated at 95 oC for 10 minutes. 2µl proteinase K was added to the 

samples and treated for 30 minutes at 55 oC. Then, proteinase K inactivation was performed by 

incubating at 95 oC 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 µl 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 μl of product for 

each sample. The resulting samples of approximately 200 µl were passed through the RNA 

violet column by centrifugation at 17x103g for 2 minutes. Then, the supernatant part was 

transferred to tubes. Some of the samples obtained were stored at -80 oC. 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 (DAY0_Control-NPC, 

DAY14_IDH1-WT_NPC, DAY14_IDH1-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 oC for at least 1 

night. When 1 set (five different experimental groups) was completed, the fixed cells stored at 

-20 oC were precipitated by centrifugation at 500g, 4 oC for 5 minutes, and the supernatants 

were aspirated. All pellets were resuspended individually by pipetting in 70 µl of PI solution 

(final concentrations of  50 µg/ml PI, 0.05% TritonX-100 in 1X PBS and 0.1 mg/ml RNase A). 

They were incubated for 40 minutes at 37 oC 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 oC for 5 minutes. Each sample was dissolved in 100 

µl 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 ID1 

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. 
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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 

 
 

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 
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Then, this -dCas9-KRAB plasmid, cut with BbsI 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. 

 

 
 

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 μl 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 

 
 

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

the ligation products were transformed into E.coli DH5α separately. 

 

Transformation 

 

E.Coli DH5-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 μl of 

bacteria and 10 μl of ligation product were added to microcentrifuge tube and pipetted. After 

incubation on ice for 20 minutes, it was kept at 42 oC for 1 minute for heatshock and then kept 

on ice for 2 minutes. After the heatshock process, 900 µl of antibiotic-free LB-Broth was added 

and incubated with shaking for 30 minutes at 37 °C. They were then centrifuged at 1x104 rpm 

for 1 minute at RT. The remaining supernatant was removed with the help of a pipette, leaving 

80-100 µl of liquid on the pellet. They were pipetted using a 200 µl 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 

 
 
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. 

 

 
 

Figüre 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 

 
 

Then, 50 μl 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-qPCR. 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 
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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 µl and 

incubated at 37 °C, 5% CO2. 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. 

 
 

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 µl 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 μl 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 IgG 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 oC 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 

StemdiffTM 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).  

 

 
 

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). 
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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 Pou5f1 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 

hiPSCs

NPCs
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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 

et al., 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 (GarcAa et al., 2017; GrAmm et al., 2020; WeAna & UtAkal, 2014). Paired box 6 

(PAX6) have critic roles in the development of the eye, nervous system and pancreas (Ian 

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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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 µm. 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 µm. 
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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 CaCl2. 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 oC, 5% CO2 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-IDH1-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 14th and 17th day groups that the structure of the alginate beads was deteriorating day by 

day and therefore the cells escaped from the beads (Figure 17B). 

 

 
 

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 µm. 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). 

 

 
 

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:100µm 

 

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_IDH1-R132H_Day 14 

condition (Figure 19). 

 

 
 

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

10µm 
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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 & BarbacAd, 2009). Many flow cytometry methods such as 

Propidium Iodide (PI) staining are available to measure the percentage of different stages of the 

cell cycle. PI, 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 G0/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-IDH1-R132H conditioned 

medium was extremely slow. Although there is a decrease in the proliferation of cells 

maintained in IHA-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). 

 

 
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 IDH1-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 IHA-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). 

JMJD2A (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 α-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 

JMJD2A 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 IHA 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 L1CAM (L1 cell adhesion molecule) continues 

to increase after permanent removal of doxycycline by IDH1-R132H, independently of IDH1-

R132H (Turcan et al., 2018). L1CAM, 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 L1CAM was suppressed by IDH1-R132H IHA medium in 

alginate-embedded NPCs exposed to IHA-IDH1-R132H and IHA-IDH1-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-IDH1-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 IDH1-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) JMJD2A, 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). 

 
 

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 vs. NPC-IDH1_R132H-Day14 

 

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). 
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Table 21. Top 20 genes with increased expression on day 14 compared to comparison 1 

(Fold-change). 
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Comparison 2: NPC-Control-Day0 vs. NPC-IDH1_R132H-Day17 

 

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). 
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Table 23. Top 20 genes with increased expression on day 17 compared to comparison 2 

(Fold-change). 

 
 

Comparison 3: NPC-IDH1_WT-Day14 vs. NPC-IDH1_R132H-Day14 

 

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

(Fold-change). 

 
 

Comparison 4: NPC-IDH1_WT-Day17 vs NPC-IDH1_R132H-Day17 

 

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

Comparison 4. 

 
 

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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Figüre 23. RT-qPCR result for ID1 expression 

 

Following the emergence of the ID1 gene as a target of IDH1-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. 

 
 

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 MYC 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). 

 

 
 

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, mRNA 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 IDH1-R132H and the associated 

IDH1/ It can be interpreted as being dependent on the presence of 2 mutations (Figure 26). 

 
 

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

day 14 

UP

DOWN
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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 IHAs 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-Day17 
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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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Figure 28. TF analysis of genes showing expression changes due to IDH1 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 (MeAssner, 2010; 

PutArA & 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. Şevin 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 IDH1 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+IDH1-R132H 

human astrocyte cells. (Lee et al., 2022-Integrative multi-omic analysis) 

ChIP-Seq analysis data from doxycycline-induced CIC-WT_IDH1-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 IHA (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-Day14 vs. NPC-IDH1_R132-Day14 and NPC-IDH1_WT-Day17 vs. 

NPC-IDH1_ Day17, 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 ChIP-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 

rs55705857F-1 and rs55705857R1 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-qPCR for the CCDC26-1 locus, when NPC-IDH1_WT-Day14 and NPC-

IDH1_R132H-Day14 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 IDH1 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-Day17 and NPC-IDH1_R132H-Day17 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-Day17 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-IDH1_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-Day17 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-Day17 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-IDH1_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-Day17 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_R132H-Day14 cells when NPC-
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IDH1_WT-Day14 and NPC-IDH1_R132H-Day14 were compared to each other. In addition, 

both NPC-IDH1_R132H-Day14 and NPC-IDH1_R132H-Day17 showed that the H3K4me3 

signal level was significantly reduced compared to the control. Moreover, when comparing 

NPC-IDH1_WT-Day17 and NPC-IDH1_R132H-Day17, 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-Day14 and NPC-IDH1_R132H-Day14 and comparing 

NPC-IDH1_WT-Day17 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 _IDH1-WT and last two are CIC-WT_IDH1-R132H data. 

These examples show that there is no variation in H3K4me3 enrichment between WT IDH1 

and mutant IDH1 (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 MYC enhancer regions controlled by TRIM28 and the MYC 

promoter. A. H3K4me3 signal targeted by primers MYCPF1 and MYCPR1 and located at 

chr8:128747140-128747222 (GRCh37) (GEO: GSE189857 and GSE85940). B. H3K4me3 

signal targeted with primers TRIM28MYCEF1 and TRIM28MYCER1 and located at 

chr8:128633241-128633354 and chr8:128632920-128633037 (GRCh37) (GEO: GSE189857 

and GSE85940). 

 

 
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-Day14, NPC-IDH1_R132H-Day14 and NPC-

IDH1_R132H-Day17 compared to the control group. A significant increase is observed 

especially in NPC-IDH1_R132H-Day17. 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-Day17 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 IDH1 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-Day17 and NPC-

IDH1_R132H-Day17 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 IDH1-WT and IDH1-R132H samples 

only in the GEO:GSE189857 data. 

 

 
 

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-Day14 cells was importantly reduced compared to the 

control. Moreover, comparing NPC-IDH1_WT-Day14 and NPC-IDH1_R132H-Day14, the 

H3K4me3 signal level is 6 times higher in the NPC-IDH1_R132H-Day14 condition. When 

NPC-IDH1_WT-Day17 and NPC-IDH1_R132H-Day17 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 IHAs. 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 IDH1-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. 

 
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 a result 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_IDH1-WT data (figure 37). 

 

 
 

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 IDH1-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-Day14 and NPC-IDH1_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-

Day14 and NPC-IDH1_WT-Day17 exposed to wild-type IDH1 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). 

 

 
 

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 qPCR results for the region we targeted with two separate primer sets for the 

rs55705857 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 using 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_IDH1-R132H samples were compared with CIC-

WT_IDH1-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 

MYCPF-2 and MYCPR-2 and located at chr8:128747071-128747158 (GRCh37). B. H3K27ac 

signal (GEO: GSE189857) targeted with primers TRIM28MYCEF-2 and TRIM28MYCER-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 MYCR2 sequences are almost reverse 

complements of each other. 

 
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-Day14 group. A decrease was observed in the MYC Promoter-1 locus in NPC-

IDH1_WT-Day14 samples compared to NPC-Control-day0 samples. Although the MYC 

Promoter-2 locus is very close to the MYC 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-Day17 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-IDH1_R132H-D14. Especially when looking at the NPC-IDH1_WT-Day14 

and NPC-IDH1_WT-Day17 conditions exposed to IHA-IDH1-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 IDH1-R132H expression according to GEO: GSE189857 data 

(Figure 43). 
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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. 

 
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 IDH1-WT and IDH1-R132H separately. On the third day (day17) 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 IDH1 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 a result 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_IDH1-R132H samples were 

compared with CIC-WT_IDH1-WT samples, it was observed that there was almost 2-fold 

H3K27ac enrichment (Figure 45). 

 

 
 

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 ID1 

PromoterF-1 and ID1 PromoterR-1 and located at chr20:30193079-30193179 and ID1 

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 IDH1-WT for 14 days. There is 

significant H3K27ac enrichment in cells exposed to IDH1 mutant medium when NPC-

IDH1_WT-Day14 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-

Day17 and NPC-IDH1_R132H-Day17 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 (5mC) 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. 

 

 
Figüre 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 

rs55705857 risk SNP and regulate MYC 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 MYC 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 gRNA5, the most 

efficient suppression for ID1 was obtained with gRNA1 (Figure 48). 

 

 
 

Figure 48. dCas9-KRAB-mediated MYC and ID1 gene suppression in HEK293T cells. 

Targeting the MYC promoter and ID1 promoter, 7 gRNAs were designed for the MYC 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. 

 

 
 

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-MYC 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, IHA-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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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 8th 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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Figure 51. Immunofluorescence staining of neurospheres generated by treating NPC cells 

nucleofected with pLV hU6-ID1 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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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 (Kapałczyńska 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 (Kapałczyńska 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 (CalAarA & BurdAck, 2016; Yamada & CukAerman, 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 it is 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 (CalAarA & BurdAck, 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 a-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 (SmAdsr & 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 (CahAll & 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 (CahAll & 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-IDH1-R132H conditioned medium for 14 days explains the 

increased ID1 expression. Interestingly, the increase in H3K27ac histone modification was 

reversed after removal of IDH1-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 IDH1 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 5mC at the ID1 promoter appears 

to be partially increased, the increase in the level of 5hmC can be interpreted as increased TET-

mediated oxidation of 5mC 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 IDH1-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 5mC level of TERT in 

cells maintained in IHA-IDH1-R132H conditioned medium, and a partial decrease in the 5hmC 

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 IDH1-R132H 
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mutation. It is 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 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 IDH1-

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 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), examining MYC 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 MYC-related finding is that the methylation levels of the MYC 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 
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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-IDH1 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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