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Résumé 

Les gènes de l'isocitrate déshydrogénase (IDH) sont mutés dans 70 à 80 % des gliomes de bas 

grade. Les enzymes mutantes IDH qui en résultent présentent une activité de gain de fonction, 

produisant du R-2-hydroxyglutarate (R-2-HG), appelé oncométabolite en raison de son 

accumulation anormale dans les tumeurs et de ses activités oncogéniques potentielles. Parmi les 

caractéristiques du cancer telles que la reprogrammation métabolique et épigénétique, le stress 

réplicatif et la stabilité du génome ont été peu caractérisés dans les cancers IDH-mutants. Par 

conséquent, cette étude vise à étudier l'impact de l'accumulation de R-2-HG sur la réplication de 

l'ADN et sa contribution au stress réplicatif dans les cancers IDH-mutants. 

Nous avons étudié la dynamique de la fourche de réplication dans des astrocytes humains normaux 

et confirmé les résultats dans d'autres lignées cellulaires normales et cancéreuses. Nous avons 

constaté que le traitement exogène par l'octyl-R-2-HG entravait la progression de la fourche de 

réplication et retardait par conséquent l'achèvement de la phase S. L'évaluation des niveaux de 

phosphorylation des protéines RPA, CHK1 et H2AX a révélé que la réponse classique au stress 

réplicatif (RSR) n'était pas activée. Un état cellulaire dans lequel la réplication de l'ADN est altérée 

sans activation de la RSR a notamment été décrit dans la littérature comme résultant de l'activation 

de la réponse au stress intégré (ISR). Cependant, l'activation de la RSI dans les cancers mutants 

IDH n'est pas bien étudiée. En évaluant les marqueurs d'activation de la RSI, tels que la 

phosphorylation de l'eIF2α et les niveaux de protéines ATF4, nous avons montré que l'octyl-R-2-

HG activait la RSI. De plus, le blocage de l'ISR a partiellement sauvé la fourche de réplication et 

la progression de la phase S. Nous avons répliqué cette étude oncométrique. Nous avons reproduit 

ce défaut de réplication de l'ADN lié à l'oncométabolite ainsi que l'effet de sauvetage partiel de 

l'ISRIB lors de l'induction de la surexpression du gène IDH mutant. Nos résultats indiquent que la 

production de R-2-HG associée à la mIDH peut inhiber la dynamique normale de réplication de 

l'ADN via la signalisation ISR. 

Mots-clés : Isocitrate déshydrogénase, Mutations IDH, Tumorigenèse, Octyl-R-2-HG, 

Oncométabolite, Réplication de l'ADN, Stress Réplicatif, Réponse Intégrée au Stress, Astrocytes 
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Abstract 

The isocitrate dehydrogenase (IDH) genes are mutated in 70-80% of low-grade gliomas. The 

resulting IDH mutant enzymes exhibit gain-of-function activity, producing R-2-hydroxyglutarate 

(R-2-HG), which is referred to as an oncometabolite due to its abnormal accumulation in tumours 

and potential oncogenic activities. Among the hallmarks of cancer such as metabolic and epigenetic 

reprogramming, replicative stress and genome stability have been poorly characterized in IDH-

mutant cancer. Therefore, this study aims to investigate the impact of R-2-HG accumulation on 

DNA replication and its contribution to replicative stress in IDH-mutant cancers.  

We investigated replication fork dynamics in normal human astrocytes and confirmed the results 

in other normal and cancer cell lines. We found that exogenous treatment with octyl-R-2-HG 

impaired replication fork progression and consequently delayed S-phase completion. Assessment 

of RPA, CHK1 and H2AX protein phosphorylation levels revealed that the classical Replicative 

Stress Response (RSR) was not activated. Among others, a cell state in which DNA replication 

was impaired without activation of the RSR has been described in the literature as a result of 

activation of the Integrated Stress Response (ISR). However, ISR activation in IDH-mutant cancers 

is not well studied. Hence, by assessing ISR activation markers such as eIF2α phosphorylation and 

ATF4 protein levels, we showed that octyl-R-2-HG activated ISR. Moreover, blocking ISR 

partially rescued the replication fork and S-phase progression. We replicated this oncometabolite-

related DNA replication defect as well as ISRIB’s partial rescue effect upon induction of mutant 

IDH gene overexpression. Our results indicate that mIDH-associated R-2-HG production possibly 

inhibits normal DNA replication dynamics via ISR signalling. 

Keywords: Isocitrate dehydrogenase, IDH mutations, Tumorigenesis, Octyl-R-2-HG, 

Oncometabolite, DNA replication, Replicative stress, Integrated Stress Response, Astrocytes 
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Preface – A note to current and prospective graduate students 

Whether a local or an international student, we share a passion for learning and discovering science. 

Therefore, I would like to take the opportunity to reiterate some lessons I recorded during my 

studies that may or may not be useful when making academic decisions. 

1. Determining your lab fitness  

The team members may or may not appreciate your potential. The day spent in a laboratory can be 

a synergistic flow like among comrades or as harrowing as hiking alone in the never-ending 

Himalayas. Be aware that lab presence is not equal to lab performance. I've come to understand 

that both the supervisor and the student play a role in determining one’s fitness within the team. 

As a prospective student, it is essential to express your curiosity and motivation to a potential 

supervisor who will assess your suitability, but prioritizing self-assessment is the most effective 

approach. Here are some meticulous pointers: 

a) Intellectual compatibility - By engaging in discussions about your interests, attending relevant 

seminars, and actively observing the level of expertise displayed during lab meetings, it is 

possible to identify individuals who share your curiosity. It is advisable to request an 

opportunity from your potential supervisor to interact with the lab members before making a 

definitive decision of pursuing studies in a lab. 

b) Quality of interpersonal communications - Communication effectiveness varies among 

individuals. When engaging with potential team members, it is valuable to discuss any past 

communication challenges or conflicts involving students or lab members. Assess the 

supervisor's role in resolving such issues. Additionally, inquire about any instances where 

students terminated their studies prematurely and the underlying reasons. The reluctance of 

individuals to address these inquiries may indicate a lack of communication skills, which could 

potentially contribute to future conflicts. 

c) Modus operandi of the lab – As a team-oriented individual, it is crucial to assess whether the 

lab fosters a collaborative environment. Personally, I encountered challenges working in an 

isolated setting where peer communication was limited merely to greetings. Consider whether 

a lab practices an equal division of labour when performing common lab tasks and if the 
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supervisor or lab manager promotes a code of conduct. Pay attention to the level of respect for 

the workplace environment, such as discouraging personal calls or disruptive conversations. 

International students may unintentionally feel excluded if local team members do not 

consciously communicate in a common language, typically English. Evaluate if the lab culture 

encourages learning from mistakes and provides recognition for team members' promotions 

and achievements. Consider how often lab members organize gatherings and whether the 

supervisor joins in. These aspects contribute to assessing the camaraderie and overall 

functioning of the lab. 

d) Current students’ progress – Investigate whether students who are currently enrolled or have 

recently graduated have managed to publish a first-author paper within the designated 5-year 

duration (in Canada) of their PhD studies. This aspect of their academic journey can provide 

valuable insights into the efficacy and mentorship of their respective supervisors.  

e) Supervisor’s vision – Within a supervisor devoid of integrity lies the capability to partake in 

both bullying and the misuse of power. Consider, if the well-being of students' mental health 

a priority for the supervisor? How does the supervisor address a hostile work environment? 

How frequently does the supervisor offer opportunities for students to enhance their skills? It 

is crucial to understand the expectations set for students. Has the potential supervisor 

maintained long-standing collaborations or formed new partnerships in the past five years? Do 

undergraduate interns work independently or under constant supervision in the lab? How is 

authorship determined for future publications? Biased decisions can arise if the supervisor 

solely determines authorship. Open and inclusive discussions with legitimate reasoning should 

be encouraged to address these topics, avoiding a closed or one-sided approach. 

2. Stipend 

My experience has been that initially, the supervisor only offers a minimum stipend of 19-20,000 

CAD per year which is currently under the poverty line in Canada. But you have the right to explain 

if it fits your expenses or not. Especially for international students, if the wage is insufficient to 

book international tickets, do not hesitate to propose a yearly stipend that can accommodate your 

travel needs.  

3. Upfront Evaluation 
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As a student, I've noticed that guidance is available when one asks for it. Hence, it's important to 

be upfront about wanting regular evaluations and setting work objectives. Don't be afraid to 

question evaluations that impact your growth, especially if you're open about your weaknesses. 

Both the supervisor and the student want the same thing i.e., the student succeeds as an independent 

thinker and scientist. And hey, when that happens, the supervisor feels proud of their mentorship. 

It's a win-win situation! 

4. EQUALITY, EQUITY and DIVERSITY  

As part of ensuring equity, it is important to observe whether the supervisor allocates sufficient 

resources and attention to each lab member or student, or if there is a tendency to favour a few. 

Additionally, consider whether interactions are solely influenced by circumstances such as 

publications and grant-related concerns, or if they are more broadly inclusive and scheduled in 

nature. 

Developing an understanding of the interpersonal dynamics among lab members beyond their 

professional roles is beneficial. Frequently, supervisors and team members form personal 

relationships, whether within the same laboratory or elsewhere. The recruitment process for team 

members is also influenced by pre-existing or ongoing friendships. I have observed certain 

instances where personal connections were not formally recognized as potential conflicts of interest 

within a laboratory. Consequently, it is crucial to be conscious of these affiliations in order to 

understand the lab's environment and avoid being ensnared in monopolistic situations. 

5. Mistreatment, disrespect, or incivility – ZERO TOLERANCE POLICY COMPLIANCE 

In any setting, whether you're at your lab bench, pipetting, or in a meeting, it's important to address 

mistreatment, disrespect, or uncivil behaviour. If you find yourself in such a situation, you should 

report the behaviour, including the main person involved, as it violates the university's zero-

tolerance policy. As a student, the idea of reporting supervisor may be daunting or uncomforting, 

however, reporting serves as an essential tool to highlight existing problems, which will then be 

utilized to drive necessary improvements. In more serious cases, you can seek free legal advice 

from the university's legal clinic. Outside of the university, there are also law firms that handle pro 

bono cases. 
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6. Awareness 

The prevailing work environment is more challenging and overwhelming than ever. It is essential 

to be mindful that refraining from asking basic questions may lead to a normalization of this 

behaviour, potentially making you an outlier for raising concerns. ASK! ASK! And ASK! 

Limitations in the Respect and Harassment Office System. How to improve? 
If you, as a student, intend to formally submit a report against your supervisor, colleague, or 

anyone in the workplace, consider the following limitations. 

Limitations Example How to improve? 

Emphasis on legality 
over human 
connection 

A student feels being unheard 
and repeating themselves while 
asking for any information 
related to their report. The 
Respect/harassment office 
strictly act as per the lawyer’s 
suggestions to avoid any 
unintended complications. 

Student must be treated with 
empathy and given importance 
over legal consideration. If the 
office’s purpose is to support a 
victim, it should prioritise human 
connection over legal counsel. 

Lack of transparency A student is not upfront 
informed about the actions taken 
by the office on their report and 
what will be the outcome of that. 

Upfront information on 
steps/actions taken for the report 
with justification and implications. 
Students should have the option to 
engage in report-related meetings, 
including confronting the 
offender. A member of student 
association must be included at all 
times of the report processing. 

Lack of accountability A student cannot hold 
Respect/Harassment office 
accountable for anything as their 
steps/actions are not transparent. 
Any wrongdoings from the side 
of Respect/harassment office 
will remain undetected. 

Transparency enables students to 
hold the office responsible for 
mishandling and misconduct, 
prevalent in authoritative 
hierarchical structures. 

Ignorance towards 
student’s resolution 

Student’s resolution is not given 
importance as the offices strictly 
runs by the legal counsel and act 
accordingly. 

When students provide evidence 
of harm, obligate achieving 
resolution such as apologies or 
direct meetings, granting students 
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the choice to convey their 
grievances through face-to-face 
conversations. 

Instances of 
falsification and order 
legal restrictions 

Student receives a legal threat 
note or direct legal order to not 
share their experience with 
anyone otherwise they will be 
charged for ‘reputational 
damage’. 

If an office employee is proven to 
falsify information with evidence, 
immediate termination from their 
position occurs.  
Instead of legal threats to students, 
these incidents must be publicly 
shared to raise awareness among 
others. Afterall, the public holds 
the power to decide on one’s 
reputation. 

No psychological 
support for the 
student/victim from 
university 

Despite experiencing harassment 
and shortcomings of 
Respect/Harassment office, 
university does not provide free 
psychological support. 
Moreover, student’s health 
insurance is not fully covering 
the psychological support. 

Health insurance should provide 
complete coverage for 
psychological consultations to 
student victims. 

 

Raising awareness and creating a conducive environment in the educational system lie close to my 

heart. The three words that are highlighted in the quote below by the journalist and Nobel Peace 

laureate Maria Ressa are inspiring to me and my future vision. 

 

“I promised our team transparency, accountability and consistency because I 
wanted to create systems that would function regardless of personalities…. They 
are key to building a functional democracy and resisting the cultlike power of a 
dictator.” – How to stand up to a dictator by Maria Ressa 

 

  



 

Chapter 1 – Introduction 

Cancer is a complex cellular condition characterized by the acquisition of abnormal traits that 

promote uncontrolled proliferation. Extensive research efforts are dedicated to understanding 

cancer development and progression mechanisms. The exploration of novel targeted therapies to 

combat this complex disease is promoted by initiatives that foster collaboration and knowledge 

exchange among researchers. A prominent sequencing platform, Genome Canada, for example, 

has played a pivotal role in advancing cancer genomics research through its sponsorship of multiple 

competitions. 

Cancer therapy approaches have been shaped by targeting the fundamental concept of the 

"hallmarks of cancer". These hallmarks represent a proposed collection of acquired cellular 

functions that enable human cells to undergo uncontrolled proliferation and transition into a 

tumorous state. In the past 20 years, Douglas Hanahan and Robert Weinberg’s creation of the 

‘hallmarks of cancer’ series depicted the long-established nature of replicative stress and genome 

instability as well as emerging features such as metabolic and epigenetic reprogramming in cancer 

(Figure 1). These highlighted features comprise the main elements of our research project. 

 

Figure 1 – A glance on emerging features such as ‘deregulating cellular energetics’ and ‘non-
mutational epigenetic reprogramming’ from Hallmarks of Cancer (Hanahan, 2022; Hanahan & 
Weinberg, 2000, 2011)  
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Metabolic reprogramming in IDH-mutant cancer 
The metabolic process encompasses a series of biochemical reactions that convert nutrients into 

energy as well as building blocks readily utilized by other cellular activities. Within a nutrient-

fluctuating micro-environment, cell survival is influenced by alterations in gene expression of 

metabolic enzymes and changes in metabolic activity (Barrio et al., 2014). In the context of 

cancerous cells, metabolic reprogramming refers to these specific modifications that enable the 

establishment and support of bioenergetics for tumour development (Gouirand et al., 2018; L. Ma 

et al., 2013). The long-standing Warburg effect describes characteristics of metabolic 

reprogramming in cancer as excessive production of lactate, a product of anaerobic glycolysis 

(fermentation), despite the consumption of oxygen (Liberti & Locasale, 2016). However, recent 

studies have expanded on this concept, indicating a cancer state in which both fermentation and 

respiration occur simultaneously. In general, cancer metabolism is a complex phenomenon in 

which multiple factors may contribute to the process of reprogramming (Faubert et al., 2020; H. Li 

et al., 2020; McCann & Kerr, 2021; Xie et al., 2022).  

Simpler cause-and-effect scenarios of metabolic reprogramming exist in studies focusing on 

genetic abnormalities. These abnormalities, particularly missense mutations in metabolism genes, 

are often sufficient to cause the abnormal accumulation of metabolic products, and subsequently 

leading to metabolic rewiring (Oermann et al., 2012). Among the extensively studied metabolic 

enzymes, those involved in the tricarboxylic acid (TCA) cycle have been identified as potential 

oncogenic drivers in human cancer. Mutations in specific enzymes such as isocitrate 

dehydrogenase 1/2 (IDH1/2), succinate dehydrogenase (SDH), and fumarate hydratase (FH) have 

been associated with increased accumulation of R-2-hydroxyglutarate (R-2-HG), succinate, and 

fumarate, respectively (Figure 2). These metabolites in abnormal concentrations are referred to as 

oncometabolites. 

Notably, oncogenic mutations found in IDH genes are characterized as gain-of-function mutations 

that result in the emergence of neomorphic IDH enzymatic activity, thus producing R-2-HG. The 

presence of R-2-HG has become a valuable biomarker for the pathological diagnosis of tumours 

(Nobusawa et al., 2009). The NCI Genomic Data Commons (GDC) analysis indicates that IDH-

mutant tumours predominantly originate within the central nervous system, with approximately 

70-80% of these cases identified as low-grade gliomas with IDH1 mutations. However, these 
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mutations have also been observed in other tumour types, such as 6-10% of acute myeloid leukemia 

(AML) cases and 13% of cholangiocarcinoma.  

The catalytic activity of the normal IDH enzyme i.e., the oxidative decarboxylation of isocitrate to 

form α-ketoglutarate (α-KG) results in a reduced form of NADPH (Nicotinamide Adenine 

Dinucleotide Phosphate). However, mutant IDH enzymes consume NADPH to convert α-KG to 

R-2-HG, an irreversible reaction, disrupting the balance between α-KG and NADPH demands 

(Figure 2). The depletion of α-KG has been extensively studied and is associated with abnormal 

DNA methylation also known as Glioma – CpG Island Methylator Phenotype (G-CIMP). The 

underlying mechanism of this epigenetic reprogramming is discussed in a later section. 

 

 

Figure 2 – Mechanisms of metabolic reprogramming by R-2-HG in IDH-mutant cancer (designed 
using ConceptDraw). 
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On the other hand, the depletion of NADPH pools both in the mitochondria (IDH2) and cytoplasm 

(IDH1), has been shown to impact lipid biosynthesis and homeostasis of Reactive Oxygen Species 

(ROS). NADPH serves as a cofactor for the process of lipogenesis. In heterozygous IDH1 mutant 

fibrosarcoma, the depletion of NADPH caused by R-2-HG was found to exacerbate cellular growth 

under conditions of lipid deficiency (Badur et al., 2018). Altered phospholipid profiles have also 

been reported in IDH-mutant gliomas and chondrosarcomas. Based on S. Li et al., 2019, 

dysregulated fatty acid metabolism was postulated to alter cellular membrane composition, 

increase oxidative stress, and modulate apoptosis in a glucose-dependent manner, thereby 

promoting tumorigenesis. 

Similar to the anabolic pathway of lipid biosynthesis, aerobic catabolism also generates ROS, 

which, when accumulated, can trigger oxidative stress, and cause significant damage to DNA, 

RNA, and proteins (Castelli et al., 2021; Rodriguez-Fernandez et al., 2013; Tanaka & Chock, 2021; 

Van Houten et al., 2018). NADPH serves as a crucial reducing agent in multiple antioxidant 

systems, such as glutathione and thioredoxin reductase, along with NADPH oxidases, enabling 

effective detoxification of ROS. Hence, the depletion of NADPH resulting from the production of 

R-2-HG has prompted the exploration of therapeutic approaches targeting an oxidative stress 

signalling via Nrf2 pathway (Y. Liu et al., 2019). In normal cells, the Nrf2 pathway orchestrates 

the upregulation of antioxidant systems as a response to oxidative stress. However, in IDH1 mutant 

cells, Nrf2 knockdown has been demonstrated to enhance the sensitivity to temozolomide, a 

genotoxic form of chemotherapy (K. Li et al., 2017). 

In addition to the metabolic rewiring induced by the production of R-2-HG, the accumulation of 

R-2-HG also exerts a competitive inhibitory effect on the activity of branched-chain amino acid 

transaminase (BCAT) and succinate dehydrogenase (SDH). BCAT enzymes play a crucial role in 

brain metabolism by facilitating the reversible production of glutamate from α-ketoglutarate (α-

KG) and branched-chain ketoacids. Glutamate is essential for neural communication and 

neurotransmission homeostasis. Exploiting the inhibitory effect of R-2-HG on BCAT, glutaminase 

(produces glutamate from glutamine) inhibitors have been used to enhance the eradication of IDH-

mutant gliomas (McBrayer et al., 2018; Zhang, 2018). SDH, on the other hand, normally catalyzes 

the conversion of succinate to fumarate in the TCA cycle. The inhibition of SDH by the 

accumulation of R-2-HG has been implicated in the hypersuccinylation-dependent apoptosis 
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resistance, thereby promoting tumorigenesis. (F. Li et al., 2015). An interesting finding is that 

IDH1/2 mutant cells with an increased succinylated histones suggest the possibility of genomic 

instability resulting from the bulky succinyl modification. 

IDH-mutant or mIDH-positive brain cancers mainly originate from astrocytes and 

oligodendrocytes, resulting in infiltrative neoplasms that cannot be completely surgically resected. 

The initial treatment strategy for mIDH1-positive tumours involved the inhibition of the catalytic 

activity of the mIDH1 enzyme using the chemical compound AGI 5198 (Popovici-Muller et al., 

2012). However, the efficacy of this mIDH inhibitor was considered limited due to the observation 

of poor pharmacodynamic profiles and its rapid metabolism, and some AML patients even showed 

resistance to this inhibitor. As a result, an improved version of AGI 5198, AG 120 (Ivosidenib) is 

approved by FDA and currently undergoing human trials. However, some reports have argued that 

AG 120 only regresses the cancer phenotype but does not eliminate cancer cells (Gruber et al., 

2022; Popovici-Muller et al., 2018; Zhuang et al., 2022). Recruitment for several clinical trials 

involving combination drugs is curently in progress (Table 1). Although mIDH-positive gliomas 

have a better survival rate than mIDH-negative cancers, frequent relapses highlight the need for 

more aggressive treatment options (Molinaro et al., 2019). Therefore, targeted therapies addressing 

the molecular mechanisms underlying IDH mutation-associated alterations in cell activities are 

necessary to effectively treat IDH-mutant pathologies. 

Table 1 – Ongoing clinical trials for mIDH-positive cancers (clinicaltrials.gov). 

Drug 
(single/combination) 

Drug Action Condition or disease ClinicalTrials.gov 
ID 

HMPL-306 Dual mIDH1/2 
inhibitor 

mIDH metastatic solid 
tumours - 
cholangiocarcinoma, 
skeletal chondrosarcoma, 
low-grade glioma, 
perioperative low-grade 
glioma 

NCT04762602 

Olaparib 
Durvalumab 

PARP inhibitor 
Immune-
checkpoint 
inhibitor 

mIDH glioma & 
cholangiocarcinoma 

NCT03991832 
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Retifanlimab 
All-trans retinoic acid 

PD-1 inhibitor 
Retinoid drug 

Recurrent mIDH 
astrocytoma & 
oligodendroglioma 

NCT05345002 

Talazoparib PARP inhibitor Recurrent mIDH glioma 
& glioblastoma 

NCT04740190 

AG-120 (Ivosidenib) 
Enasidenib 
Fedratinib 

mIDH1 inhibitor 
Pan-mIDH2 
inhibitor 
Jak inhibitor 

mIDH myeloproliferative 
neoplasm 

NCT04955938 
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Isocitrate Dehydrogenase (IDH) genes and R-2-HG production 
The Isocitrate dehydrogenase (IDH) enzymes participate in a biochemical reaction taking place in 

both the cytoplasm and mitochondria. The human genome encompasses five IDH genes: IDH1 

(located on chromosome 2), IDH2 (located on chromosome 15), IDH3A (located on chromosome 

15), IDH3B (located on chromosome 20), and IDH3G (located on chromosome X). These genes 

give rise to the expression of three enzymes: IDH1, IDH2, and IDH3. While IDH1 and IDH2 are 

homodimeric in nature, IDH3 is a heteromeric protein complex composed of IDH3A, B, and G 

subunits. The IDH1 and 2 enzymes catalyze the conversion of isocitrate to alpha-ketoglutarate (α-

KG) through an oxidative decarboxylation reaction, utilizing one NADP+ per isocitrate and 

releasing NADPH. IDH1 and IDH2 can reversibly produce isocitrate via reductive carboxylation, 

however, IDH3 possesses an irreversible activity (T. Ma et al., 2017). IDH2 and IDH3 enzymes 

function in the mitochondria, while IDH1 operates in the cytoplasm. 

Table 2 – Frequency of different IDH mutations in gliomas (Hartmann et al., 2009; Waitkus et al., 
2016; Yan et al., 2009). 

Gene Mutation Amino acid change Frequency 

IDH1 

395 G>A R132H 83-88% 
395 G>T R132L 0.3-4% 
394 C>T R132C 3-4% 
394 C>A R132S 1-2% 
394 C>G R132G 0.6-1.3% 

IDH2 

515 G>A R172K 2.4-2.7% 
515 G>T R172M 0.8-1.8% 
514 A>T R172W 0-0.7% 
514 A>G R172G 0-1.2% 

 

Mutations in the IDH1 and IDH2 genes play a significant role in the development of tumours. 

Table 2 provides a summary of the most common driver mutations observed in these genes. What 

makes these mutations particularly intriguing is their occurrence as heterozygous variants within 

cancer cells that originate from somatic mutations. These mutations manifest as missense mutations 

(substitution) at the catalytic site of both IDH enzymes. The heterozygous nature of these mutations 

leads to the formation of heterodimeric protein assembly with neomorphic enzymatic activity, 

converting α-KG to R-2-HG. Unlike the reversible reaction by the IDH homodimer, this 

biochemical reaction by the IDH heterodimer depicted in Figure 3 is irreversible in nature 
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(Leonardi et al., 2012). Notably, 2-HG exists in two enantiomers: R (or D) and S (or L) 

configurations. However, IDH enzymes are responsible for the production of R-2-HG in the 

context of IDH-mutant cancers (Gross et al., 2010; Intlekofer et al., 2017). R-2-HG is estimated to 

be found at concentrations between 1 and 30mM in cancer cells and found to be accumulated in 

the extracellular matrix (Ježek, 2020). 

 

Figure 3 – Heterodimeric nature of IDH-mutant enzymes in cancer (Han et al., 2020). 
(D in D-2-HG denote D and L chemical configuration) 
 

The enantiomers R and S-2-HG undergo oxidation to produce α-KG by the enzyme R and S-2-

hydroxyglutarate dehydrogenase (R2HGDH or S2HGDH), respectively, which belongs to the 

FAD-binding oxidoreductase/transferase type 4 family of mitochondrial proteins. These enzymes 

were initially investigated in neurometabolic disorders. Particularly the presence of mutated 

R2HGDH or S2HGDH led to the accumulation of R and S-2-hydroxyglutaric acid in the urine of 

affected individuals (Kohlschütter et al., 1982; Kranendijk et al., 2012). However, in the context 

of malignancy, an aberrant upsurge in R-2-HG occurs primarily due to its elevated production rate 

rather than its degradation rate (Berger et al., 2019).  
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Antagonistic effect of R-2-HG promoting tumorigenesis 
The role of the normal metabolite α-KG can be broadly divided into two categories: energy 

metabolism and regulation of cellular activities as a cofactor of dioxygenases. In energy 

metabolism, α-KG serves as a substrate in the TCA cycle to produce intermediary metabolites that 

supply ATP and building blocks for cells, such as amino acids and lipids (Figure 2). Additionally, 

the production of α-KG also generates NADPH, which regulates the antioxidant activity and fatty 

acid biosynthesis. 

Dioxygenases are a type of non-heme iron enzymes that incorporate oxygen atoms into substrates. 

A subfamily of enzymes referred to as α-KG-dependent dioxygenases require α-KG along with Fe 

(II) ions as cofactors for their enzymatic activity. However, R-2-HG has been found to 

competitively inhibit these enzymatic activities due to its poor ligand interactions with Fe (II) ions, 

crucial for catalysis (Figure 4) (Joberty et al., 2016; Xu et al., 2011). This antagonistic effect of R-

2-HG has been speculated to promote tumorigenesis by epigenetic reprogramming and alteration 

in gene expression (J. W. Park & Turcan, 2019; Ye et al., 2013a). The most studied dioxygenases 

are described in the following section, emphasizing their role in IDH-mutant tumorigenesis. 

TET dioxygenases 
The TET family of dioxygenases catalyzes the oxidation of 5-methylcytosine (5mC), an epigenetic 

marker on DNA. This enzymatic reaction results in the formation of three different cytosine 

derivatives: 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC), and 5-carboxycytosine 

(5caC). DNA methylation occurs in approximately 70-80% of the genome. It is particularly 

prevalent at CpG sites within gene promoters and acts as a transcriptionally ON or OFF marker 

(Smith & Meissner, 2013). Studies have suggested that the inhibitory effect of R-2-

hydroxyglutarate (R-2-HG) on TET enzymes contributes to a hypermethylation pattern observed 

on CpG islands in glioblastomas and AML cases, known as CpG island methylator phenotype 

(CIMP) (Figueroa et al., 2010; Noushmehr et al., 2010). The DNA hypermethylation was 

postulated to alter chondrogenic and osteogenic differentiation by decreasing the transcription of 

sonic hedgehog (SHH) signalling proteins (L. Liu et al., 2021). In astrocytes, the IDH1 R132H 

mutation alone was sufficient to induce the CIMP phenotype (Turcan et al., 2012).  

DNA methylation deposition and removal are regulated by the interplay between TET 

demethylases and DNA methyltransferases (DNMT) in a cell cycle-dependent manner. However, 
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the activity and recruitment of these enzymes are also influenced by histone modifications 

specifically the histone methylation markers (Y. Li et al., 2021). Interestingly, a considerable 

amount of research has focused on investigating the antagonistic effect of R-2-HG on histone lysine 

demethylases (KDM), acting as yet another pivotal point in the dysregulation of gene expression 

and epigenetics in IDH-mutant cancer. 

 

 

Figure 4 – Chemical structure of metabolites α-KG, R-2-HG and S-2-HG with Fe (II) ion and 
dioxygenase interaction site are in the top row. Common cell-permeable forms of R-2-HG used in 
experimental studies are in the bottom row. Structures were designed using MolView. 
‘*’ represents the chiral carbon. 
 

Jumonji-C domain-containing lysine demethylases (JMJD-KDMs) 
Jumonji C is the signature domain capable of ligand interactions with Fe (II). An important member 

of the Jumonji C (JmjC) domain-containing protein family is the demethylase that modulate 

modifications on histone tails therefore also known as KDM proteins. KDM superfamily proteins 
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are classified as KDM 2 – 8 subfamilies based on their substrate specificity, catalytic activity and 

structural properties (Table 4). These enzymes are inhibited by metabolites such as fumarate, 

succinate and R-2-HG and have been implicated in IDH-mutant tumorigenesis (Chowdhury et al., 

2011; Sulkowski et al., 2020; Ye et al., 2013). The inhibitory activity of R-2-HG on KDMs alters 

gene expression and histone modifications profoundly (Janke et al., 2017; Kickingereder et al., 

2015). Several studies have indicated that the absence of histone demethylation impairs 

differentiation and promotes leukemogenesis in mIDH-positive cells (Figueroa et al., 2010; Y. Jin 

et al., 2015; Losman et al., 2013; Lu et al., 2012). A number of mIDH-positive malignancies have 

been identified to be defective in the DNA Damage Response (DDR). In one of them, promoter 

H3K9 hypermethylation was associated with a decreased expression of DNA damage sensor ATM 

caused by the inhibitory effect of R-2-HG on KDM4A/C (Inoue et al., 2016). A further study 

speculated that R-2-HG-mediated inhibition of KDM4A and KDM4B was responsible for the 

suppression of Homologous Recombination (HR) repair or the ‘BRCAness’ and proposed that the 

PARP inhibition could be an effective therapeutic strategy against mIDH-positive cancer 

(Sulkowski et al., 2017). As shown in Table 4 and discussed in the following section, recent 

advances shed light on the involvement of several KDM enzymes in DNA replication. In summary, 

KDMs play a critical role in regulating several cellular functions, the alteration of which may 

contribute to tumorigenesis following IDH mutations and the inhibition of KDMs by the 

accumulated oncometabolite R-2-HG. 

AlkB and FTO dioxygenases  
Additional α-KG-dependent dioxygenases, specifically proteins from the alkB homolog (ALKBH) 

family facilitate the removal of alkyl adducts such as 1-methyladenine and 3-methylcytosine from 

single-stranded DNA in both Escherichia coli and humans (Duncan et al., 2002; Mohan et al., 

2018; Nigam et al., 2018). In the absence of any repair mechanisms, these adducts impede DNA 

replication and induce cellular toxicity (Boiteux & Laval, 1982). The ability of R-2-

hydroxyglutarate (R-2-HG) to inhibit AlkB activity has been exploited to target the mIDH-positive 

tumours with DNA alkylating agents (Chen et al., 2017; Wang et al., 2015). Recent research work 

suggested that R-2-HG exhibits anti-tumour effects by inhibiting a specific target, a member of the 

AlkB family of dioxygenases called fat mass and obesity-associated protein (FTO) (Su et al., 

2018a). FTO has been recognized as the first mRNA N6-methyladenosine (m6A) demethylase 

(Bartosovic et al., 2017; Jia et al., 2011). Inhibition of FTO by R-2-HG leads to decreased stability 
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of Myc mRNA, thereby inhibiting cancer cell proliferation. Due to this functionality of R-2-HG, 

mIDH-positive tumours may have a better prognosis than wild-type IDH tumours. 
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DNA replication, Replicative Stress, and Stress Response 
DNA replication is a fundamental cellular process that involves the accurate duplication of the 

genetic material (Alberts et al., 2002). It takes place during the synthesis phase (S phase) of the cell 

cycle and requires the coordinated action of multiple proteins to ensure successful completion 

before cell division (Hustedt et al., 2013; Nedelcheva-Veleva et al., 2006). DNA replication is 

initiated at a conserved region of the genome, called the Origin site (ORI). These sites maintain 

stable interactions with a cluster of proteins collectively referred to as the Origin Recognition 

Complex (ORC). As the cell cycle progresses and kinase activity shifts, pre-replicative complexes 

(pre-RCs) form (Gilbert, 2002). This assembly is facilitated by the involvement of Cdc6 (cell 

division cycle 6) and Cdt1 (chromatin licensing and DNA replication factor 1), which assist in 

recruiting the MCM2-7 (mini-chromosome maintenance) helicase complex to ORC sites. This 

critical process is named as origin licensing (Fragkos et al., 2015).  

Even though pre-RCs and other recruited factors are loaded onto the ORC, they remain dormant 

until signaled by checkpoint kinases that oversee the progression of the cell cycle. As the transition 

from the G1 phase to the S phase takes place, Cyclin-dependent kinase (CDK) and Dbf4-dependent 

kinase (DDK) are activated (Figure 5A) (Gómez-Escoda & Jenny Wu, 2017; Heller et al., 2011; 

N. Li et al., 2023). They phosphorylate the MCM complex, RECQ-like helicase 4, and TopBP1, 

fostering their interactions. This, in turn, facilitates the helicase activation by recruiting Cdc45 and 

the GINS (go-ichi-ni-san) complex to MCM, identified as CMG helicase (Pasero & Gasser, 1998; 

Stenlund, 2003). Furthermore, DNA polymerases are recruited to the CMG helicase prior to its 

DNA unwinding activity. This collective assembly of proteins constitutes a replisome and leads to 

the initiation of DNA replication or origin firing (Yeeles et al., 2015). 

The launch of DNA replication hinges on the MCM helicase complex binding to the DNA and 

utilizing ATP hydrolysis to meticulously separate the DNA strands (Chong et al., 2000; Shechter 

et al., 2004). This unwinding process leads to the formation of a replication fork, and single-

stranded segments are supported by single-stranded binding proteins (SSBs) or replication protein 

A (RPA) (Bhat et al., 2015; Nagata et al., 2019). Additionally, the supercoiling of DNA is 

addressed by topoisomerase action (Pommier et al., 2016). Within the heart of the replication fork, 

pivotal players such as the DNA polymerase α/RNA primase complex, DNA polymerase ε and δ, 

a sliding DNA clamp termed PCNA, and a clamp loader known as RFC collaborate (Adelman et 
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al., 2010; Schrecker et al., 2022). This orchestration of activities culminates in the synthesis of new 

DNA on both the leading and lagging strands (Figure 5B) (Cooper, 2000).  

  

Figure 5 – The process of DNA replication in eukaryotes.  
A) Series of protein recruitment and complex activation forming replisome assembly (Heller et al., 
2011) prior to the initiation of DNA Replication. B) A representation of replisome machinery 
during the elongation of DNA replication (Image by LabXchange) 
 

The stability of the genome can be compromised by various processes associated with DNA, 

including DNA replication. The resulting genome instability is considered as a hallmark of cancer 



38 

(Ferguson et al., 2015; Fugger et al., 2009; Negrini et al., 2010). Genome instability fuels cancer 

evolution and therapeutic resistance which is a major roadblock to finding universal treatment 

solution. The term ‘DNA replicative stress’ refers to a significant increase in replication forks (RF) 

that are compromised, either due to slow progression or stalling. During this replication stress, 

activities of the DNA polymerase and the CMG helicase become uncoupled, potentially exposing 

single-stranded DNA (ssDNA) which is highly susceptible to nucleases (Klein, 2020; Lemay et al., 

2022; Sabatinos & Forsburg, 2015). 

Consequently, the initial step in the Replicative Stress Response (RSR) mechanism involves the 

accumulation of RPA at the exposed ssDNA. This accumulation triggers the activation and binding 

of checkpoint kinases ATR (ataxia telangiectasia-mutated and Rad3-related) and ATRIP (ATR 

Interacting Protein) (Byun et al., 2005; Ré mi Buisson et al., 2015). When the ATR kinase interacts 

with RPA, downstream effectors such as H2AX and Chk1 (specifically serine residues 317 and 

345) proteins, as well as RPA (serine residue 33) undergo phosphorylation. Despite its unclear 

mechanism, ATR signalling eventually leads to a delay in the firing of replication origins and a 

cell cycle arrest (Beggs & Yang, 2019; Brown & Baltimore, 2003; Gralewska et al., 2020; Técher 

& Pasero, 2021). 
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Compromised DNA replication in IDH-mutant cancer 
Replicative stress can stem from numerous factors, yet it remains largely uncertain whether IDH 

mutations or the altered metabolism induced by R-2-HG play a pivotal role in driving replicative 

stress in IDH-mutant tumorigenesis. DNA replication is protected by two of the major tumor 

suppressor genes, ATRX and TP53 (Aguilera & López-Contreras, 2023; Klusmann et al., 2016). 

The ATRX protein acts as a chromatin remodeler averting the formation of complex DNA 

structures in heterochromatin during replication (Teng et al., 2021). Additionally, there is evidence 

demonstrating that ATRX interacts with the MRN (Mre11, Rad50 and Nbs1) complex enabling 

replication fork stabilization, thereby preventing replication stress/genome instability (Clynes et 

al., 2014). Similarly, TP53, a transcription factor, has been extensively investigated for its role in 

stabilizing the ‘chicken foot’ structures (RF reversal) that arise during replication stress (Klusmann 

et al., 2016; Subramanian & Griffith, 2005).  

It is interesting to observe that, as per cBioPortal data, there is a significant co-occurrence of ATRX 

and TP53 mutations in IDH1-mutant samples among the brain/CNS cancer studies (Table 3). 

Moreover, mIDH-positive astrocytoma with ATRX mutations were distinguished by an alternative 

lengthening of telomeres (ALT) phenotype (Ferreira et al., 2020). This phenotype, resulting from 

telomere replication defects, played a role in enabling the immortalization of cancer cells. In a 

recent investigation, cells with IDH mutations exhibited slow RF progression in the 

heterochromatin region. Nevertheless, the study did not elucidate the underlying mechanism 

responsible for this observation (Schvartzman et al., 2022). Provided the indispensable functions 

of ATRX and TP53 in DNA replication, IDH-mutant cells are prone to accumulating replication 

stress/genome instability, thereby fostering cancer heterogeneity. A precise manner by which IDH 

mutations or the production of R-2-HG impacting DNA replication has yet to be determined. 

Multiple viable mechanisms could potentially lead to replicative stress in IDH-mutant tumors, 

including direct inhibition of histone KDM activity by R-2-HG or indirect constraints on histone 

availability. The following details the possible explanation. 

  



40 

Table 3 - Mutual exclusivity analysis between IDH1/2 and ATRX, TP53 with CNS/Brain studies 
using cBioPortal last accessed on 16 August 2023. The frequent mutations are as follows: IDH1 
R132H, IDH2 R172K, TP53 Y220C and ATRX truncation. 

A B Neither A Not B B Not A Both p-Value q-Value Tendency 
TP53 ATRX 3446 890 107 934 <0.001 <0.001 Co-occurrence 
ATRX IDH1 3497 164 839 877 <0.001 <0.001 Co-occurrence 
TP53 IDH1 2907 754 646 1070 <0.001 <0.001 Co-occurrence 
IDH2 IDH1 3582 79 1705 11 <0.001 <0.001 Mutual exclusivity 
IDH2 ATRX 4272 64 1015 26 0.03 0.036 Co-occurrence 
IDH2 TP53 3488 65 1799 25 0.261 0.261 Mutual exclusivity 

 

Indirect Mechanism – Disturbance in histone supply 
Both histone depletion and accumulation have been shown to impede DNA replication (Groth et 

al., 2007a; Kim et al., 2021; Mejlvang et al., 2014). The histone chaperone CAF1 plays a critical 

role in regulating the availability of histones and the assembly of nucleosomes around the 

replication fork, as established by Tyler et al., 1999. In a proximity labelling study, CAF1 and 

another histone chaperone, NAP1, were identified as interactors of KDM5-family proteins 

(Yheskel et al., 2023). Additionally, knocking down KDM3B led to elevated levels of the histone 

chaperone NASP (Nuclear Autoantigenic Sperm Protein), resulting in an accumulation of free H3-

H4 pool and compromising the progression of the S-phase. (Richardson et al., 2006; Saavedra et 

al., 2020). These studies suggest that specific KDM proteins may possess gene regulatory functions 

that go beyond their demethylase activity. These functions could also involve interactions with 

histone chaperones like CAF1, NAP1, and NASP, consequently limiting the process of DNA 

replication.  

Notably, the depletion of a histone mRNA processing factor SLBP1 (stem-loop-binding protein) 

has been linked to slow down of replication fork progression. (Mejlvang et al., 2014). Moreover, 

the methylation on histone mRNA may be modulated through the known inhibitory impact of R-

2-HG on m6A (N6-methyladenosine) demethylases like FTO and ALKBH5 (Joberty et al., 2016; 

Su et al., 2018). Consequently, this modification could regulate both the signaling of histone 

mRNA degradation and its overall abundance. (Shi et al., 2017). Nonetheless, it is important to 

note that thus far, no demethylase has been identified as a regulator of histone mRNA methylation. 

In conclusion, aside from the influence of histone chaperones, the regulation of histone mRNA 

processing by R-2-HG has the potential to slowdown DNA replication. 
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Direct Mechanism – Alteration in histone KDM activity 
Histone modifications play a crucial role in various aspects of DNA replication and RSR. Several 

studies have investigated the impact of KDM activity on histone tails in these processes, and few 

key findings are summarized in Table 4. The activity of KDM4D, through demethylation of 

H3K9me, was observed to regulate the formation of pre-replicative complexes (pre-RCs) required 

for the initiation in DNA replication (Wu et al., 2017). When the levels of KDM2B, which 

demethylates H3K79me, are low, it led to a defect in PCNA dissociation during completion of 

DNA replication, likely due to its affinity with H3K79me (Kang et al., 2020). KDM4A and 

KDM4B directly interacted with MCM subunits and DNA polymerase, facilitating DNA 

replication (Mishra et al., 2018). Furthermore, overexpression of KDM4A and KDM4B led to their 

coimmunoprecipitation with replisome components MCM 3 and 4, further supporting their role in 

DNA replication (unpublished data from Mallette’s lab). Intriguingly, AlkB homolog 2 (ALKBH2) 

colocalized as well as interacted with PCNA (at replication foci) which acts as a sliding clamp in 

the replisome (Aas et al., 2003; Gilljam et al., 2009). Through an iPOND interactome analysis, 

PHF2, a specific lysine-specific demethylase, was identified as a telomere replication factor (Lin 

et al., 2021). In addition, a KDM4A knockdown has been found to increase the proportion of 

chromosomes with telomere defects possibly due to telomere replicative stress (unpublished data 

from Mallette’s lab). Currently, there is a growing body of research that links the epigenetic 

markers modulated by α-KG-dependent dioxygenases to DNA replication. In the near future, we 

anticipate that the mechanisms driving this relationship will be revealed in cancers caused by IDH 

mutations. 
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Table 4 – Role of KDM enzymes in DNA replication, RSR and DNA damage response. 
JmjC-domain-

containing KDMs 

Substrate 

specificity 

Functional Significance  

KDM2A, KDM2B H3K36me2/me1, 

H3K4me3 

- PCNA dissociation in DNA replication 
termination (Kang et al., 2020) 

- Recruitment of 53BP1 on DNA breaks (Bueno et 
al., 2018) 

KDM3A/JMJD1A, 

KDM3B/JMJD1B 

H3K9me2/me1 - Restrained DNA damage response in senescence 
and promote heterochromatin reorganization 
(Huang et al., 2019) 

- DNA Damage Response (DDR) gene regulation 
via c-Myc (Fan et al., 2020) 

- Regulated protein levels of histone chaperone 
NASP (Saavedra et al., 2020) 

KDM4A/JMJD2A, 

KDM4B/JMJD2B, 

KDM4C/JMJD2C, 

KDM4D/JMJD2D, 

KDM4E/JMJD2E 

H3K9me3/me2/me1 

+ H3K36me3/me2 

- p53-dependent regulation of DNA damage 
response proteins p21 and PIG3 (Castellini et al., 
2017) 

- ALT pathway activation in ATRX-mutant 
glioblastomas (Udugama et al., 2021) 

- DNA replication pre-initiation complex (Wu et 
al., 2017) 

- Disruption of HDR (Sulkowski et al., 2020) 
KDM5A, 

KDM5B, KDM5C, 

KDM5D 

H3K4me3/me2 - Replicative stress contributed to HU tolerance 
(Gaillard et al., 2021) 

- Interaction with CAF1 and NAP1 (Yheskel et al., 
2023) 

KDM6A/UTX, 

KDM6B/JMJD3 

H3K27me3/me2 - Regulate DDR transcriptional activation (Boila 
et al., 2023)  

- Formation of nuclear condensates (Vicioso-
Mantis et al., 2022) 

KDM7C/PHF2 H3K9me2/me1 + 

H3K27me2/me1 

- Regulation of 53BP1 and BRCA1 foci on DNA 
damage site (Alonso-De Vega et al., 2020; Pappa 
et al., 2019) 

KDM8/JMJD5 H3K36me2 - Monomethylated H3 N-tail proteolytic cleavage 
during DNA damage response (Shen et al., 2017) 

- Pathogenic variants caused DNA replication 
stress (Fletcher et al., 2023) 
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Integrated Stress Response 
The integrated stress response (ISR) is a signalling pathway that becomes activated in response to 

various external or internal stress stimuli and is primarily sensed by the endoplasmic reticulum 

(ER). The activation of the PERK/EIF2AK3 kinase pathway can be triggered by multiple stressors 

including the accumulation of misfolded proteins, disruption of calcium ion (Ca2+) homeostasis, 

hypoxia, and oxidative stress (Rouschop et al., 2013). Additionally, the PKR/EIF2AK2, 

HRI/EIF2AK1, and GCN2/EIF2K4 modes of ISR signalling are respectively activated by stimuli 

such as double-stranded RNA, heme deficiency, and nutrient deprivation. In response to stress-

induced activation, these kinases phosphorylate eIF2α (eukaryotic translation initiation factor 2 

alpha) on serine residue 51. eIF2α is a part of the eIF2-GTP-tRNA(i)Met ternary complex (TC) 

that is required for initiation of protein translation (Baird & Wek, 2012). Due to the inhibition of 

the GEF (guanine nucleotide exchange factor) recycling activity in TC, the eIF2α phosphorylation 

is marked by a reduction in global protein synthesis (Figure 6).  

 

Figure 6 – Schematic of ISR signalling pathway (Way & Popko, 2016). PERKi (GSK2606414) and 
ISRIB are commonly used inhibitors for blocking ISR signalling. 
 

The activation of the integrated stress response (ISR) pathway leads to the upregulation of 

Activating transcription factor 4 (ATF4) at the translational level. ATF4 is a transcription factor 

that contains a basic-leucine zipper (bZIP) domain, critical for its DNA binding ability (Podust et 



44 

al., 2001). This bZIP domain also acts as a regulatory element, requiring heterodimerization with 

partner proteins containing a bZIP domain for full functionality. The expression level of the ATF4 

protein is a key determinant of its transcriptional activity (Podust et al., 2001). Despite the presence 

of abundant ATF4 mRNA, its functionality as a transcription factor relies on increased translation 

in response to stress stimuli.  

Upon upregulation, ATF4 translocate into the nucleus and acts as a transcription factor (Harding 

et al., 2003). In response to stress, ATF4 modulates several genes involved in survival, senescence, 

autophagy, and apoptosis (Frank et al., 2010; J. Han et al., 2013; Hiramatsu et al., 2014; Matsumoto 

et al., 2013; Wortel et al., 2017). In addition, ATF4 also initiates a negative feedback mechanism 

by upregulating the expression of CCAAT-enhancer-binding protein homologous protein (CHOP) 

(Márton et al., 2022; Shan et al., 2009). The cooperative action of ATF4 and CHOP as activators 

induces the expression of growth arrest and DNA-damaged protein 34 (GADD34) and protein 

phosphatase 1 (PP1), which forms a complex that removes eIF2α phosphorylation thereby 

recovering global protein synthesis (Figure 6) (C. L. Liu et al., 2014; Rojas et al., 2015). 

ISR signalling is considered to be a canonical pathway of upregulating ATF4. In some cases, 

however, the upregulation of ATF4 occurs independently of eIF2α phosphorylation (Wolzak et al., 

2022). For instance, the mechanistic target of rapamycin complex (mTORC) signalling has been 

implicated in the upregulation of ATF4 protein by stabilizing its mRNA and enhancing translation 

(Y. Park et al., 2017; Sulkowski et al., 2020; Tabata et al., 2023; Tameire et al., 2019; Torrence et 

al., 2021). Additionally, KDM4C directly regulated the level of ATF4 mRNA and protein, and the 

interaction between KDM4C and ATF4 as activators governed amino acid metabolism (E. Zhao et 

al., 2016).  

ISR activation in IDH-mutant cancer 
Activation of ISR has been extensively investigated in the development of tumours (Ghaddar et 

al., 2021). However, limited research has been conducted on its role in cancer with mutations in 

the IDH1/2 genes. In an early study, it was discovered that the inhibitory role of R-2-HG on the 

enzyme called prolyl hydroxylase (PHD) triggered endoplasmic reticulum (ER) stress in a mouse 

knock-in model with the IDH1 R132H mutation (Sasaki et al., 2012). Inhibiting the PHD enzyme 

resulted in the stabilization of hypoxia-inducible factor-1 alpha (HIF-1α), which influenced glucose 
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metabolism and cell cycle progression, potentially facilitating the development of cancer 

(Aprelikova et al., 2004; Hu et al., 2022; Selak et al., 2005; Xu et al., 2011). 

In mouse embryonic fibroblasts (MEFs), R-2-HG activated the mTORC signalling pathway which 

is associated with increased expression of ATF4 (Carbonneau et al., 2016; Torrence et al., 2021). 

Additional supporting evidence is found in the transcriptome analysis conducted on A172 cells, 

which are patient-derived glioblastoma cells overexpressing the IDH1 R132H mutation. When 

compared to the wildtype counterpart, these cells bearing the IDH1 mutation exhibited a distinct 

signaling pattern indicative of hypoxia and the unfolded protein response (UPR). Importantly, this 

distinctive pattern was reversed upon treatment with GSK864, an inhibitor of the IDH1-mutant 

enzyme (Kayabolen et al., 2020). Furthermore, these IDH1-mutant cells showed increased ATF4 

levels in response to the combined treatment of histone demethylase 6A/B (KDM6A/B) and histone 

deacetylase (HDAC) inhibitors. The relationship between the inhibition of histone methylase and 

activation of stress pathways strongly implies that the intrinsic accumulation of R-2-HG potentially 

undermines the functionality of epigenetic modifiers, thus triggering cellular stress. 

Interestingly, inducing ER stress inhibited DNA synthesis through activation of the PERK 

signalling pathway (Cabrera et al., 2016). In support of this notion, a study suggested that impaired 

RF progression by ISR occurred due to increased DNA:RNA hybrids and limited histone 

availability (Choo et al., 2020). Overall, it can be argued that IDH mutations associated with the 

accumulation of R-2-HG, either directly or indirectly through its antagonistic effects, are likely to 

act as a stressor which further impede cellular functioning. 
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Rationale and Hypothesis 
IDH1/2 mutations are prevalent in gliomas and glioblastomas with a characteristic accumulation 

of R-2-HG. Interestingly, along with IDH1 mutations, there is a frequent co-occurrence of 

mutations in the tumour suppressor genes ATRX and TP53. IDH1 mutations occur early in tumour 

development as reported by Watanabe et al., 2009. It is, therefore, plausible to consider that 

mutations in ATRX and TP53 arise as a consequence of genomic instability following mutations 

in IDH1. Furthermore, the pathologies related to IDH mutations are characterized by a deficiency 

in HR repair, known as 'BRCAness', which is considered to be a source of replicative stress 

(Sulkowski et al., 2017). The accumulation of R-2-HG is also increasingly recognized as a cause 

of cellular stress that can have a detrimental effect on DNA replication.  

Therefore, we hypothesized that the accumulation of R-2-HG impairs the DNA replication process 

in cells with IDH1/2 mutations possibly by activating Integrated Stress Response. In our efforts to 

examine our hypothesis, we primarily employed normal human astrocytes (NHA), as they are the 

primary source of origin for glioma and glioblastoma development. Nevertheless, to ensure the 

robustness of our findings, we validated these outcomes across a spectrum of other normal and 

cancer cell lines, including U2OS, HeLa, MEF, and HT1080 cells. Following are the specific aims 

addressed in this project. 

1. To study replication fork dynamics and S-phase progression upon exogenous treatment of 

octyl-R-2-HG (cell permeable) 

2. To examine the expression of protein markers denoting ISR activation as well as whether 

there is a rescue effect on DNA replication by blocking ISR signalling. 

3. To investigate whether results from exogenous octyl-R-2-HG treatment can be replicated 

in an inducible system of IDH1/2 mutant gene overexpression 

 

 



 

Chapter 2 – Materials and Methods 

Cell Culture and Medium 
Normal Human Astrocytes immortalized by hTERT (NHA-hTERT) were kindly provided by 

Dr. Nada Jabado. HT1080 fibrosarcoma with native IDH1 R132C mutation (G. Jin et al., 2012), 

HeLa, HEK293T, and U2OS cell lines were purchased from American Type Culture Collection 

(ATCC). tp53-/- MEF were produced from mouse embryos (Mallette et al., 2010). All the cell 

lines were cultured in Dulbecco’s Modified Eagle Medium (DMEM 1X Gibco / Thermo Fisher) 

supplemented with 10% Fetal Bovine Serum (FBS, Thermo Fisher 12483020), 2mM L-

Glutamine (Bioshop GLU102), 120µg/mL Penicillin G Sodium Salt (Bioshop PEN333.500) 

and 200µg/mL Streptomycin Sulfate (USP GRADE Bioshop STP101.500). This is referred to 

as a ‘complete medium’. Cell lines were cultured at 37oC under 5% CO2 in a humidified 

atmosphere.  

For harvesting cells in 10mL culture and 10cm dish, the complete medium was aspirated, and 

cells were washed with 10mL 1X PBS (Table 5). After removing PBS, cells were treated with 

1mL 0.5% Trypsin-EDTA, phenol red (Wisent 325-043-CL) for 5 minutes at 37oC and 9mL of 

complete medium was added for quenching the trypsin activity. For seeding, cells were counted 

using a hemocytometer under an inverted phase contrast microscope (Olympus Model 

CKX31SF). NHA and MEF cells were kept in culture for a month i.e., 10-12 passages after 

thawing, whereas HeLa and U2OS cells were kept in culture for up to three months.  For 

storage, cells were grown to 70-80% confluency, harvested in a 50mL tube, and centrifuged at 

1500rpm for 5 minutes at room temperature. The pellet was resuspended in freezing medium 

(50% FBS, 40% DMEM, and 10% DMSO (Sigma Aldrich D8418)). Approximately, 3-4 

million cells were aliquoted per vial and stored at -80oC for 24 hours and afterwards in liquid 

nitrogen. For thawing cells, the frozen vial was thawed briefly in a 37oC water bath, transferred 

into a 50mL tube and 9mL complete medium was added in a drop-by-drop fashion. Cells were 

centrifuged at 1500rpm for 5 minutes at room temperature and the medium was aspirated. This 

step removed the medium containing DMSO. The cell pellet was dissolved in complete medium 

and grown at 37oC as previously described. 
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Table 5 – Composition of 1X PBS 
1X PBS Final concentration 

Sodium chloride (NaCl, Bioshop SOD002.5) 0.137M 
Potassium chloride (KCl, Bioshop POC308.500) 2.7mM 

Sodium phosphate, Dibasic (Na2HPO4, EMD 
Millipore 8210) 

10mM 

Potassium dihydrogen phosphate (KH2PO4, 
Bioshop PPM302.500) 

1.8mM 

Distilled water To make up the final volume and 
afterwards, autoclaved the solution. 

 

Metabolite, Genotoxic, and ER Stress Treatment 
The metabolites 1-octyl-R-2-hydroxyglutarate (R-2-HG) and 1-octyl-S-2-hydroxyglutarate (S-

2-HG) were synthesized as described (Carbonneau et al., 2016) at the Medicinal Chemistry 

Platform, CHU de Québec-Université Laval. 1-Octyl-2-ketoglutarate (α-KG) was obtained 

from Sigma-Aldrich (SML2205). Metabolites were suspended in DMSO (Sigma D2650) and a 

stock concentration of 400mM octyl-R-2-HG, octyl-S-2-HG, and 500mM octyl-α-KG was 

maintained to ensure that the working concentration of DMSO in culture remains less than or 

equal to 1%. 

Hydroxyurea (HU, Bioshop HYD023) was dissolved in complete medium at 200mM 

concentration and used as a positive control for genotoxic stress and dissolved in a complete 

medium. UV irradiation was performed on cell monolayers as described in Lemay et al., 2022. 

VE-821 or ATRi (MedChemExpress HY-14731) and MK-8776 or CHK1i (MedChemExpress 

HY-15532) were used as inhibitors for replicative stress response and suspended in DMSO. 

Dithiothreitol (Bioshop DTT002) and Thapsigargin (Bioshop THA101), used as ISR activators, 

were dissolved in distilled water and DMSO, respectively. Integrated Stress Response Inhibitor 

(ISRIB, Sigma-Aldrich SML0843) and PERK Inhibitor I or PERKi (Sigma-Aldrich 516535), 

used as ISR inhibitors, were dissolved in DMSO. Multiple freeze-thawing was avoided for all 

the compounds mentioned above. All the treatments in the experiment contained an equal 

amount of DMSO adjusted to the highest DMSO-containing compound combinations. 

DNA Fibre Assay 
The progression of the replication fork was monitored using a DNA fibre assay. 1 million NHA 

were seeded in a 6 cm dish 24 hours before the experiment. To begin the experiment, cells were 

washed twice with 1X PBS. Cells were then sequentially labelled with 2 thymidine analogs, 
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30μM 5-chloro-2′-deoxyuridine (CldU, Sigma-Aldrich C6891) and 250μM 5-iodo-2′-

deoxyuridine (IdU, Sigma-Aldrich I7125) for 30 and 60 minutes, respectively. After CldU 

labelling, the medium was removed, and cells were washed twice with 1X PBS. Cells were 

simultaneously labelled with IdU and treated with DMSO or 4mM octyl-R-2-HG. Cells were 

harvested as described previously in a 15mL tube precooled on ice. Cells were pelleted at 

1500rpm for 3 minutes at 4oC, washed with 1X PBS, and resuspended in 250µL of 1X PBS. 

2µL of cell suspension was placed on a microscopic slide, and air dried for 5 minutes, 7µL of 

Lysis Solution (50mM EDTA (Bioshop EDT003), 0.5% SDS (Bioshop SDS999) in 200mM 

Tris pH 7.5) was added to the drop and mixed gently, followed by air drying for 3 minutes. The 

slide was tilted to roll down the drop on the slide. Once the drop reached the bottom of the slide, 

the slide was placed horizontally and allowed to dry. Slides were fixed with 3:1 methanol: acetic 

acid (pre-chilled at -20oC) for 10 minutes in a Coplin jar and then washed once in distilled 

water. Slides were denatured with 2.5M HCl for 80 minutes in a Coplin jar and then washed 

three times with 1X PBS.  

From here, slides were incubated in a humid chamber. Slides were blocked in 200µL of 

blocking solution (5% Bovine Serum Albumin (BSA, Fischer Scientific L-15899) in 1X PBS) 

for 90 minutes and then washed three times by immersing for 5 minutes in PBS-T (1X PBS 

with 0.05% Tween 20 (Sigma-Aldrich P1379)) and once with 1X PBS in a Coplin jar. CldU 

and IdU were probed by incubating slides in 50µL of primary antibody solution (1:400 anti-

BrdU (cross-reacts with CldU, Abcam ab6326, rat) and 1:25 anti-BrdU (cross-reacts with IdU, 

BD Biosciences 347580, mouse) mixed in blocking solution) for 90 minutes. Slides were 

washed in PBS-T and PBS as described previously. Slides were incubated in 50µL of secondary 

antibody solution (1:100 anti-rat Alexa594 (Life Technologies A11007) and 1:100 anti-mouse 

Alexa488 (Life Technologies A11029) mixed in blocking solution) for 60 minutes followed by 

washing. Slides were mounted using a 50 x 22mm coverslip. Images were taken at 60x 

magnification using the DeltaVision Elite system (GE Healthcare).  

DNA Fibre Analysis 
DNA Fiber images from DMSO and octyl-R-2-HG treatment were pooled, and the file name 

was randomized using the File Name Encryptor under the Blind Analysis tool of FIJI plugins. 

The tract length of the two analogs was measured using FIJI (Schindelin et al., 2012). Due to 

the short length and irregularities of DNA fibres obtained by this assay, the quantification was 

limited to unidirectional fibres. A minimum of 100 fibres were counted for each condition and 

experiment. Graph plotting and statistical analysis were performed using GraphPad Prism 9. 
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Flow Cytometry and Cell Sorting 
DNA replication progression in the cell cycle was assessed by the amount of 5-Ethynyl-2'-

deoxyuridine (EdU, Abcam ab146186) incorporated into chromatin. Chromatin bound γH2AX 

and RPA70 were monitored as markers of Replicative Stress Response activation. Replisome 

units such as PCNA and MCM4 proteins were used to quantify the frequency of replication 

fork initiation or origin firing. As an ISR activation marker, ATF4 was quantified on chromatin 

for all experiments, except for NHA overexpressing wildtype IDH1/2 and mutant cell lines 

upon induction where whole-cell ATF4 protein levels were quantified. 1 million cells were 

seeded in a 6 cm dish 16-24 hours before the experiment. For all EdU incorporation experiments 

described in the figures, cells were labelled with a 10µM EdU for 30 minutes before the 

treatment completion. Afterward, cells were harvested in a pre-chilled 15mL tube, centrifuged 

at 1500rpm for 3 minutes at 4oC, and washed with chilled 1X PBS. The next step, i.e., either 

partial permeabilization or fixation was carried out depending on the requirement of chromatin-

bound or total-cell protein quantification. 

For quantifying chromatin-bound protein, non-chromatin-bound proteins were removed via 

partial permeabilization by resuspending the pellet in 100µL extraction buffer (0.2% Triton X-

100 (EM Science 9410) in 1X PBS) for 10 minutes on ice, then 2mL 1X PBS-B (1 mg/mL BSA 

in 1X PBS) was added, following centrifugation at 1500rpm for 3 minutes. Cells were fixed by 

resuspending in 100µL fixation buffer (2% formaldehyde in 1X PBS) and incubating for 30 

minutes at room temperature, then 0.5mL of 1X BD Perm/Wash buffer (BD Biosciences, 

554723) was added before centrifugation at room temperature as before. For probing PCNA, 

an exceptional methanol fixation step was performed by incubating cells in a solution 

containing 500µL 1X PBS and 2mL methanol (pre-chilled at -20oC) for 15 minutes at room 

temperature. Then cells were centrifuged and washed once with 1X BD Perm/Wash buffer. The 

cell pellet was either stored in a 100µL storage buffer (3% heat inactivated FBS, 0.09% sodium 

azide (Bioshop SAZ001.50) in 1X PBS) overnight or processed immediately for protein 

probing. 

For quantifying total-cell protein, cells were initially fixed by resuspending in 2mL fixation 

buffer (4% formaldehyde (Sigma-Aldrich F1635) in 1X PBS) and incubating for 30 minutes at 

room temperature, then cells were washed once with 2mL cold 1X PBS. Cells were 

permeabilized by incubating in 2mL extraction buffer (0.1% Triton-X100 in 1X PBS) for 10 

minutes on ice and then washed with cold 1X PBS. Cells were either stored in a 2mL storage 
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buffer (3% BSA, 0.09% sodium azide in 1X PBS) overnight or processed immediately for 

protein probing. 

500,000 cells were probed for a maximum of two primary antibodies (from two different 

species) for each condition/treatment. Cells were resuspended in 50µL of 1:200 antibody (Table 

6) mixed in 1X BD Perm/Wash buffer, incubated for 1 hour at room temperature, added 500µL 

of BD Perm/Wash buffer, and centrifuged. Cells were resuspended in 50µL of 1:200 Alexa 

fluor-conjugated secondary antibody (Table 6) mixed in 1X BD Perm/Wash buffer, incubated 

for 30 minutes at room temperature in the dark, 500µL of BD Perm/Wash buffer was added, 

and cells were centrifuged. Click chemistry was performed to probe for EdU by incubating cells 

in 50µL Click Reaction Mix (1:200 Alexa Fluor 647 Azide, triethylammonium Salt (Life 

Technologies A10277), 2mM copper (II) sulphate pentahydrate (Sigma-Aldrich C7631) and 

10mM Sodium L-Ascorbate (Sigma-Aldrich A-7631) mixed in 1X PBS) for 30 minutes at room 

temperature in the dark, 500µL of BD Perm/Wash buffer was added and cells were centrifuged. 

Cells were stained with DAPI using 500µL analysis buffer (0.05% sodium azide, 250µg/mL 

RNase A (Bioshop RNA675), 0.5µg/mL DAPI (Thermo Scientific D1306) mixed in PBS-B) at 

37oC for 30 minutes or at 4oC for 1-3 days. Fluorescent signal was acquired for 10,000 cells 

using BD LSRFortessa X20 cytometer (BD Biosciences) and the data were analyzed using 

FlowJo version 8.10.1 software.  

NOTE: One of the experimental datasets was excluded from analysis in Figure 1 D and Figure 

3 B due to consistently low-intensity values for all the probes. 

Table 6 – List of primary and secondary antibodies used in flow cytometry and cell sorting. 
Primary antibody Company Catalog number 

Anti-phospho H2AX EMD Millipore JBW301 

MCM4 Abcam ab124836 
PCNA Abcam ab70472 

RPA70 Abcam ab79398 

ATF4 Cell Signalling 11815S 

Anti-FLAG-M2 Sigma-Aldrich F1804 

 

Alexa Fluor-conjugated secondary 
antibody 

Company Catalog number 

Alexa Fluor 488 anti-mouse IgG Life Technologies A11029 

Alexa Fluor 594 anti-rabbit IgG Life Technologies A11012 
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Immunoblotting 
Following the treatment in different experiments, the whole-cell protein was extracted by 

initially washing cells twice with 1X PBS and resuspending in 150µL lysis buffer (2% SDS 

dissolved in 25mM Tris pH 7.5 with protease and phosphatase inhibitors as listed in Table 7). 

Lysed cells were collected by a rubber policeman and heated at 95oC for 5 minutes. Protein 

extracts were then sonicated twice at 20% amplitude for 20 seconds (Branson Digital Sonifier 

450) and centrifuged at full speed for a minute at room temperature. Protein concentration was 

determined with Pierce BCA Protein Assay Kit (Thermo Scientific 23225) and the colorimetric 

reaction was measured on a BioTek EL800 spectrophotometer. An equal amount of all protein 

extracts were run on SDS-PAGE gel prepared as described by Lauber, 2013. Protein extracts 

were mixed with 1X dilution of 6X loading buffer (Table 8), ran in Mini-PROTEAN 

Electrophoresis apparatus (Bio-rad 1658004), and transferred overnight onto an Immuno-blot 

PVDF membrane (Bio-Rad 1620177) at 4oC. The running and transfer buffer composition was 

summarized in Tables 9 and 10. Protein transfer was confirmed by Ponceau staining (EMD 

Millipore P3504). The membrane was blocked in blocking buffer (5% Milk in 1X TBS-T 

(Table-11)) for 60 minutes at room temperature and washed twice for 5 minutes in 1X TBS-T. 

The membrane was incubated in primary antibody solution (desired dilution of antibody (Table-

12), 1% BSA, 0.02% sodium azide in 1X TBS-T) at room temperature overnight on a rocker, 

washed twice with 1X TBS-T for 10 minutes, and incubated in HRP-conjugated secondary 

antibody solution (dissolved in blocking buffer, Table 12) for 60 minutes at room temperature. 

The membrane was then washed thrice in 1X TBS-T for 10 minutes and once with 1X TBS. 

The blot was developed using Clarity Western Peroxide and Luminol/Enhancer Reagent (Bio-

Rad 1705061) and Azure c600 imaging system (Azure Biosystems) was used to acquire images. 

Table 7 – List of protease and phosphatase inhibitors used mixed in cell lysis buffer 
Protease/phosphatase inhibitors Working 

concentration 
Company, catalog 

number  
Aprotinin 1µg/mL Bioshop, APR600 

Leupeptin 1µg/mL Bioshop, LEU001 

Pepstatin 1µg/mL Bioshop, PEP605 

Phenylmethylsulphonyl fluoride (PMSF) 1mM Bioshopb, PMS123 

Sodium fluoride (NaF) 10mM Sigma-Aldrich, S7920 
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Sodium Orthovanadate (Na3VO4) 1mM Sigma-Aldrich, S6508 

β-glycerophosphate, disodium salt, 
pentahydrate (BGP) 

10mM Bioshop, GYP001 

 
Table 8 – Composition of 6X SDS loading buffer 

6X SDS loading buffer  10mL Final concentration 

0.5M Tris-HCl pH 6.8 (Bioshop TRS002.1) 7mL 0.35mM 

Glycerol 100% (Bioshop GLY002.1) 3mL 30% 

SDS (Bioshop SDS999) 1g 10% w/v 

Bromophenol Blue (EM Science BX1410-7) Few grains  

1mL aliquots were stored in 1.5mL microcentrifuge tubes (FroggaBio LMCT1.7BG) at -
20oC. 

2-Mercaptoethanol (Sigma-Aldrich M6250) 60µL/tube  

 
Table 9 – Composition of 10X Tris-glycine running buffer 

10X Tris-glycine running buffer  1L Final concentration 

Tris base (Bioshop TRS001) 30.3g 0.25M 

Glycine (Bioshop GLN002) 144.2g 1.92M 

SDS 10%  100mL 1% 

Double-distilled water up to 1L  

 
Table 10 – Composition of 10X and 1X Transfer buffer 

10X Transfer buffer  1L Final concentration 

Tris base 29g 0.25M 

Glycine 145g 1.92M 

Double-distilled water up to 1L  

 

1X Transfer buffer  1L Final concentration 

10X Transfer buffer  100mL 1X 

SDS 10% 5mL 0.5% 

Methanol (ChapTek) 200mL 20% 

Double-distilled water up to 1L  

 
Table 11 – Composition of 10X TBS and 1X TBS-T buffer 
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10X Tris-buffered saline (TBS)  1L 

Tris base 30g 

Sodium chloride (NaCl) 8g 

Potassium chloride (KCl) 2g 

Double-distilled water up to 1L, adjusted to pH 8 with HCl 

 

1X TBS-T 1L 

10X TBS 100mL 

Tween 20 1mL 

Double-distilled water up to 1L 

 
Table 12 – List of primary and secondary antibodies used in immunoblot experiments 

Primary antibody Company, catalog number Dilution 

Anti-FLAG-M2 Sigma-Aldrich, F1804 1:1000 

ATF4 Cell Signalling, 11815S 1:1000 

CHAF1A Cell Signalling, 5480 1:1000 

CHK1 Santa Cruz, sc-8408 1:1000 

eIF2α Cell Signalling, 2103S 1:1000 

GAPDH Santa Cruz, sc-365062 1:1000 

GFP Invitrogen, A-11122 1:1000 

Lamin B1 Santa Cruz, sc-365214 1:500 

PCNA Abcam, ab70472 1:200 

Phospho-H2AX (S 139) EMD Millipore, JBW301 1:1000 

Phospho-CHK1 (S 345) Cell Signalling, 2348 1:1000 

Phospho-eIF2α (S 51) Cell Signalling, 9721S 1:1000 

Phospho-RPA32 (S 33) Bethyl (Cederlane), A300-246A 1:1000 

Puromycin EMD Millipore, MABE343 1:1000 

RPA70 Abcam, ab79398 1:1000 

Tubulin Abcam, ab6161 1:1000 

 

Secondary antibody Company, catalog number Dilution 

Anti-mouse HRP-conjugated Bio-Rad, 1705047 1:2000 

Anti-rabbit HRP-conjugated Santa Cruz, sc-2357 1:5000 
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Anti-rat HRP-conjugated Santa Cruz, sc-2006 1:5000 

Puromycilation Assay 
Global protein synthesis was determined by treating cells with 10µg/mL puromycin (Gibco / 

Thermo Scientific A1113803) for 15 minutes before the treatment completion as labelled in the 

figures. Whole-cell protein extracts were obtained and an equal amount of proteins were 

analyzed using 10% SDS-PAGE as described in the section on Immunoblotting. Blot was 

probed with an anti-puromycin antibody detailed in Table 12. 

Cellular Fractionation 
Protein localization was monitored by cellular fractionation as described in (Kapur et al., 2022). 

5 million cells were seeded in a 15cm dish 24 hours before the experiment. Cells were treated 

for an hour with DMSO, octyl-R-2-HG, or Hydroxyurea. All centrifugations and incubations 

were carried out at 4oC and on ice. Cells were harvested and washed with cold 1X PBS and 

resuspended in 250µL 1X PBS. 5% cells (75µL), as Input mixed with 15µL 6X SDS loading 

buffer, kept aside. The rest of the sample was centrifuged and resuspended in 175µL buffer A 

(Table 13) with protease and phosphatase inhibitors (Table 7), incubated for 5 minutes on ice, 

and centrifuged at 1300xg for 4 minutes. The supernatant was collected as S1 (cytoplasm), 

pellets were washed once with buffer A, resuspended in 175µL buffer B (Table 14) with 

protease and phosphatase inhibitors (Table 7), incubated for 30 minutes on ice, and centrifuged 

at 1700xg. The supernatant was collected as S3 (soluble-nuclear), and pellets were resuspended 

in 122µL DNaseI digestion buffer (Table 15) per sample and incubated on ice for one hour, 

53µL of DNaseI digestion buffer (without enzymes) was added to bring back to the same 

concentration as other steps and centrifuged at full speed. The supernatant was stored as S4, 

and chromatin pellets (P2) were resuspended in 87.5µL of 2X SDS loading buffer and DNaseI 

digestion buffer each. All the fractions were mixed with 6X SDS loading buffer (final 1X) and 

heated at 95oC for 5 minutes. Immunoblotting was performed using 10% SDS-PAGE as 

described in the immunoblotting section. 

Table 13 – Composition of Buffer A used in cellular fractionation 

Buffer A Final concentration 

HEPES pH7.4 (Bioshop HEP005.1) 10mM 

Potassium chloride (KCl) 10mM 

Magnesium chloride (MgCl2, Bioshop MAG520.500) 1.5mM 
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Sucrose (Sigma-Aldrich S0389) 0.34M 

Glycerol 100% 10% 

Dithiothreitol (DTT) 1mM 

TritonX-100 0.1% 

Double-distilled water To make up the final volume 
 
Table 14 - Composition of Buffer B used in cellular fractionation 

Buffer B Final concentration 
Ethylenediaminetetraacetic acid (EDTA, Sigma-

Aldrich E0270) 0.3mM 

Egtazic acid (EGTA, Bioshop EGT101.25) 0.2mM 

Double-distilled water To make up the final volume 
 
Table 15 – Composition of DNase I Digestion Buffer used in cellular fractionation 

DNase I Digestion buffer Final concentration 

Tris-HCl pH7.6 0.3mM 

Magnesium chloride (MgCl2) 0.2mM 
Calcium Chloride (CaCl2, Sigma-Aldrich C-

3881) 0.5mM 

Double-distilled water To make up the final volume 

For each sample, the following concentration/amount of enzymes was added. 

RNase A 7-10µg 
DNase I (New England Biolabs M0303, 

2000 units/µL) 0.7µL 

 

Real-Time quantitative PCR 
The Real-Time quantitative PCR reaction was performed to quantify the fold change in mRNA 

levels. Total RNA was extracted with TRIzol Reagent (Life Technologies 15596026) method 

and RNA was dissolved in RNase-free water (Bioshop WAT222). RNA concentration was 

determined using an Infinite M200 PRO plate reader (Tecan). RNA degradation was checked 

by preparing a mix of 500 ng extracted RNA in 1X dilution of 6X RNA loading buffer (Table-

16), heating at 65oC for 5 minutes and running on 3% agarose gel (Invitrogen 16500-500) with 

0.3µg/mL ethidium bromide (EtBr, Bioshop ETB444.50) in 1X TAE buffer (Table 17). The 

agarose gel was visualized using AlphaImager Mini Imaging System and wavelength of 302 or 

365nm. The images were captured using Alphaimager Software version 3.4.0.0. 
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Table 16 – Composition of 6X RNA loading buffer 

6X RNA loading buffer Final concentration 

Formamide (Bioshop FOR001) 95% 

SDS 0.05% 

Bromophenol Blue Few grains 

TE buffer (10mM Tris-HCl pH8, 1mM 
EDTA mixed in double-distilled water) To make up the final volume 

 
Table 17 – Composition of 50X TAE buffer 

50X TAE buffer 1L Final concentration 

Tris base 242g 40mM 

Glacial Acetic Acid (Bioshop ACE333) 57.1mL 5.7% 
Ethylenediaminetetraacetic Acid, Disodium Salt, 

Dihydrate (Na2EDTA·2H2O, Bioshop EDT001.500) 97.2g 2mM 

Double-distilled water up to 1L  
 

Reverse transcription (RT) was performed using M-MuLV Reverse Transcriptase and buffer 

(NEB M0253), random primers (Invitrogen 48190011), and dNTPs (dTTP (Biobasic D0046T), 

dATP (Bioshop NUC003A), dGTP (Bioshop NUC003G), dCTP (Bioshop NUC003C)) to 

obtain complementary DNA (cDNA) corresponding to the total RNA. Initially, either 1µg of 

RNA or RNase-free water (RT-negative control) was mixed with 2µL of random primers to a 

total volume of 10µL in RNase-free 0.2mL PCR tubes (Sarstedt 72.737.002) and incubated at 

65oC for 10 minutes. Then, the components were added in the given manner (Table 18) to both 

the tubes (RNA and RT-negative), incubated at 37oC for an hour, stored at -20oC, or kept on 

ice, and proceeded for qPCR preparation. It was assumed that the RT reaction was 100% 

efficient i.e., 1µg of RNA yielded 1µg of cDNA (or 50ng/µL). Upon completion, the RT 

reaction was diluted to 1 ng/µL with RNase-free water for all qPCR reactions. 

Table 18 – Composition of Reverse Transcription Reaction 

Components For 20µL RT reaction Final concentration 

10X M-MuLV buffer 2µL 1X 

5mM dNTPs 2µL 0.5mM 
M-MuLV Reverse 

transcriptase 0.75µL 150 Units 
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Water (RNase-free) 5.25µL  
 
For quantitative Real-Time PCR, all the primers (Table 19) were synthesized from Invitrogen 

and dissolved in RNase-free water. The amplification efficiency of primers was determined 

using cDNA extracted from NHA without any treatment. The cycle threshold or Ct value, 

obtained from qPCR reactions, was plotted against at least five cDNA dilutions to calculate the 

slope. Subsequently, the primer efficiency was computed using the qPCR Efficiency 

Calculator, employing the derived slope (Thermo Fisher Scientific, 

https://www.thermofisher.com/ca/en/home/brands/thermo-scientific/molecular-

biology/molecular-biology-learning-center/molecular-biology-resource-library/thermo-

scientific-web-tools/qpcr-efficiency-calculator.html, last accessed on 15 May 2023). The 

efficiency is generally calculated using the formula 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 (%) = �10
−1

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 − 1� × 100. 

The primers with amplification efficiency ranging from 90-110% were selected for the 

experiments.  

The qPCR reaction was performed using 2X SYBR Green qPCR Master Mix (Bimake 

B21203), forward and reverse primer mix, and cDNA template. These components were mixed 

as shown in Table 20, the reactions were arranged in a 96-well PCR plate, centrifuged for 30 

seconds at room temperature, and covered with PCR clear adhesive plate seals (Santa Cruz 

205896). For each primer, two reaction mixes were prepared where the cDNA template was 

replaced with RNase-free water and RT-negative reaction mix as qPCR-negative and RT-

negative controls, respectively, to rule out non-specific amplification or contamination. The 

reactions were carried out in 7500 Real-Time PCR device (Applied Biosystems, Thermo 

Fischer) using the two-step run method as described in the Bimake qPCR Master Mix user 

guide. All the reactions were performed in triplicates. Expression fold change of mRNA was 

calculated using 2−∆∆𝐶𝐶𝐶𝐶 formula after normalizing to HPRT gene. Graph plotting was obtained 

using GraphPad Prism 9. 

Table 19 – List of qPCR primers 

Gene 
(Referen

ce) 
Forward primer (5’  3’) Reverse primer (5’  3’) 

Produ
ct size 
(base 
pair) 

Primer 
efficien
cy (%) 

ATF4 
(Vasudev
an et al., 

2020) 

GGAGATAGGAAGCCAG
ACTACA 

GGCTCATACAGATGCC
ACTATC 103 109 

https://www.thermofisher.com/ca/en/home/brands/thermo-scientific/molecular-biology/molecular-biology-learning-center/molecular-biology-resource-library/thermo-scientific-web-tools/qpcr-efficiency-calculator.html
https://www.thermofisher.com/ca/en/home/brands/thermo-scientific/molecular-biology/molecular-biology-learning-center/molecular-biology-resource-library/thermo-scientific-web-tools/qpcr-efficiency-calculator.html
https://www.thermofisher.com/ca/en/home/brands/thermo-scientific/molecular-biology/molecular-biology-learning-center/molecular-biology-resource-library/thermo-scientific-web-tools/qpcr-efficiency-calculator.html
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CHOP 
(Çelik et 
al., 2016) 

CAAGAGGTCCTGTCTTC
AGATG 

GGGTCAAGAGTGGTGA
AGATT 95 104 

HPRT 
(Lemay 
et al., 
2022) 

CCCTGGCGTCGTGATTA
GTG 

TCGAGCAAGACGTTCA
GTCC 139 107 

 
Table 20 – Composition of qPCR Reaction 

Components For 10µL qPCR reaction Final concentration 

2X Bimake Master mix + Rox dye 5µL 1X 

2.5µM Forward & Reverse primer 
mix 2µL 0.5µM 

cDNA (1ng/µL) 3µL 3ng 

 

Cell Proliferation Assay by Incucyte 
Cell proliferation was determined by time-course cell imaging (phase contrast) using Incucyte® 

Live-Cell Analysis System (Sartorius). For cell proliferation experiments related to metabolite 

treatment, 10,000 cells (~20% confluency) were seeded in a 12-well plate (Sarstedt 83.3921) 

24 hours before the treatment. The plate medium was replaced with fresh medium containing 

either DMSO or metabolite with or without ISRIB, placed into the device and a schedule was 

initiated to acquire at least 9 images / well or condition every four hours for 6-7 days. The 

device was operating inside an incubator with growth settings as described previously. For cell 

proliferation assays related to doxycycline-induced GFP / IDH overexpression NHA cell lines, 

2,500-5,000 cells were seeded in a 24-well plate (Sarstedt 83.3922). 1µg/mL doxycycline 

hyclate (Bioshop DOX444) with or without ISRIB was added while seeding. The plate was 

placed in Incucyte, and the acquisition schedule was started 24 hours after the seeding step.  

The images were initially analyzed using the Basic Analyzer of the Incucyte system. Using AI-

based cell segmentation (Figure 7), a minimum area of 350 to 400 µm2 was selected (Figure 8) 

This selection eliminated the background noise and cellular debris. The completion of this 

analysis resulted in confluence percent, representing the percentage of image area occupied by 

cells (using average cell area). The following analysis as well as the statistical analysis were 

performed using GraphPad Prism 9. To obtain normalized confluence percent, first, a baseline 

correction was performed by subtracting the confluence percent at the first time point from the 

confluence percent at each subsequent time point. Baseline-corrected confluence percent were 
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normalized in such a way that 0% is defined as 0% confluence percent and 100% is defined as 

the maximum confluence percent of control (DMSO) for metabolite treatment experiments. 

When normalizing NHA transduced cell lines, 100% was defined as the maximum confluence 

of respective confluence percent of the cell without doxycycline induction. 

 

Figure 7 – Images representing before and after application of AI-based Cell Segmentation 
on NHA cells. 

 

Figure 8 – Images representing before and after application of 400 µm2 area filter during 
analysis. This filter eliminated the segmentation of debris. 

 

Transduction and Selection 
Inducible IDH wildtype and mutant overexpressed NHA cell lines were obtained via lentiviral 

transduction of plasmids listed in Table 21. Restriction digestion was performed to confirm the 

presence of the gene of interest in plasmids. To generate lentiviral particles, 500,000 HEK293T 

cells (70-90% confluency) were seeded 24 hours before transfection. The transfection mix was 



61 

prepared using 3rd generation lentiviral packaging plasmids (Table 21), expression plasmids, 

lipofectamine (Life Technologies 11668500) and OptiMEM (Life Technologies 11058021) as 

described in Table 22. Tubes were incubated for 5 minutes at room temperature then, mixed 

and incubated for 30 minutes, added to the cells and made up the volume to 10mL with a 

complete medium. The next day, the media was changed to a 6.5mL complete medium 

eliminating the transfection mix. The next day, the supernatant (media) was collected using a 

syringe and filtered through a 0.45µm filter, stored at 4oC and 6.5mL complete medium was 

added to the culture. The next day, the previous step of collecting supernatant was repeated, the 

viral suspension was pooled (~12mL), aliquoted and stored at -80oC. 

Table 21 – List of lentiviral expression and packaging plasmids used for generating NHA cell lines 

Lentiviral expression plasmids Reference 

pSLIK-GFP Addgene 66844 

pSLIK-IDH1-FLAG Addgene 66802 

pSLIK-IDH1-R132H-FLAG Addgene 66803 

pSLIK-IDH2-FLAG Addgene 66806 

pSLIK-IDH2-R172K-FLAG Addgene 66807 

 

Lentiviral packaging plasmids Reference 

pMDLg/pRRE Addgene 12251 

pRSV-Rev Addgene 12253 

pMD2.G Addgene 12259 
 
Table 22 – Composition of transfection mix for generating lentiviral particles 

Transfection Mix – TUBE 1 Volume 
pMDLg/pRRE 3.6µg 

pRSV-Rev 2.38µg 
pMD2.G 1.2µg 

Lentiviral expression plasmid 4.8µg 
OptiMEM Makeup volume to 750µL 

 
Transfection Mix – TUBE 2 Volume 

Lipofectamine 30µL 
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OptiMEM 720µL 
 

Viral titration was performed in HeLa cells by seeding 4000 cells/well in a 96-well plate 

(volume of 75µL) and cells were grown in DMEM supplemented with 10% Calf Bovine Serum 

(CBS, HyClone SH3007303HI). Cells were seeded in quadruplicates for each virus and its two 

dilutions as well as for killing and proliferative controls. The next day, two dilution mixes for 

each virus were prepared as mentioned in Table 23 and 8µL of each dilution mix was pipetted 

to the respective wells. Wells with HeLa cells designated as killing and proliferative controls 

were untouched. After two days, the medium was replaced with a fresh complete medium 

containing 300µg/mL hygromycin (InvivoGen HGG-41-02) for the wells except for 

proliferative controls where fresh complete medium without hygromycin was added. After two 

days, the previous step was repeated. After the next two days, crystal violet (Bioshop CRY422) 

staining was performed. The medium was aspirated, cells were washed with 1X PBS and 50µL 

of crystal violet stain (1.25 - 25% w/v crystal violet dissolved in 95% v/v ethanol) was added. 

Cells were incubated for 10 minutes at room temperature. The stain was aspirated, and cells 

were washed twice with double-distilled water. Plague Forming Unit or PFU/mL was estimated 

by counting the number of colonies per well using a hemocytometer. 

Table 23 – Dilution strategy used for the viral titration experiment 

Components 1:40 1:1000 

Viral suspension 2.5µL 4 µL of 1:40 
dilution mix 

Complete medium 95.3µL 93.8µL 

6 mg/mL Polybrene (Sigma-Aldrich H9268) 1.4µL 1.4µL 
 

A multiplicity of infection (MOI) of 0.3 was utilized for generating all the NHA cell lines. 

Initially, NHA cells were seeded in a complete medium. The next day, the medium was replaced 

with 10mL complete medium containing lentiviral particles. After 16 hours, the medium was 

replaced with 10mL fresh complete medium. After 24 hours, the medium was replaced with a 

fresh medium with 300µg/mL hygromycin for the selection of transduced cells. Cells were then 

grown till reaching 90-100% confluency in the presence of hygromycin and the medium was 

replaced every two days. Afterwards, cells were expanded to 3-5 passages and frozen as 

described in the cell culture section. All the experiments shown in the study were performed in 

the presence of 100µg/mL hygromycin and cells were kept in culture for 1-1.5 months (7-8 
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passages). For validating the overexpression, 1 million cells were induced for respective 

expression with 1µg/mL doxycycline hyclate for 24 hours. Whole-cell GFP and FLAG levels 

were quantified using immunoblotting as well as flow cytometry.  

 



 

Chapter 3 – Results 

Octyl-R/S-2-HG accumulation slows RF progression without elevating 

replicative stress response markers 
As a model system for low-grade gliomas, we used NHA immortalized by hTERT overexpression. 

To mimic the R-2-HG oncometabolite cellular accumulation, we treated asynchronous cells with 

cell-permeable octyl-R-2-HG in a concentration range of 0.5 - 4mM relevant to IDH mutant 

cancers (Ježek, 2020). By utilizing two widely used approaches, namely DNA fibre (Halliwell et 

al., 2020) and EdU incorporation assay (Flomerfelt & Gress, 2016), we sought to characterize DNA 

RF dynamics and cell proliferation. DNA fibre assay involves labelling actively replicating DNA 

strands with nucleotide analog CldU followed by IdU, which are then visualized using specific 

antibodies or fluorescent dyes. NHA were simultaneously treated with IdU and DMSO or octyl-R-

2-HG. After 4mM octyl-R-2-HG treatment for one hour, DNA fibre assays showed a decrease in 

the ratio of IdU to CldU tract length, indicating that cellular uptake of octyl-R-2-HG slowed the 

rate of RF progression (Figure 9A) and in a dose-dependent manner (Figure 10B). This observation 

was consistent with a lowered DNA synthesis as observed by reduced EdU incorporation (Figure 

9B and D). The rate of nucleotide analog incorporation in replicating DNA could also be affected 

by lower replication initiation or reduced origin firing. The chromatin bound PCNA, directly 

correlating with the origin firing or frequency of RF, was quantified to exclude this possibility. As 

a result of octyl-R-2-HG accumulation, chromatin-bound PCNA was reduced during the early stage 

of the S phase, as measured by flow cytometry (Figure 10F). However, in the immunoblot analysis, 

the PCNA level in the chromatin fraction (P2) remained unaffected (Figure 11C). Therefore, 

despite an existing trend, further research is necessary to determine the statistical significance of 

decreased PCNA loading or RF frequency upon octyl-R-2-HG treatment.  

The slowing of RF progression generally activates the replication stress response (RSR) (Técher 

& Pasero, 2021b; Zeman & Cimprich, 2013). To investigate whether octyl-R-2-HG-dependent fork 

progression defects activates a replication stress response, we assessed the levels of the ssDNA-

bound RPA70, as well as phosphorylated forms of RPA32 (S33), H2AX (S139) and CHK1 (S345) 

proteins. In comparison with the negative control, DMSO, there was no significant increase in the 

levels of these markers on chromatin (Figure 9B and D). The phosphorylation state of CHK1 and 
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RPA32 indicated similarly that octyl-R-2-HG did not activate the RSR (Figure 9C). In contrast, 

hydroxyurea, a replicative stress-inducing genotoxic agent used as a positive control induced 

elevated levels of all the above markers. To maintain fork stability and regulate cell cycle 

progression, RSR activates checkpoint kinases ATR and CHK1. Hence, we monitored the effects 

of ATR and CHK1 inhibitor, preventing the catalytic phosphorylation of CHK1 serine residue 296 

and CHK1 autophosphorylation activity at serine residue 345, respectively, in octyl-R-2-HG 

treated cells. The inhibition of neither ATR nor CHK1 kinase aggravated the EdU incorporation 

defect upon octyl-R-2-HG treatment indicating that the impairment in fork progression occurs 

independent of these cell-cycle checkpoint proteins (Figure 9E). This oncometabolite-associated 

defect on DNA replication was also reproduced in other normal and cancer-related cell lines such 

as MEF, U2OS, HeLa (Figure 10A, C, D and E), and remarkably in HT1080, a fibrosarcoma cell 

line with somatic heterozygous IDH1R132C mutation (Figure 10G). It is interesting to note that the 

enantiomer of R-2-HG, namely octyl-S-2-HG, also lowered DNA synthesis within one hour 

without increasing the RPA levels on chromatin (Figure 9F). 
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Figure 9 – Octyl-R/S-2-HG uniquely modulates the replication fork progression in NHA cells.  

A) An experimental scheme of DNA fibre assay and exemplary fibre images are shown on top. 
DNA fibre analysis from cells that were treated with 4mM octyl-R-2-HG and an equivalent amount 
of DMSO for an hour is shown at the bottom. Using unidirectional forks (N=200), the ratio of IdU 
to CldU tract length was calculated from one experiment. B) Dot plot representation of chromatin-
associated EdU, γH2AX and RPA70 quantified by immunofluorescence flow cytometry and 
plotted against DNA content (DAPI stain). Cells were treated with DMSO, 4mM octyl-R-2-HG 
and 2mM HU for an hour. 10µM EdU was added 30 minutes before the treatment completion. HU 
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was used as a positive control for reduced DNA replication and increased RPA70 on chromatin. 
Percent cells in the cell cycle were estimated by fitting the Watson (pragmatic) model in the DAPI 
signal by FlowJo software. The dashed lines represent the G1, and S phase gating for the analysis 
in (D). C) Immunoblot analyses of replication stress response markers from whole-cell protein 
extracts following treatments described in (B). D) Mean with SD of normalized chromatin-
associated EdU, γH2AX and RPA70 intensity in the S phase following treatments in (B). The 
normalized intensity in the S phase is defined by subtracting the median of the G1 gate from the 
median of the S gate (gating represented in B). The data was plotted from four independent 
experiments. E) Mean with SD of chromatin-associated EdU intensity in S phase following 
treatments in (B) with or without 10µM ATR or CHK1 inhibitor. Cells were pre-treated with the 
inhibitors for an hour. The median data was plotted from three independent experiments. F) 
Chromatin-associated EdU, and RPA70 intensity in the S phase following DMSO, 4mM octyl-S-
2-HG and 2mM HU treatment for an hour from one experiment. The intensity in the S phase is 
obtained from individual cells in the S phase gating without G1 median subtraction. (D, E) The 
adjusted p-values were obtained from multiple unpaired t-tests using the Holm-Šídák method. (A, 
F) The red line represents the median, and the p-value was obtained from the unpaired t-tests. The 
definition of statistical significance is p <0.05 
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Figure 10 – Octyl-R-2-HG uniquely modulates replication fork progression in normal and cancer 
cell lines. 
A) DNA fibre analyses of HeLa and MEF cells treated with 4mM octyl-R-2-HG and an equivalent 
amount of DMSO for an hour (N=110). B) DNA fibre analysis of HeLa cells treated with octyl-R-
2-HG in a dose-dependent manner for an hour (N=158). (A, B) The unidirectional forks were 
analyzed from one experiment. C) Immunoblot analyses of replication stress response markers 
from U2OS whole-cell protein extracts after an hour of treatments as labelled. (D, E) Mean with 
SD of chromatin-associated normalized EdU, γH2AX and RPA70 intensity in the S phase from 
U2OS (D) and MEF cells (E) after treating with DMSO, 4mM octyl-R-2-HG and 2mM HU for an 
hour. The data was plotted from two independent experiments. The adjusted p-values were 
obtained from multiple unpaired t-tests via the Holm-Šídák method. F) The G1 and Early S phase 
gating schematic is shown on the left. The median intensity of chromatin-bound PCNA in G1 and 
early S phase was plotted from one experiment. G) Chromatin-associated EdU, and RPA70 
intensity in the S phase from HT1080 fibrosarcoma cell line with heterozygous IDH1R132C mutation 
following treatments as described in (E). The data was plotted from one experiment. (A, B, G) The 
red line represents the median, and the p-value was obtained from the unpaired t-tests. The 
definition of statistical significance is p <0.05. 
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Octyl-R/S-2-HG activates ISR 
Slowed fork progression is a form of replication stress that triggers the activation of the replication 

stress response (Bellelli & Boulton, 2021). In contrast, Mejlvang et al. (2014) reported that histone 

depletion after knocking down the SLBP protein, which is crucial for processing histone pre-

mRNA, resulted in a reduced ratio of IdU to CldU tract length without affecting RPA or H2AX 

phosphorylation. In addition, Choo et al. (2020) reported a similar fork defect caused by activation 

of the integrated stress response (ISR) without any change in H2AX or CHK1 phosphorylation 

levels. In this study, ISR has been linked to the fork progression defect by blocking global 

translation, thereby limiting histone synthesis, which is in agreement with the previous mentioned 

study. Consistent to this, the activation of ISR kinase PERK was associated with impaired DNA 

replication (Cabrera et al., 2017). Another noteworthy study demonstrated that the introduction of 

the IDH1 R132H mutation in mice led to ER-associated unfolded protein response (UPR) 

activation (Sasaki et al., 2012) thereby establishing a preliminary notion that mIDH-derived R-2-

HG influence DNA replication via ISR activation. 

Based on these data, we investigated whether the exogenous treatment of octyl-R/S-2-HG regulates 

ISR. We measured levels of ATF4 and eIF2α phosphorylation, which are typically upregulated 

upon ISR activation. Thapsigargin (Tg) and dithiothreitol (DTT) were used as positive controls for 

ER-stress-induced ISR activation. Compared to the control (DMSO) in both NHA (Figure 11A) 

and U2OS cells (Figure 12A), an increase in ATF4 protein levels was observed after exposure to 

octyl-R-2-HG for one hour. However, the eIF2α phosphorylation level was unaffected in NHA and 

slightly increased in U2OS cells. ATF4 was also localized in the chromatin fraction which is in 

line with supporting its activity as a transcription factor upon ISR activation in response to 

oncometabolite treatment (Figure 11C). In response to ISR activation, stress-induced transcription 

factors including CHOP (also known as DDIT3) exhibit transcriptional upregulation, whereas 

ATF4 displays translational upregulation (Pakos-Zebrucka et al., 2016). To confirm this, we 

assessed the mRNA levels of CHOP and ATF4 following oncometabolite treatment for one hour. 

This data revealed two-fold increase in CHOP and no changes in ATF4 mRNA levels as expected 

(Figure 11D). 

The ISR signalling cascade, that results in eIF2α phosphorylation, eventually blocks global protein 

synthesis (Costa-Mattioli & Walter, 2020). Short-term treatment with puromycin, an antibiotic 
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inhibiting translation after its integration in the peptide chain and thus labelling the peptide, was 

used to assess translation rates. Following exposure to octyl-R/S-2-HG for an hour, the intensity of 

puromycin was markedly reduced relative to the vehicle control in NHA (Figure 11A and B) as 

well as in U2OS cells (Figure 12A and B). Integrated Stress Response Inhibitor (ISRIB), a well-

established small compound which binds to the eIF2α complex and prevents downstream ISR 

signalling without affecting eIF2α phosphorylation was used as a rescue approach (Sidrauski et al., 

2015; Zyryanova et al., 2021). Addition of 1 µM ISRIB with 4mM octyl-R/S-2-HG lowered ATF4 

levels to similar levels as DMSO and partially reverted the rate of protein synthesis, as 

demonstrated by an increase in puromycin intensity in NHA (Figure 11A and B) and U2OS cells 

(Figure 12A and B). These results confirm the activation of ISR signalling by the cellular uptake 

of octyl-R/S-2-HG in normal and cancerous cell lines.  
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Figure 11 – Octyl-R/S-2-HG activates ISR signalling in NHA.  
A) Immunoblot analysis of ISR activation markers from whole-cell protein extracts following 
DMSO, 1µM ISRIB, 4mM octyl-R/S-2-HG with or without ISRIB for an hour. 10µg/mL 
puromycin was added 15 minutes before treatment completion and ponceau staining acted as a 
loading control. B) Normalized band intensity quantified from immunoblots probing for puromycin 
as shown in (A). Each sample was normalized to DMSO, and the graphical plot was obtained from 
two independent experiments. For each experiment, average band intensities were calculated from 
technical (loading) replicates. C) Immunoblot analysis of cellular fractionation following treatment 
as shown in Figure 1B. S1 – cytoplasm, S3 – free-nuclear and P2 – chromatin-associated fractions. 
D) RT-qPCR analysis of mRNA levels following octyl-R-2-HG and 1mM DTT treatment for one 
hour and six hours, respectively. Technical triplicates were plotted from one experiment. 
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Figure 12 – Octyl-R-2-HG activates ISR signalling in U2OS cells.  
A) Immunoblot analysis of ISR activation markers from whole-cell protein extracts following one-
hour treatment as labelled in the figure. B) Normalized band intensity quantified using puromycin 
immunoblots shown in (A) from three independent experiments. For each experiment, average 
band intensities were calculated from loading replicates. The adjusted p-values were obtained from 
multiple unpaired t-tests using the Holm-Šídák method. The definition of statistical significance is 
p <0.05. 
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Inhibition of ISR signalling partially rescues octyl-R/S-2-HG dependent RF 

progression defects 
ISR signals the shutdown of protein synthesis in response to various internal and external stress 

stimuli, which impacts RF progression (Choo et al., 2020b). Having established that the 

oncometabolite regulates ISR, we explored whether blocking ISR activity triggered by the octyl-

R-2-HG treatment could restore RF progression. Interestingly, the fork progression defect caused 

upon one hour of treatment with octyl-R-2-HG was rescued by ISRIB in NHA (Figure 13A) as 

well as in HEK293T cells (Figure 14A). Likewise, EdU incorporation was rescued when ISR 

signalling was blocked in NHA (Figure 13B) and U2OS cells (Figure 14C) upon octyl-R-2-HG 

treatment. A similar trend was seen in MEF cells (Figure 14B). The enantiomer octyl-S-2-HG also 

reduced the EdU incorporation in NHA (Figure 13C). The effectiveness of ISRIB was 

demonstrated by exposing cells to either DTT or Tg, with or without ISRIB treatment, and 

confirming that DNA synthesis was restored with ISRIB treatment in all experiments (Figure 13B, 

C and Figure 14C, D). PERK/EIF2AK3 is a kinase of the ISR signalling pathway that is activated 

by UPR (Read & Schröder, 2021). So, we utilised an inhibitor (PERKi) which binds to PERK and 

inhibits its catalytic phosphorylation activity on eIF2α at serine residue 51 to rule out whether 

octyl-R-2-HG impairs fork progression via the PERK axis of the ISR pathway. Our results showed 

that PERK inhibition did not significantly rescue the EdU incorporation upon octyl-R-2-HG 

treatment in cells for one hour when compared to ISRIB. In addition, pre-treatment of cells with 

the inhibitors for one hour did not improve the rescue in EdU incorporation levels (Figure 14D). 

At this point, the contribution of other ISR kinases in RF progression defect remain 

uncharacterized. 
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Figure 13 – Blocking ISR partially rescues the replication fork progression defect caused by octyl-
R/S-2-HG in NHA.  
A) DNA fibre analysis of cells treated with DMSO, 1µM ISRIB, and 4mM octyl-R-2-HG with or 
without ISRIB for an hour from a single experiment (N=160). B) Mean with SD of normalized 
chromatin-associated EdU intensity in the S phase following treatment described in (A) in addition 
to 1mM DTT together with and without 1µM ISRIB or 0.5µM PERKi. DTT is used as a positive 
control for ER-stress-induced ISR signalling. The data for octyl-R-2-HG with or without ISRIB 
and PERKi were plotted from four independent experiments. Data from three independent 
experiments were plotted for DTT with or without ISRIB and PERKi. The adjusted p-values were 
obtained from multiple unpaired t-tests using the Holm-Šídák method. C) Chromatin-associated 
EdU intensity in the S phase following treatment as labelled for an hour from a single experiment. 
B, C) The red line represents the median, and the p-value was determined based on unpaired t-
tests. The definition of statistical significance is p <0.05. 
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Figure 14 – Blocking ISR partially rescues the replication fork progression caused by octyl-R-2-
HG in normal and cancer cell lines.  

A) DNA fibre analysis of HEK293T cells treated with DMSO, 1 µM ISRIB, and 4 mM octyl-R-2-
HG with or without ISRIB for an hour from a single experiment (N=117). The red line represents 
the median, and the p-value was determined using unpaired t-tests. (B, C, D) Mean with SD of 
normalized chromatin-associated EdU intensity in the S phase from MEF (B), U2OS (C) and NHA 
cells (D) following treatment as shown in (A). The data was plotted from two independent 
experiments. 2 µM thapsigargin (Tg) was used as a positive control for ER-stress-induced ISR 
signalling in (C). Cells were pre-treated with either 1 µM ISRIB or 0.5 µM PERKi for one hour in 
(D). The adjusted p-values were obtained from multiple unpaired t-tests using the Holm-Šídák 
method. The definition of statistical significance is p <0.05. 
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pH changes in the extracellular medium by octyl-R-2-HG did not affect the 

DNA replication process 
We noticed a change in the medium colour upon addition of 4 mM octyl-R-2-HG, consistent with 

pH changes associated with similar metabolites (Singh et al., 2013; B. Yang et al., 2023). A pH 

measurement in a cell-free medium revealed acidification of the medium (from pH 7.8 to 7.5) after 

mixing in the oncometabolite (Figure 15A). To determine whether this pH change contributes to 

the DNA synthesis defect caused by octyl-R-2-HG, NHA cells were grown in complete medium 

in which the pH was adjusted from pH 7.8, which is the medium’s normal pH, to pH 7.5 and 7 

using sulfuric acid (H2SO4). The pH-adjusted media did not influence EdU incorporation (Figure 

15B) or increase chromatin-bound ATF4 levels (Figure 15C). This suggests that pH changes caused 

by octyl-R-2-HG mixing do not contribute to the effect of this oncometabolite on RF progression 

or stress-induced elevation of chromatin-bound ATF4 protein. 
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Figure 15 – Octyl-R-2-HG acidifies the growth medium which does not contribute to the 
replication fork progression defect in NHA.  

A) pH measurement of complete medium alone, mixed with DMSO and 4mM octyl-R-2-HG at 
37oC. Timepoint 0 hour on the X axis, represents pH measurement right after mixing the 
compounds. These mediums were then incubated without cells for an hour and the pH measurement 
was repeated. The graph was plotted from two independent experiments. (B, C) Chromatin-
associated EdU (B) and ATF4 (C) intensity in the S phase of cells treated as labelled for an hour. 
A pH value indicates the pH after mixing compounds in a given condition. Control pH 7 and 7.5 
treatments were with complete medium, and their pH was adjusted using H2SO4. The red line 
represents the medium value.  
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Octyl-α-ketoglutarate shows similar ISR-mediated defect in DNA replication 
To demonstrate the specificity of the R-2-HG/ISR axis modulating the DNA replication, we 

evaluated the effect of physiologically normal and cell-permeable metabolite octyl-α-ketoglutarate 

(octyl-α-KG) on DNA synthesis. Overexpression of α-KG-dependent histone demethylases has 

been shown to promote DNA replication initiation and PCNA dissociation during termination 

(Gerace & Moazed, 2010; Rondinelli et al., 2015). Based on these studies, we speculated that the 

accumulation of octyl-α-KG inside cells accelerates the DNA replication process while being 

unsure about its impact of ISR activation. However, ISR may be activated by the accumulation of 

octyl moiety during the processing of octyl reagents inside the cells (Parker et al., 2021). 

NHA cells were not viable when treated with an equal amount of octyl-α-KG as 4mM octyl-R-2-

HG used previously in our studies (Figure 18A), so we experimented with a lower concentration 

ranging from 0.5 – 2mM, typically present in cultured cells (Metabolomics Workbench DOI: 
10.21228/M83C78) and recommended as growth supplement (B. Yang et al., 2023). Intriguingly, 

flow cytometry analysis of EdU incorporation revealed a decrease in DNA synthesis or S-phase 

progression, slightly elevated H2AX phosphorylation and an increase in chromatin-bound ATF4, 

all in a dose-dependent manner upon one-hour octyl-α-KG treatment (Figure 16A, B and C). 

Moreover, consistent with octyl-R-2-HG, blocking ISR signalling with ISRIB partially rescued 

DNA synthesis (Figure 16D). Taken together, the results suggest that octyl-α-KG impaired the 

DNA replication process via the ISR pathway, however, a dose-dependent elevation of H2AX 

phosphorylation indicated the activation of the replication stress response. When octyl-α-KG 

treatment was combined with ISRIB, ATF4 levels were found comparable to those of cells with 

DTT (Figure-16E), indicating that either the experimental timeline is insufficient to observe a 

rescue in ATF4 levels or ATF4 translation is upregulated via ISR-related eIF2α phosphorylation-

independent pathways. At this point it is unclear whether ISR activation was specific to the 

oncometabolite R-2-HG. 
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Figure 16 – Octyl-α-KG impairs DNA replication and activates a replicative stress response in a 
dose-dependent manner.  
Chromatin-associated EdU (A, D), γH2AX (B) and ATF4 (C, E) intensity in the S phase following 
treatment with DMSO, different concentrations of octyl-α-KG, 2mM HU, and 1mM DTT. Both 
octyl- α-KG and DTT were also treated in combination with 1µM ISRIB for an hour. The red line 
represents the median value. 
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Long-term treatment of octyl-R-2-HG impairs NHA cell growth and blocking 

ISR rescues the growth defect 
To further question the R-2-HG/ISR axis specificity, we conducted a growth assay with octyl-α-

KG, octyl-R-2-HG and octyl-S-2-HG. We also observed the effect of blocking ISR signalling for 

6 days with these metabolites. Among all three metabolites, NHA cells were extremely sensitive 

to octyl-S-2-HG, as evidenced by the decline in proliferation after 2-3 days (Figure 17D and F). 

Moreover, on sixth day, the remaining cells displayed an abnormally elongated morphology 

compared to cells treated with DMSO (Figure 17A). ISRIB did not rescue growth in any 

concentration of this metabolite. Compared to octyl-R-2-HG, NHA cells were more sensitive to 

octyl-α-KG as no proliferation was observed for up to 2 days (Figure 17B and C). Cells treated 

with 0.5mM and 1mM octyl-α-KG respectively showed complete and partial growth rescue with 

ISRIB. Similar to octyl-S-2-HG treatment, cells in octyl-α-KG showed abnormal morphological 

elongation between day 4 to day 6 of treatment (Figure 17A). NHA showed least sensitivity to 

octyl-R-2-HG in contrast to similar concentrations of the other two metabolites (Figure 17B, C and 

D). Blocking ISR showed a significantly partial and complete rescue in cell growth at 2mM and 

1mM octyl-R-2-HG, respectively, without any elongated morphology (Figure 17A, C and E). An 

explanation for this elongated morphology is the reactive astrogliosis, a defence mechanism 

induced by stress (Zhou et al., 2019). U2OS cells were also affected by octyl-R-2-HG treatment 

and rescued with ISRIB (Figure 18B). The results demonstrate that NHA cells are resilient to the 

accumulation of R-2-HG compared to the enantiomer S-2-HG and α-KG. It appears, however, that 

ISR activation may be a common cellular response to the treatment with octyl-metabolites.  
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Figure 17 – Octyl-metabolites inhibit NHA cell growth in a dose-dependent manner and blocking 
ISR signalling rescues the growth defect in octyl-R-2-HG. 
A) Time-course representation of NHA cells treated with DMSO, ISRIB, and octyl-metabolites 
with and without ISRIB using Incucyte cell proliferation assay. The yellow line surrounding a cell 
indicated cell segmentation utilized for the confluence percent analysis. The scale bar shown in the 
DMSO day 0 image represents 200µm. (B, C, D) Normalized confluence percent analysis 
(calculation described in materials and methods) comparing the growth curve of cells treated with 
different concentrations of octyl-α-KG (B), octyl-R-2-HG (C) and octyl-S-2-HG (D) in 
combination with ISRIB. (E, F) The mean of confluence percent relative to DMSO was obtained 
from five independent experiments for octyl-R-2-HG (E) and two independent experiments for 
octyl-S-2-HG (F). In each experiment with octyl-S-2-HG, the relative confluence percent was 
calculated by taking the average of technical replicates. The confluence percent obtained from the 
Incucyte Basic Analyzer for each sample was divided by the confluence percent of DMSO. The 
adjusted p-values were obtained from multiple unpaired t-tests using the Holm-Šídák method. The 
definition of statistical significance is p <0.05. 
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Figure 18 – Octyl-metabolites impairs cell growth.  
A) Representative images of NHA cells after an hour of octyl-α-KG. The scale bar on the bottom 
right represents 400µm. B) Normalized confluence percent analysis comparing the growth curve 
of U2OS cells with treatment as labelled for 6 days (144 hours). 
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Cancer-relevant IDH2-mutant overexpression slows NHA proliferation  
To eliminate the artefacts resulting from octyl processing inside the cells due to exogenous 

treatment of octyl-metabolites, IDH mutations, specifically IDH1 R132H functioning in the 

cytoplasm and IDH2 R172K functioning in the mitochondria, were introduced into NHA 

(Benlabiod et al., 2022; de Jong & Bovée, 2018). The Tet-On inducible system was selected for 

gene overexpression thereby ruling out the cellular adaptation to excessive accumulation of 

metabolites which might occur in cells constitutively expressing mutant IDH1/2 genes (Figure 19). 

To generate NHA cell lines, lentiviral vectors with GFP, FLAG-tagged IDH1, IDH2, IDH1 R132H, 

and IDH2 R172K genes were used to transduce cells. Gene induced by doxycycline was validated 

by quantifying the GFP and FLAG levels using immunoblots and immunofluorescence flow 

cytometry (Figure 20A and B). Compared to IDH1(wildtype and mutant), the median intensity of 

IDH2 FLAG was higher implying more protein expression or easier detection of the protein 

epitope. Moreover, the doxycycline concentration used for induction itself did not cause ISR 

activation in NHA cells as confirmed by analysing the ATF4 protein in the NHA GFP cell lines 

(Figure 20C). To reproduce the growth defect caused by exogenous octyl-R-2-HG treatment, we 

overexpressed wildtype and mutant IDH 1 and 2 genes and monitored the growth curve for six 

days following induction. In the presence of doxycycline, NHA cells with IDH2 R172K, but not 

IDH1 R132H exhibited a significant growth defect (Figure 20D, E and F), consistent with a recent 

study highlighting higher R-2-HG levels in mitochondrial IDH2 R172K versus cytoplasmic IDH1 

R132H overexpression (Parker et al., 2021). 

 

 

Figure 19 – Schematic of wild-type and mutant IDH1/2 genes overexpression. 
A section of expression plasmids used for NHA cell transduction is shown. The gene of interest is 
expressed under TRE promoter that is, in the presence of tetracycline or doxycycline. The selection 
marker hygromycin is ubiquitously expressed under the UbC promoter. The plasmid with the GFP 
gene without 3xFLAG was used as an expression control. 
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Figure 20 – Overexpressing IDH2 R172K gene inhibits NHA cell growth.  
A) Immunoblot analyses of NHA cells overexpressing IDH1, IDH2, IDH1 R132H, and IDH2 
R172K FLAG-tagged genes induced with 1µg/mL doxycycline (DOX) for 24 hours. NHA 
overexpressing GFP (without FLAG tag) was used as an expression control cell line. (B, C) Whole-
cell GFP, FLAG (B) and ATF4 (C) intensity from all phases of the cell cycle upon induction as 
described in (A) using immunofluorescence flow cytometry. (D, E) Normalized confluence percent 
analysis of cells with and without doxycycline-induced overexpression of IDH1, IDH2, IDH1 
R132H, and IDH2 R172K FLAG-tagged genes for 160 hours (6.6 days) using Incucyte cell 
proliferation assay. F) Mean of confluence percent relative to cells without doxycycline was 
calculated from two independent experiments. 
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IDH2-mutant overexpression impairs DNA replication 
To evaluate whether mIDH-derived R-2-HG impairs DNA replication as well as to question 

whether R-2-HG-based ISR activation was responsible for the DNA synthesis defect, we induced 

wildtype and mutant IDH2 gene overexpression using doxycycline for 3 days in combination with 

ISRIB followed by an EdU incorporation assay. FLAG-tagged protein levels were evaluated with 

and without doxycycline to validate protein induction (Figure 21A). Overexpression of IDH2 

R172K in NHA cells reduced the incorporation of EdU in replicating DNA consistent with our 

previous findings (Figure 21B and C). In contrast, IDH2 overexpression was found to increase EdU 

incorporation in S-phase cells. When the ISR signalling was inhibited in NHA cells with IDH2 

R172K overexpression, EdU incorporation was partially improved. However, this was not the case 

in IDH2 overexpression. The stress-induced transcription factor ATF4 was found elevated in both 

IDH2 and IDH2 R172K induced overexpression compared to cells without induction. However, 

ISRIB slightly reduced the levels of ATF4 in wild-type IDH2 overexpression and remained 

unaffected in IDH2 R172K expressing cells (Figure 21D). The cell proliferation assay for NHA 

wildtype IDH2 and IDH2 R172K overexpression showed growth inhibition in ISRIB alone, 

suggesting that a basal activation of ISR may promote cell proliferation (Figure 21E and F). Our 

results indicate that DNA replication is impaired upon overexpression of IDH2 R172K, which is 

consistent with our findings when NHA were exogenously treated with octyl-R-2-HG. On the other 

hand, IDH2 overexpression, resulting in α-KG accumulation improved DNA replication in contrast 

to octyl-α-KG treatment. The data presented here are preliminary in nature and will need to be 

replicated. 
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Figure 21 – IDH2 and IDH2 R172K overexpression promote and impair DNA replication, 
respectively. 
(A, D) Whole-cell FLAG (A) and ATF4 (D) intensity of NHA cells overexpressing IDH2 and 
IDH2 R172K FLAG-tagged genes upon 1µg/mL doxycycline induction for 3 days with and without 
1µM ISRIB obtained by immunofluorescence flow cytometry. B) A dot plot of EdU incorporation 
versus DNA content for cells overexpressing IDH2 and IDH2 R172K FLAG-tagged genes as 
described in (A) using immunofluorescence flow cytometry. 10 µM EdU was added 30 minutes 
before the completion of the 3-day timepoint. A dashed line represents the gating for the G1 and S 
phases and is used for analysis in (C). C) Normalized EdU intensity in the S phase calculated for 
cells in (A) using the gates labelled in (B) from a single experiment. (E, F) Normalized confluence 
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percent analysis to compare growth curves between different conditions as referred to in (A) for 
wildtype IDH2 (E) and IDH2 R172K cells from two independent experiments. 

 



 

Chapter 4 – Discussion 

A majority of low-grade gliomas possess mutations in the IDH enzyme (Y. Liu et al., 2020). As a 

result, the oncometabolite R-2-HG accumulates in cells and inhibits several enzymatic activities 

including ten-eleven translocation (TET) and Jumonji C (JmjC) domain proteins which mediates 

DNA and histone demethylation, respectively. The loss of specific histones and DNA 

modifications has been suggested to cause DNA replicative stress (Kang et al., 2020; Rondinelli et 

al., 2015). It has also been shown that tumours with IDH mutations are susceptible to genotoxic 

therapies due to defective homologous recombination (Sulkowski et al., 2017b), an essential repair 

pathway employed during S-phase. The impact of R-2-HG on DNA replication nevertheless 

remains poorly understood. Our data suggests that R-2-HG impairs DNA replication causing 

replicative stress in NHA cell lines. We explored the ISR activation upon R-2-HG accumulation 

as an underlying mechanism that modulates DNA replication in IDH-mutant pathologies. 

We quantified replication fork and S-phase progression in normal and cancer cell lines treated with 

the cell-permeable oncometabolite octyl-R-2-HG for one hour. Our results on the dose-dependent 

DNA replication defect indicate that this oncometabolite reduces fork progression and DNA 

synthesis (Figure 9 and 10). Chromatin-associated PCNA was slightly reduced in the early S-phase 

of the cell cycle upon octyl-R-2-HG treatment (Figure 10). The decrease in chromatin-associated 

PCNA might result from the absence of critical demethylase activity necessary for PCNA 

recruitment, a process hindered by the presence of the metabolite (Rondinelli et al., 2015). 

However, unlike the replication-blocking agent hydroxyurea, octyl-R-2-HG showed no increase in 

replication stress response markers. This metabolite did not result in the significant buildup of 

RPA-coated single-stranded DNA (ssDNA), which is typically responsible for initiating the 

activation of the ATR and CHK1 kinases (Toledo et al., 2013). As a consequence, inhibiting ATR 

or CHK1 kinase did not aggravate the extent of DNA synthesis impairment. It must be 

acknowledged, however, that monitoring the replicative stress response in 4mM octyl-R-2-HG 

treated cells for one hour may not be sufficient to confirm the signalling activation. It is also crucial 

to quantify R-2-HG cellular intake which would strengthen the argument that the replication defect 

is the direct result of R-2-HG accumulation. A metabolite analysis could be conducted, for example 

by NMR, GC/MS and LC-MS/MS. 
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R-2-HG accumulation is known to activate ER stress signalling via unfolded protein response 

(Sasaki et al., 2012) which impairs replication fork progression without the RSR activation (Choo 

et al., 2020b). Following octyl-R-2-HG treatment for one hour we observed elevated ATF4 protein 

and reduced global protein synthesis, however, lack of changes in eIF2α phosphorylation limits us 

from concluding the role of a specific ISR kinase (Figure 11). However, since ISRIB rescued both 

the ISR activation markers (ATF4 and global protein synthesis) as well as EdU incorporation in 

octyl-R-2-HG treatment, we suspect a possible link between R-2-HG and ISR (Figure 13 and 14). 

The levels of ATF4 were unexpectedly increased in U2OS cells when ISRIB was combined with 

octyl-R-2-HG (Figure 12), despite an expected rescue in the global protein synthesis, implying that 

either the experimental timeline was not sufficient to observe a rescue in ATF4 levels or a basal 

ISR activation via feedback mechanism is essential for cancer cell survival (McConkey, 2017; 

Tameire et al., 2019; Tian et al., 2021). Perhaps ISRIB concentration can be increased according 

to its IC50 to test whether ISR signalling activation is solely responsible for the upregulation of 

ATF4 protein. 

Octyl-R-2-HG acidifies the growth medium. This observation is consistent with the octyl-

conjugated ester associated pH alteration studied in Parker et al., 2021. We questioned whether this 

change in extracellular pH impacted DNA synthesis. We compared the EdU incorporation of cells 

treated with octyl-R-2-HG and cells in growth medium that was pH-adjusted to the same final pH 

as the metabolite mix using sulfuric acid. The DNA synthesis or the upregulation of ATF4 were 

not significantly affected in cells grown in a pH-altered medium, suggesting that extracellular pH 

changes caused by the metabolite do not cause defects in DNA replication (Figure 15). However, 

repeating the experiments with different organic acid such as glacial acetic acid can accentuate our 

observations. 

To determine the specificity of the R-2-HG/ISR effect on DNA replication, cells were exposed to 

octyl-α-KG, a physiologically normal metabolite. It has been demonstrated in several studies that 

histone tail demethylation by KDMs contributes to DNA replication, RSR, DNA damage response, 

and telomere replication (Gaillard et al., 2021; Rondinelli et al., 2015; Udugama et al., 2021; Wu 

et al., 2017). Accordingly, we anticipated that octyl-α-KG treatment could promote DNA 

replication by increasing demethylation activity. In contrast, astrocytes were extremely sensitive 

to octyl-α-KG within one hour of treatment as observed by a decrease in DNA synthesis as well as 
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elevated ATF4 protein, both in a dose-dependent manner (Figure 16). With increasing octyl-α-KG 

concentrations, H2AX phosphorylation increased markedly, suggesting that cells sense replication 

stress. It will be necessary to investigate the levels of other replication stress response markers such 

as CHK1 and RPA phosphorylation to support this finding in the future. According to a recent 

study, octyl-conjugated esters may have off-target effects, which may explain the cellular stress 

response induced by both normal and oncometabolite octyl esters used in our study (Parker et al., 

2021).  

The specificity of the oncometabolite activity in NHA was further tested via a long-term octyl-R-

2-HG treatment. We considered that R-2-HG would impair NHA proliferation in an ISR-dependent 

manner. In response to the presence of octyl-R-2-HG, NHA as well as U2OS showed slow growth 

for up to six days, and the addition of ISRIB significantly rescued the growth defect (Figure 17 and 

18). It is important to note that ISRIB's ability to rescue growth was dependent on metabolite 

concentration. Taken together, our results indicate that octyl-R-2-HG can regulate ISR activation 

and may promote tumour growth by exploiting translational alterations. Furthermore, the extreme 

sensitivity of NHA towards the enantiomer octyl-S-2-HG emphasizes the specificity of R-2-HG in 

favouring cell proliferation.  

Using lentiviral transduction, we created an inducible IDH wildtype and mutant gene 

overexpression system to eliminate potential artifacts associated with octyl-conjugated ester 

processing inside cells (Figure 19). We speculated that the accumulation of R-2-HG by IDH1/2-

mutant overexpression would alter cell proliferation as well as EdU incorporation, and that 

blocking the ISR would partially restore these defects. Although both IDH1 R132H and IDH2 

R172K mutations drive the accumulation of R-2-HG (Ye et al., 2013c), NHA cells overexpressing 

IDH1 R132H exhibited no growth defect in six days. This could stem, for example, from the low 

expression levels of Flag-tagged IDH1 R132H protein or from cytosolic R-2-HG accumulation and 

associated signaling that are too low to cause deleterious effects. We also examined the 

mitochondrial IDH2 R172K overexpressed cell lines, which grew slowly likely as a result of R-2-

HG production (Figure 20). ISRIB treatment, in contrast to our previous findings, aggravated the 

slow growth of IDH2 R172K overexpressing cells. As a matter of fact, ISRIB alone impaired cell 

proliferation, suggesting that basal activation of the ISR may be crucial for cellular homeostasis 

and survival. Such possibility will, however, require further investigation. The EdU incorporation 
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experiments showed that wildtype IDH2 and IDH2 R172K induced overexpression positively and 

negatively modulate DNA synthesis, respectively. Consistent with previous observations, ISRIB 

rescued the EdU incorporation in IDH2 R172K overexpressed cells (Figure 21). However, the 

similar upregulation of ATF4 protein observed in the wildtype IDH2 and IDH2 R172K 

overexpression system could result from UPR activation or mitochondrial dysfunction. Hence, in 

order to identify the specificity of R-2-HG’s effect in upregulating ATF4, exploring the exact 

mechanism of ATF4 upregulation, whether eIF2α-dependent or independent, will be insightful. 

The experiments utilizing transduced cell lines were conducted only once, and involving cells 

cultured for a month. Given that a substantial portion of these cells could have reached the 

stationary/senescence phase, as per the Hayflick phenomenon, it is crucial to repeat these 

experiments using newly thawed cells to ensure accuracy and validity (Groten et al., 2018; Verma, 

2013). We also did not quantify the α-KG as well as R-2-HG accumulated in IDH2 wildtype and 

R172K inducible cell lines and these quantifications could reinforce our findings. Exogenous 

treatment of metabolite may cause significant R-2-HG accumulation in the cytoplasm whereas the 

mitochondrial IDH2 R172K overexpression cause R-2-HG accumulation in the mitochondria 

(Parker et al., 2021). This mitochondrial R-2-HG accumulation location could potentially lead to 

ATF4 upregulation through a mechanism unrelated to ISR. As a result, the inhibition of ER-

induced ISR did not lead to a reduction in ATF4 levels (Figure 21). Finally, it is necessary to repeat 

cell growth and EdU incorporation assay associated with transduced NHA cells to strengthen the 

conclusion of our innovative findings for research purposes. 

 



 

Chapter 5 – Conclusion 

This study explored how oncometabolite R-2-HG accumulation impacts DNA replication primarily 

in human astrocytes. Both octyl-R-2-HG and octyl-S-2-HG impaired DNA synthesis, slowing 

replication forks and S-phase progression. Cancer-relevant IDH2 R172K mutation, likely causing 

R-2-HG accumulation, similarly hindered DNA replication process. In contrast, normal metabolite 

octyl-α-KG reduced DNA synthesis but increased H2AX phosphorylation, highlighting that octyl-

R-2-HG influences replication without triggering the replication stress response. 

We aimed to correlate ISR activation with R-2-HG-associated DNA replication defect and 

observed partial rescue in DNA replication by blocking ISR signalling. This observation was 

consistent in both octyl-R-2-HG treatment and cells with induced IDH2 R172K overexpression. In 

fact, the ISR markers were also reduced upon adding ISRIB in octyl-R-2-HG treatment. However, 

this reduction of ISR markers by ISRIB was much less pronounced in IDH2 R172K overexpressed 

cells. Taken together, our data implies that R-2-HG prompts ISR-dependent as well as independent 

(or eIF2α phosphorylation-dependent/independent) pathways, influencing replication fork 

progression. 

While IDH1/2 mutations as well as R-2-HG accumulation are oncogenic in nature, our 

study confirmed an R-2-HG-triggered anti-tumor response (Su et al., 2018b). Exogenous octyl-R-

2-HG treatment and induced IDH2 R172K overexpression slowed NHA growth. Blocking ISR 

rescued NHA growth in the octyl-R-2-HG treatment. However, the effect of ISRIB on the growth 

of IDH2 R172K-overexpressing cells awaits further investigation. 

Future Outlook 
Precisely how R-2-HG impedes DNA synthesis in the context of global epigenetic reprogramming, 

presumably via its impact on histone demethylase activity, remains to be determined. Quantifying 

specific histone methylation markers (Table 4) with and without induced overexpression of the 

IDH2 R172K gene in NHA, followed by overexpression of KDM proteins could reveal the genetic 

networks influencing replication in IDH-mutant brain cancers. R-2-HG inhibits demethylase 

activity (e.g. KDM4D), which is implicated in the initiation and elongation of DNA replication 

(Wu et al., 2017), so it is possible that increased methylation markers are responsible for the slow 
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RF progression when the IDH2 R172K gene is overexpressed. Overexpression of KDM proteins 

could then rescue the R-2-HG-mediated fork progression defect.  

An attempt was made to link ISR activation as a mechanism by which R-2-HG modulated DNA 

synthesis. A distinct observation of elevated ATF4 expression and partial rescue effect of ISRIB 

were the key findings linking R-2-HG with slow RF progression. This defect in RF progression 

may also be explained by quantifying the DNA: RNA hybrids likely to form due to ATF4 function 

as a transcription factor during S phase. There are two major questions arising from this novel 

discovery of the R-2-HG/ATF4/DNA replication axis. 

1. Molecular mechanism behind ATF4 upregulation: ATF4 is upregulated in response to 

mitochondrial stress, ER stress and mTOR signalling sensors. This study did not identify 

the mechanism by which R-2-HG induces upregulation of the ATF4 protein other than 

through ISR. Thus, further studies such as the inhibition of mTORC signaling by Torin 1 

as well as the knockdown of specific ISR kinases by siRNA may provide further evidence 

(Y. Park et al., 2017; Tabata et al., 2023). 

2. Histone pool depletion by ISR signalling: A direct mechanism underlying a slowed 

replisome activity can be explained by R-2-HG induced ISR activation. During the S phase, 

replication-dependent histone proteins are actively expressed (Armstrong & Spencer, 2021; 

Gajdušková et al., 2020). Therefore, by blocking protein synthesis, ISR activation may 

deplete histone pools resulting in slow progression of the replication fork (Groth et al., 

2007b). Therefore, immunostaining the free nuclear histones following octyl-R-2-HG 

treatment or overexpression of IDH2 R172K gene may prove insightful. 

A crucial observation arises from the fact that the octyl moiety present in octyl-R-2-HG experiences 

cleavage facilitated by esterase activity (Parker et al., 2021). The accumulation of the amphiphilic 

compound octanol within the cytosol may interact with the lipid membranes of cellular organelles, 

leading to disruptive effects (Amézqueta et al., 2019; Bahmani et al., 2017). These disturbances in 

the membrane structure have been demonstrated to activate cellular stress responses, notably the 

unfolded protein response (UPR) (Jarc & Petan, 2019; Thibault et al., 2012). To gain a 

comprehensive understanding of the specificity inherent to the R-2-HG/ATF4 axis, it becomes 

imperative to conduct a meticulous and thorough characterization of these unintended impacts 

stemming from octyl-R-2-HG. 
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One possibility of the fate of slow-growing cells due R-2-HG accumulation is that they are 

undergoing cell reprogramming which is associated with compromised replication process and 

ATF4 protein elevation as observed in our study (Ruiz et al., 2015; X. Yang et al., 2018; Y. Zhao 

et al., 2015). This can be characterized in the future, by testing for increased levels of 

reprogramming markers such as OCT4, SOX2, KLF4 and MYC proteins (Buganim et al., 2012). 

R-2-HG production consumes a significant amount of NAPDH (described in the introduction) 

which is normally utilized in ROS detoxification (Dang et al., 2009; Gelman et al., 2018). Elevated 

ROS levels have been implicated as a hallmark of cancer (Arfin et al., 2021; Hanahan, 2022). 

Accordingly, slow-growing NHA cells may also result from excessive ROS which could eventually 

induce cell cycle arrest, senescence, or apoptosis, all of which remain to be clarified in the context 

of the accumulation of R-2-HG. 

The present study indicates that oncometabolite accumulation is associated with impaired 

replication fork progression and leads to the upregulation of stress induced ATF4 transcription 

factor in normal as well as cancer cell lines. Blocking ISR along with other stress signalling 

pathways as a pre-treatment may restore the rate of DNA replication in R-2-HG producing cells. 

As a result, genotoxic chemotherapies as well as combination therapy with PARP inhibitor could 

more effectively damage the replicating DNA (Figure 22). Thus, the strategy of blocking ISR may 

be used in addition to the current therapies to increase the killing efficiency of IDH-mutant tumors 

originating from both brain and non-central nervous system. 
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Figure 22 – Possible mechanism of R-2-HG modulating DNA replication. 
In the left box, there are two ways of R-2-HG modulating DNA synthesis, either via the direct 
effect on histone demethylases inhibition or indirectly via activating cellular stress response. In 
case of octyl-R-2-HG treatment, ‘octyl’ processing by esterase reaction may result in octanol build-
up, in turn activates cellular stress response (Parker et al., 2021). In the right box, ISRIB blocking 
activity alleviates DNA replication defect caused by R-2-HG. By exploiting ISRIB pre-treatment 
represented as step 1, enhanced genotoxic effects (step 2) can sensitize IDH-mutant cancers. 
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